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Abstract 

Novel NMDA receptor splice variants 
António Miguel de Jesus Domingues 

 

Injury to white matter oligodendrocytes is central to several important disorders including 
cerebral palsy, stroke and multiple sclerosis. Dr. Fern’s group and others have recently shown 
that NMDA receptors are present on oligodendrocyte processes and mediate injury of these 
myelinating processes. The pharmacological profile of NMDA receptors present in white 
matter is quite unique. NMDA receptors are composed of the subunits NR1, NR2A-D and 
NR3A-B that assemble to form a heterotetrameric complex. Importantly, the subunit 
composition determines the properties of the receptor complex. Two possibilities were 
proposed to explain the unusual profile of NMDA receptor-mediated currents in white 
matter: (1) novel splice variants are expressed in glia and/or (2) the major NMDA receptor 
complex present is composed of an uncharacterized NMDA receptor subunit stoichiometry. 
In this PhD project I explored these two hypotheses. NR1, NR2C and NR3A, which are 
thought to be the major components of NMDA receptors in oligodendrocytes, were cloned 
from the myelinating rat optic nerve. In addition, all known NMDA receptor subunits were 
cloned from the neonate rat brain. This analysis revealed that only a subset of NR1 splice 
variants, those lacking exon 5, is expressed in white matter. I have also cloned NR3B and 
identified several putative novel splice variants of this subunit in both the optic nerve and the 
brain. Novel splice variants of NR2B-D were also cloned. Four of these novel NR3B variant 
were characterized by single cell Ca2+ imaging revealing that the novel variants form function 
receptors. Furthermore, NR3 subunits influence NMDA receptor glutamate sensitivity and 
Mg2+ in an NR2-dependent manner. The results here presented reveal a previous 
uncharacterized wealth of NMDA receptor splice variants which modify NMDA receptor 
physiology.  
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“A testing and a questioning hath been all my travelling - and verily, one 
must also learn to answer such questioning!” 
 
 
Thus spoke Zarathustra, Friedrich Nietzsche (1883) 
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I.1 Foreword 

L-Glutamate is the major excitatory neurotransmitter in the mammalian central nervous 

system (CNS), acting through both ligand gated ion channels (ionotropic receptors) and G-

protein coupled (metabotropic) receptors (figure I-1) (Hollmann & Heinemann, 1994; 

Nakanishi, 1992). Ionotropic receptors are further subdivided into three classes on the basis of 

their pharmacology: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), kainate 

and N-methyl-D-aspartate (NMDA) receptor channels. Activation of these receptors is 

responsible for basal excitatory synaptic transmission and forms of synaptic plasticity such as 

long-term potentiation (LTP) and long-term depression (LTD), which are thought to underlie 

learning and memory (Riedel et al, 2003).  

Glutamate also has a dark side; by excessively stimulating its receptors, particularly 

ionotropic receptors, glutamate can cause cell death in a process known as excitotoxicity 

(Doble, 1999). Ionotropic glutamate receptors are permeable to Ca2+ and overactivation in 

pathological condition can lead to an excessive entry of Ca2+ in cells, unbalancing ionic 

homeostasis and ultimately leading to cell death (Doble, 1999). This pathological mechanism 

is thought to be central in a variety of conditions such as Alzheimer disease, Huntington 

disease and ischaemic injury. My PhD project will focus on a particular class of ionotropic 

glutamate receptors, NMDA receptors. In this thesis introduction I will briefly refer to 

glutamate receptor classification, but only the NMDA receptor literature will be reviewed 

thoroughly in this and subsequent chapters. Some insight into oligodendrocyte biology and 

injury mechanisms will also be given.  

I.2 Glutamate receptor classification 

Before the advent of molecular biology in the late 1980’s, glutamate receptors were 

identified and studied using pharmacological and biochemical tools (Monaghan et al, 1989; 
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Nakanishi, 1992). Application of kainate and NMDA elicited different responses in neuronal 

populations, providing the first evidence for the existence of at least two glutamate receptor 

classes (McCulloch et al, 1974). Glutamate receptors were subsequently divided into three 

main classes of ionotropic glutamate receptor receptors (figure I-1), AMPA receptors, kainate 

receptors, and NMDA receptors, each named after their selective agonists (Monaghan et al, 

1989). Since few pharmacological agents distinguish between AMPA and kainate receptors, 

they are often referred to as ‘non-NMDA’ receptors. The first compelling evidence for the 

existence of metabotropic glutamate receptors came from a study in 1985 (Sladeczek et al, 

1985), where the authors showed that glutamate provoked inositol phosphate formation 

directly, rather than indirectly by the evoked release and subsequent actions of adenosine or 

acetylcholine.  

With the cloning of glutamate receptors, initiated with GluR1, molecular data was 

gathered on this superfamily of receptors and their classification was established (Hollmann & 

Heinemann, 1994; Hollmann et al, 1989; Nakanishi, 1992). Consistent with the previous 

division of classes based on pharmacological and biochemical evidence, two major families 

were recognised (figure I-1): those that mediate fast synaptic responses by opening ion 

channels (ionotropic glutamate receptor), and those that cause slower synaptic effects, 

associated with biochemical changes (metabotropic receptor). 

I.2.1 Metabotropic glutamate receptors  

Based on their amino acid sequence homology, pharmacological profile and second 

messenger coupling, metabotropic glutamate receptors fall into 3 groups (figure I-1). mGlu1 

and mGlu5 (group I) are linked to phospholipase C activation causing an increase in inositol 

triphosphate concentration and Ca2+ immobilization. Group II (mGlu2 and mGlu3) and III 

(mGlu4, 6, 7 and 8) receptors inhibit adenylyl cyclase activity, resulting in a fall in 

intracellular cAMP concentration. Physiologically, group I receptors are usually associated 
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with excitatory synaptic responses whereas group II and III with depression of synaptic 

responses, via inhibition of glutamate release (reviewed in (Riedel et al, 2003)). 

I.2.2 Non-NMDA ionotropic glutamate receptors 

AMPA receptors are either homomeric or heteromeric oligomers composed of GluR1-4 

subunits and mediate rapid postsynaptic glutamatergic neurotransmission (Keinanen et al, 

1990). Differences in the functional properties of native AMPA receptors are a consequence of 

different assemblies of these subunits. Both homomeric and heteromeric receptors have high 

affinity for AMPA and low affinity for kainate. Despite this relatively low affinity for AMPA 

receptors, kainate is a strong activator of AMPA receptors (reviewed in (Bettler & Mulle, 

1995) and (Ozawa et al, 1998).  

Kainate receptors are composed of 5 subunits: GluR5–7 and KA1-2. Kainate receptors 

contribute to excitatory postsynaptic currents in many regions of the central nervous system. 

Presynaptic kainate receptors modulate transmitter release at both excitatory and inhibitory 

synapses (Huettner, 2003). The subunits GluR5–7 have a moderate degree of homology (35–

40%) to the AMPA receptor subunits and are components of high affinity kainate receptors. 

GluR5 and GluR6 form homomeric channels activated by kainate. GluR7, KA1, and KA2, 

fail to form channels when each protein is expressed alone, but contribute to heteromeric 

assemblies of functional kainate receptors when expressed with GluR5 and GluR6. The co-

expression of GluR5–7 with KA1 and KA2 in different combinations, leads to the formation 

of channels with unique properties that resemble neuronal kainate receptors. These receptors 

have a high affinity for domoic acid and kainate, lower affinity for glutamate, and low affinity 

for AMPA (Bettler et al, 1990; Egebjerg et al, 1991; Herb et al, 1992; Lomeli et al, 1992; 

Sommer et al, 1992; Werner et al, 1991). 
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Figure I-1: Classification of glutamate receptors  

Glutamate receptors are divided in 2 major families separated by their modes of action: 

through ligand gated ion channels (ionotropic receptors) or coupled to G-protein 

(metabotropic receptors. Further division arises from activation by selective agonists 

(AMPA, kainate, NMDA), second messenger coupling (Group I-III) and molecular 

properties (Watkins & Jane, 2006).  
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I.3 NMDA receptors 

NMDA receptors mediate excitatory neurotransmission in the CNS. One distinctive 

feature of NMDA receptors, as compared to AMPA/kainate receptors, is the requirement for 

the binding of a co-agonist, glycine, simultaneously with glutamate for channel opening. 

There are other unique features of NMDA receptors: (1) at resting potentials the receptor 

channel remains blocked by Mg2+ and ions flow through the receptor only when the cell 

membrane is depolarized; (2) high permeability to Ca2+; and (3) slow gating kinetics, meaning 

that NMDA receptor-mediated neurotransmission occurs slowly and lasts for a prolonged 

period (Lester et al, 1990; MacDermott et al, 1986; Mayer & Westbrook, 1987; Mayer et al, 

1984). Further physiological complexity of NMDA receptor regulation is added by 

modulatory agents such as polyamines, protons, redox agents and Zn2+ (reviewed in 

(Dingledine et al, 1999).  

Because of these properties, the NMDA receptor serves as a molecular apparatus that can 

detect coincident presynaptic activity and postsynaptic depolarization at the synapse, and 

inject the postsynaptic cell with a sufficient amount of the second messenger ion Ca2+. This 

can initiate plastic changes that strengthen synaptic connections (Riedel et al, 2003). But high 

Ca2+ permeability, low desensitization and high affinity for glutamate, make NMDA receptors 

pivotal player excitotoxicity (Doble, 1999; Waxman & Lynch, 2005). Prolonged glutamate 

stimulation can overactivate NMDA receptors, leading to sustained increases in [Ca2+]i 

ultimately leading to cell death (Doble, 1999; Waxman & Lynch, 2005).  

The first NMDA receptor subunit to be identified was NR1 almost immediately followed 

by the cloning of NR2A-D (Ikeda et al, 1992; Ishii et al, 1993; Kutsuwada et al, 1992; 

Meguro et al, 1992; Monyer et al, 1992; Moriyoshi et al, 1991). A few years later the 

modulatory subunits NR3A-B were also identified (Chatterton et al, 2002; Ciabarra et al, 

1995; Matsuda et al, 2002; Nishi et al, 2001; Sucher et al, 1995). NR1, NR2 or NR3 subunits 

do not form homomeric functional NMDA receptors. However, coexpression of NR1 with 



Chapter I - Introduction 

 

6 
 

any NR2 generates fully functional channels (Ikeda et al, 1992; Ishii et al, 1993; Kutsuwada et 

al, 1992; Meguro et al, 1992; Monyer et al, 1992; Moriyoshi et al, 1991). NR3 subunits need 

to be assembled with both NR1 and NR2 to form functional glutamate receptors (Ciabarra et 

al, 1995; Matsuda et al, 2003; Nishi et al, 2001; Perez-Otano et al, 2001; Schuler et al, 2008; 

Sucher et al, 1995).  

Recombinant expression of various NR1/NR2 subunits produces receptors with 

distinctive biophysical and pharmacological features. These include: (1) single-channel 

conductance; (2) strength of Mg2+ block; (3) sensitivity of modulation by glycine, reducing 

agents, polyamines and phosphorylation; (4) desensitization; and (5) affinities for specific 

agonists and antagonists (Buller et al, 1994; Ishii et al, 1993; Kohr et al, 1994; Kutsuwada et 

al, 1992; Lynch et al, 1994; Monyer et al, 1994; Monyer et al, 1992; Moriyoshi et al, 1991; 

Stern et al, 1992; Sullivan et al, 1994; Wafford et al, 1993; Williams et al, 1994; Yamazaki et 

al, 1992). When expressed with NR1 and NR2 subunits, NR3A and NR3B act in a 

dominant-interfering manner, reducing the Ca2+ permeability of glutamate-induced currents 

in cells expressing NR1 and NR2A (Ciabarra et al, 1995; Matsuda et al, 2002; Nishi et al, 

2001; Sasaki et al, 2002a).  

I.3.1 Molecular arrangement of NMDA receptor complexes 

Although not yet definitive, evidence is mounting that supports a tetrameric arrangement 

of NMDA receptors incorporating two NR1 and two NR2 subunits of the same or different 

subtypes (Dingledine et al, 1999; Laube et al, 1998; Luo et al, 1997; Schuler et al, 2008). In 

cells expressing NR3 subunits, it is likely that this subunit co-assembles with NR1 and NR2 to 

form ternary NR1/NR2/NR3 tetrameric complexes (Perez-Otano et al, 2001; Sasaki et al, 

2002a; Schuler et al, 2008). It has been proposed that in receptors containing NR1, NR2 and 

NR3 subunits, one NR3 subunit substitutes for one of the NR2 subunits (Kew & Kemp, 

2005; Schuler et al, 2008).  
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The existence of triheteromeric NMDA receptors has been known for over ten years, yet 

their functional properties only recently have been elucidated (Chazot & Stephenson, 1997; 

Hatton & Paoletti, 2005; Luo et al, 1997; Sheng et al, 1994). The interesting aspect about 

these receptors is that they have hybrid properties of the subunits that compose them. NMDA 

receptors formed by co-assembly of NR1, NR2A and NR2B retain sensitivity for 

submicromolar concentrations of Zn2+, a typical feature of NR2A-containing receptors, and 

ifenprodil (NR2B-selective antagonist). Nevertheless, ifenprodil inhibition is not as effective in 

NR1/NR2A/NR2B as in NR1/NR2B (Hatton & Paoletti, 2005). Deactivation time of 

NR1/NR2A/NR3B is also intermediate between those recorded for diheteromeric receptors 

(Vicini et al, 1998). 

I.3.2 NMDA receptor structural domains 

All NMDA receptors subunits share a common membrane topology (figure I-2) 

characterized by a large extracellular N-terminus, a membrane region comprising three 

transmembrane segments (M1, 3 and 4), plus a re-entrant pore loop (M2), an extracellular 

loop between M3 and M4 (L3), and a cytoplasmic C-terminus which varies in size depending 

upon the subunit. The N-terminal region plays an important role in subunit assembly 

(Meddows et al., 2001). In NR2A and NR2B, this region also contains binding sites for 

allosteric inhibitors such as Zn2+ and ifenprodil. The pre-TM1 region and the TM3–TM4 

loop form the agonist binding site (Furukawa et al, 2005; Yao & Mayer, 2006). Activation of 

NMDA receptors requires the simultaneous binding of two co-agonists: glutamate and glycine 

(or D-serine). The NR1 and NR3 agonist binding domains bind glycine whereas NR2 agonist 

binding domains bind glutamate (Furukawa et al, 2005; Yao & Mayer, 2006). The C-terminal 

region provides multiple sites of interaction with numerous intracellular proteins and is least 

homologous among different subunits (Dingledine et al, 1999; Mayer, 2006; Ryan et al, 2008; 

Salter & Kalia, 2004; Sheng, 2001). 
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Figure I-2: General structural features of ionotropic glutamate receptors  

(a) A glutamate receptor subunit containing four hydrophobic domains (M1–M4) which 

lie in the cell membrane. Two other domains, one N-terminal to M1 (S1) and the other 

between M3 and M4 (S2), form the ligand-binding pocket of the receptor. NMDA 

receptor proteins have an unusually long C-terminal domain (CTD) that contains 

numerous sites of phosphorylation and protein–protein interaction. NMDA receptors 

domains are organized tri-dimensionally in the cell membrane (b). M1, M3 and M4 span 

the membrane, whereas M2 forms a pore loop coming in and out of the membrane on its 

cytoplasmic side. Domains are not drawn to scale (Wollmuth & Sobolevsky, 2004). 
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I.4 Alternative splicing mechanisms 

Molecular modifications such as splicing or RNA editing can alter glutamate receptor 

properties (Lomeli et al, 1994; Sommer et al, 1990). Alternative splicing is the mechanism by 

which certain gene sequences are differentially included in the final mRNA. Metazoan genes 

are not a long, uninterrupted stretch of coding nucleotides. Indeed it is quite the opposite: 

almost all human protein-coding genes contain introns (non-coding gene regions) that are 

removed in the nucleus by RNA splicing during pre-mRNA processing (Human Genome 

Sequencing, 2004). The average human protein-coding gene contains approximately 9 exons 

(coding regions) with a mean size of 145 nt, interrupted by introns whose average length is 

3365 nt. After pre-mRNA processing the average mRNA exported into the cytosol consists of 

a 1340 nt coding sequence, a 1070 nt untranslated regions (UTRs) and a poly(A) tail (Lander 

et al, 2001). This shows that more than 90% of the pre-mRNA is removed as introns, and 

only about 10% of the average pre-mRNA is joined as exonic sequences by pre-mRNA 

splicing (Tazi et al, 2009).  

Most exons are constitutive, meaning that they are always included in the final mRNA 

(Black, 2003). Regulated or alternatively spliced exons are sometimes included and sometimes 

excluded from the mRNA. These exons can also be termed “cassette” exons. To generate 

multiple transcripts from one gene, the splicing machinery can alter exon inclusion in many 

ways (figure I-3). The most common are the alternative inclusion of cassette exon or the 

retention of an intron (Black, 2003; Matlin et al, 2005). When a gene has multiple cassette 

exons, these can be mutually exclusive - the final mRNAs includes only one. Exon size can also 

be changed by the use of alternative splice sites. Alternative splicing is not exclusive to the 

coding regions of the mRNA. Some genes contain multiple promoters (5’ end of the mRNA) 

and polyadenylation sites that can be alternatively included in a given mRNA. Typically, the 

use of alternative promoters is a mechanism for transcriptional control    (Black, 2003; Matlin et 

al, 2005). Adding to complexity of alternative splicing patterns, some or all the above 

mentioned mechanism can occur in a given gene (Bharadwaj & Kolodkin, 2006; Chen et al, 
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2006). The regulation of alternative splicing is complex, since predicted sequences that 

identify inclusion/exclusion of an exon are highly degenerate and occur at high frequency in 

the genome (Blencowe, 2006; Matlin et al, 2005). Furthermore, exceptions to the “rules” of 

splicing exist in abundance (Hiller & Platzer, 2008; Szafranski et al, 2007; Yu et al, 2008).  

Alternative splicing is a key regulator of gene expression as it generates numerous 

transcripts from a single protein-coding gene. Alternative splicing explains why the human 

genome has about 30,000 protein encoding genes but produces approximately 90,000 

proteins (Human Genome Sequencing, 2004). This process is more widely used than 

previously thought and was recently estimated to affect more than 90% of human protein-

coding genes (Kampa et al, 2004; Tazi et al, 2009). Alternative splicing is responsible for many 

biologically relevant processes including mammalian synaptic transmission (Ben-Dov et al, 

2008). The CNS appears to be a “hotspot” for regulated alternative splicing events 

(Grabowski, 1998). It was recently uncovered that 28% of the human genes are differentially 

alternatively spliced in developing brain regions, underlying the importance of alternative 

splicing for brain development (Johnson et al, 2009). 

I.4.1 Splicing and RNA editing of AMPA/kainate receptors 

Each of the GluR1-4 subunits exists in two different forms, “flip” and “flop”, created by 

alternative splicing of a 115-base pair (bp) region before the M4 coding sequence (figure I-4). 

Receptors that contain the flop forms of GluR1–4 proteins desensitize more rapidly to 

glutamate-induced activation and do not have the characteristic low conductance, non-

desensitizing state of the receptor channels found in those that contain the flip form of the 

proteins (Sommer et al, 1990). Kainate receptor subunits GluR6 and GluR7 have two splice 

variants that differ in their C-termini. When expressed as homomeric receptors in Hek293 

cells, GluR7a receptors gave rise to 5- to 10-fold larger currents than GluR7b (Gregor et al, 

1993; Schiffer et al, 1997).  
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Figure I-3: Alternative splicing events 

Alternative splicing can alter an mRNA molecule in many ways: (A) Cassette exon 

inclusion/exclusion in the mRNA; (B) intron retention; (C) Mutually exclusive insertion 

of two or more exons; (D) alternative splicing of alternative promoters which may 

influence transcription or splicing in the coding regions; (E and G) Use of alternative 5' 

and 3' splice sites in exons generating shorter or longer exons; and/or (F) alternative usage 

of 3'-end processing sites (Matlin et al, 2005). 
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AMPA and kainate receptors are also post-transcriptionally modified by RNA editing 

which leads to single amino acid exchanges (figure I-4) (Rueter et al, 1995). In this process, 

selected adenosines in an mRNA are deaminated to inosines by dsRNA adenosine 

desaminases. Inosine is recognized as guanosine by the translation machinery, resulting in a de 

facto change of the amino acid codon (Hoopengardner, 2006). Under-editing of the GluR2 

Q/R site greatly increases the Ca2+ permeability of AMPA receptors and has been implicated in 

the aetiology of amyotropic lateral sclerosis (ALS) (Burnashev et al, 1992; Hume et al, 1991; 

Kwak & Kawahara, 2005; Verdoorn et al, 1991). Genetically engineered mice that cannot edit 

GluR2 Q/R site developed seizures and die by 3 weeks of age, revealing the importance of 

RNA editing to the normal functioning brain (Brusa et al, 1995). 

I.4.2 NR1 splice variants 

NR1 exists as 8 different splice variants due to alternative splicing of exon 5 (N1) and 

exons 21 and 22 (C1 and C2) (chapter III and figure III-1 for more details). NR1 splice 

variants strongly influence NMDA receptor properties. For example, the pH sensitivity of 

NMDA receptors is determined by the presence of exon 5 (in the amino terminus). At 

physiological pH, splice variants that include exon 5 are fully active, whereas those that lack 

exon 5 are partially blocked (Durand et al, 1993; Hollmann et al, 1993; Sugihara et al, 1992; 

Traynelis et al, 1998; Traynelis et al, 1995). It has also been shown that splicing of exon 5 can 

influence the deactivation properties of NMDA receptors (Rumbaugh et al, 2000). NR1 

splicing can also affect intracellular trafficking, localization and the anchoring of signalling 

pathways to the receptor complex (Ehlers et al, 1998; Feliciello et al, 1999; Standley et al, 

2000). The molecular and physiological features of NR1 splice variants are described in detail 

in chapter III of this thesis. 
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Figure I-4: Alternative splicing and RNA editing of AMPA receptor subunits  

All AMPA receptor subunits undergo splicing before the M4 domain, resulting in 

flip/flop splice variants. The C-terminal of these receptors can exist in two forms: short 

and long. Membrane domains are shown as boxes M1-4 and editing sites also indicated 

(Q/R, R/G) (Dingledine et al, 1999). 
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I.5 Oligodendrocytes and Myelination 

The human nervous system contains about 300 billion cells, which can be classified into 

thousands of different types. The two principal and distinct classes are nerve cells (neurons) 

and neuroglial cells, also called neuroglia or simply glia. Glial cells form the bulk of cells in the 

nervous system, comprising over 90% of the total. Glial cell types include astrocytes, 

microglia, Schwann cells, oligodendroglia and satellite cells. Classical studies attributed a 

secondary role to glial cells as support cells for neurons, providing nutrition, maintaining 

homeostasis and forming myelin to wrap axons (Kettenmann & Ransom, 1995). More recent 

studies have shown that oligodendroglia and astrocytes can participate actively in 

neurotransmission (Bergles et al, 2000; Fields, 2008; Hamilton et al, 2008; Karadottir et al, 

2008; Lalo et al, 2006). 

Oligodendrocytes (from Greek: oligo, meaning ‘few’, dendro meaning ‘branch’, and kytos 

which denotes ‘cell’), or oligodendroglia (Greek: oligos, "little, few"; dendron, "den- drite"; 

glia, "glue") make up for the majority of cells in mature white matter. Oligodendrocytes 

extend processes that enwrap internodal segments of axons to form the myelin sheath 

(myelination), an electrically insulating phospholipid layer that facilitates the fast conduction 

of nerve impulses. Oligodendrocytes are also important for the formation of nodes of Ranvier, 

the sites of action potential propagation in axons, and maintaining axonal integrity (Baumann 

& Pham-Dinh, 2001; Dewar et al, 2003). During rodent nervous system development, 

myelinogenesis starts around 4 days after birth and within a few days large amounts of plasma 

membranes are synthesized by oligodendrocytes and Schwann cells, in the CNS and peripheral 

nervous system (PNS) respectively, to enwrap axons (figure I-4) (Frank et al, 1999). In 

contrast with Schwann cells that myelinate a single axon, one oligodendrocyte can myelinate 

the internodes of up to 40 axons (figure I-4), thus damage to a single oligodendrocyte can 

potentially alter the function of several axons (Baumann & Pham-Dinh, 2001). 
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I.5.1 The optic nerve 

One of the best characterized white matter tracts is the optic nerve, which lacks neuronal 

cell bodies and synapses. The optic nerve is composed of the axons of retinal ganglion cells and 

the glial cells that support them: oligodendrocytes, NG2 cells, astrocytes and microglia (Butt et 

al, 2004). The axons are aligned in a parallel fashion in the nerve and oligodendrocytes 

surround these axons extending process and insulating them. Astrocytes lie along the axis of 

the nerve in regularly spaced intervals and extend processes into the nodes of Ranvier (figure 

6). NG2 cells and microglia are also found throughout the optic nerve. Each oligodendrocyte 

in the rodent optic nerve can extended process to insulate 5-30 axons (Butt et al, 2004). 

During post-natal development, oligodendrocytes in the optic nerve are generated from 

rapidly dividing precursor cells (OPCs). Oligodendroglial cells can be identified as early as in 

P2 and differentiation continues up to post natal day 45. The highest rate of myelination 

appears to occur between P7 and P21 during which time oligodendrocyte processes increase in 

length by about 10 times (Butt & Ransom, 1993; Foster et al, 1982; Skoff, 1990). By the end 

of myelination, oligodendrocyte somata typically lie in interfascicular rows of approximately 

four or five cells along the longitudinal axis of the nerve and outnumber astrocytes by 

approximately 2:1 (Burne et al, 1996).  

I.5.2 Ischaemic damage to oligodendrocytes 

Ischaemic damage to developing oligodendroglia is the pathogenic mechanism responsible 

for periventricular leukomalacia (PVL), which is the major form of brain injury in the 

premature infant. PVL is the leading cause of neurological disability in survivors of premature 

birth and results in the chronic spastic motor deficits of cerebral palsy as well as cognitive 

impairment (Volpe, 2001). During human brain development, there is a window of 

vulnerability when hypoxia-ischaemia and other insults damage the premature cerebral white 

matter to produce focal cystic necrotic lesions and related disturbances of myelination (Kinney 

& Back, 1998). This vulnerability appears to be due to increased sensitivity of oligodendrocyte 
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progenitors to ischaemic injury (Back & Volpe, 1997). Several studies have shown that 

oligodendrocyte vulnerability to oxidative damage and hypoxia-ischaemia is dependent on the 

differentiation stage of these cells and immature oligodendrocytes are more sensitive to injury 

(Back et al, 1998; Back et al, 2002; Fern & Muller, 2000). The traditional view is that 

neurons are the cell type most susceptible to an ischaemic insult. However, over recent years 

data has shown that gray and white matter oligodendrocytes are as vulnerable as neurons to 

ischaemia in vivo (Dewar et al, 2003; Goldberg & Ransom, 2003). For instance, after 

transient global ischaemia in the rat, oligodendrocytes exhibited greater vulnerability than 

neurons in the cerebral cortex and thalamus (Petito et al, 1998). Furthermore, immature 

oligodendrocytes are particularly sensitive to ischaemia (Fern & Muller, 2000; Goldberg & 

Choi, 1993; Lyons & Kettenmann, 1998; Pantoni et al, 1996).  

Oligodendrocyte sensitivity to ischaemia is related to the presence of glutamate receptors 

(Fern & Muller, 2000; Matute et al, 2002; Matute et al, 1997; McDonald et al, 1998). 

Oligodendrocytes are highly vulnerable to overactivation of glutamate receptors (Fern & 

Muller, 2000; Karadottir et al, 2005; Matute et al, 1997; McDonald et al, 1998; Micu et al, 

2006; Salter & Fern, 2005; Yoshioka et al, 1996). This feature led to the proposal that 

oligodendroglial excitotoxicity might be involved in the pathogenesis of demyelinating 

diseases, such as PVL, which are characterized by the destruction of myelin, oligodendrocyte 

cell death and inflammation (Matute et al, 1999; Noseworthy, 1999; Pitt et al, 2000; Smith et 

al, 2000).  
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Figure I-5: Oligodendrocytes and Schwann cells extend processes to myelinate 

axons  

Oligodendrocytes or Schwann cells are responsible for myelination of axons in the central 

(CNS) and peripheral nervous system (PNS). These cells extended their membranes that 

will form the myelin sheath insulating the axon. Myelin covers the axon leaving exposed 

axolemma at intervals to form the nodes of Ranvier. Oligodendrocytes can myelinate 

multiple axons, whereas Schwann cells myelinate a single axon. Adapted with permission 

from Macmillan Publishers Ltd: Nature Reviews Neuroscience (Poliak & Peles, 2003), 

copyright (2003). 
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Cellular Ca2+ overload is a key trigger of excitotoxic neuronal and glial death (Choi, 1995; 

Micu et al, 2006; Salter & Fern, 2005; Verkhratsky et al, 1998). High concentrations of 

extracellular glutamate, generated after traumatic or ischaemic CNS injury, results in 

overstimulation of ionotropic glutamate receptors and an excessive influx of Na+ and Ca2+. 

Subsequently, the Na+ influx can trigger a secondary increase in the intracellular Ca2+ 

concentration through voltage-gated Ca2+ channels and reverse operation of the Na+/Ca2+ 

exchanger (Choi, 1995; Verkhratsky & Kettenmann, 1996). In neuronal cultures, glutamate 

toxicity is mostly prevented by NMDA receptor antagonists, although AMPA/kainate 

receptors are also relevant to neuronal excitotoxicity (Choi & Rothman, 1990). A major 

difference between the way glial cells and neurons deal with excessive Ca2+ is their ability to 

buffer excessive Ca2+. In neurons, ionic imbalance can be dealt with, at least partially, by Ca2+-

binding-proteins (Nicotera & Lipton, 1999). However, several of these Ca2+-binding proteins 

are not expressed in oligodendrocytes rendering them more vulnerable to excitotoxic insults 

(Green & Kroemer, 1998; Matute et al, 2001).  

I.5.3 White matter NMDA receptors 

Since glutamate can act as a potent toxin to CNS cells including oligodendrocytes, and it 

is an important mechanism underlying white-matter damage, much research has been done in 

this area (Goldberg & Ransom, 2003; Matute, 2006; Matute et al, 2001; Stys, 2004). For a 

long time the role of NMDA receptors in these processes was overlooked, mainly because of 

the difficulty in detecting their expression in white matter (Stys & Lipton, 2007). Recently, 

three reports have provided compelling evidence for the involvement of oligodendrocyte 

NMDA receptors in glutamate-mediated damage to these cells (Karadottir et al, 2005; Micu et 

al, 2006; Salter & Fern, 2005). NMDA receptor mRNA and protein expression was detected 

as were NMDA evoked inward currents, showing that glial NMDA receptors are functional 

(Karadottir et al, 2005; Micu et al, 2006; Salter & Fern, 2005). Importantly, ischaemia lead to 



Chapter I - Introduction 

 

19 
 

a rapid Ca2+-dependent damage to oligodendrocyte processes and cell bodies, blocked partially 

by MK-801, an activity-dependent NMDA receptor channel blocker (Salter & Fern, 2005). 

 A particular feature of neuronal NMDA receptors is their voltage-dependent Mg2+-block 

(Dingledine et al, 1999). Intriguingly, NMDA receptors in precursor, immature and mature 

oligodendrocytes are less susceptible to Mg2+ block than neuronal receptors; indeed, they 

generate a substantial current even at the cell resting potential (Karadottir et al, 2005). As a 

consequence, NMDA-receptor-mediated responses in oligodendrocytes can occur in the 

absence of concomitant stimulatory activity by AMPA and kainate receptors, in contrast to the 

situation in neurons. This property of native NMDA receptors in oligodendrocytes might be 

conferred by NR3 subunits, which render NMDA receptors in neurons less sensitive to Mg2+ 

block (Sasaki et al, 2002a; Tong et al, 2008).  

I.5.4 NMDA receptors may have particular membrane distribution in glial cells 

NMDA receptor mediated currents induced by ischaemia were found in precursor and 

mature oligodendrocytes (Karadottir et al, 2005). Initially NMDA receptors were reported to 

be present in clusters on oligodendrocyte processes, whereas AMPA and kainate receptors were 

diffusely located on oligodendrocyte somata (Salter & Fern, 2005). Furthermore, NR1, NR2 

and NR3 subunits were found in the myelin sheath at a density similar to that observed in the 

postsynaptic density of the mossy-fiber–granule-cell synapse (Karadottir et al, 2005; Micu et 

al, 2006; Salter & Fern, 2005). Ischaemic conditions raise intracellular Ca2+ concentration 

([Ca2+]i) and damage oligodendrocyte processes (Micu et al, 2006; Salter & Fern, 2005). 

Consistent with the preferential NMDA receptor location at the myelin sheet, blocking 

NMDA receptors during ischaemia prevented [Ca2+]i rises and conferred protection against 

injury to oligodendrocyte process (Micu et al, 2006; Salter & Fern, 2005). However, recent 

evidence shows a more widespread expression of NMDA receptors. In addition to expression 

in compact myelin, NR1 was also found in regions where oligodendrocyte process membrane 

ran parallel to the axolemma of small premyelinated axons (Alix & Fern, 2009). Also in 
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astrocytes, NMDA receptors are localized in distal process, although some expression can be 

found in the soma (Conti et al, 1996).  

I.5.5 Glutamate availability in neuron-glia connections 

The location of NMDA receptors in oligodendrocytes processes, which are more sensitive 

to ischaemia, raises questions about the accessibility of glutamate for receptor activation. 

NMDA receptors located at process are close to axons but away from synapses, where 

glutamate is abundant (Shigeri et al, 2004). One possibility is that glutamate originates from 

surrounding astrocytes or oligodendrocytes. In ischaemic conditions, there is a reversal of these 

glutamate transporters releasing glutamate from glia and axons, that would be available to 

activate NMDA receptors (Fern & Muller, 2000; Li et al, 1999). Inhibition of glutamate 

transporters expressed in astrocytes and oligodendrocytes raises the local glutamate 

concentration, suggesting glial cells as a source of neurotransmitter (Danbolt, 2001; Karadottir 

et al, 2005; Matute et al, 1999). But this is unlikely to explain physiological activation of 

NMDA receptors that are at the cell process and facing the axolemma.  

A recent development in glial biology could provide the explanation for the source of 

glutamate to activate NMDA receptors in processes: physiological release of neurotransmitter 

from axons in response to action potentials (Kukley et al, 2007). Developing axons in the 

optic nerve possess the molecular machinery needed for formation and release of glutamate-

containing vesicles (Alix et al, 2008; Kukley et al, 2007; Ziskin et al, 2007). Glutamate is 

released from discrete axonal regions in response to action potentials and this release elicits 

glutamatergic responses in oligodendrocyte precursor cells (Kukley et al, 2007; Ziskin et al, 

2007). Axons also seem to be the sole repository of vesicular glutamate in developing white 

matter (Alix et al, 2008; Kukley et al, 2007; Ziskin et al, 2007). Interestingly, axonal glutamate 

release appears to be an event specific to unmyelinated axons and occurs at random sites in the 

axolemma, suggesting a role in guidance of oligodendrocytes to the axon, or a signal for 

oligodendrocyte precursor cells differentiation (Kukley et al, 2007; Ziskin et al, 2007). 
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I.5.6 Stoichiometry of white matter NMDA receptors 

NMDA receptors expressed in white matter are thought to be composed by NR1, NR2A-

NR2C and NR3A subunits (Karadottir et al, 2005; Micu et al, 2006; Salter & Fern, 2005). 

This deduced composition is mainly based on the fact that most NMDA currents found in 

astrocytes and oligodendrocytes are Mg2+-insensitive (Hamilton et al, 2008; Karadottir et al, 

2005; Lalo et al, 2006). The subunit that confers this property to NMDA receptors is NR3A, 

which is expressed in oligodendrocytes (Karadottir et al, 2005; Micu et al, 2006; Nowak et al, 

1984; Salter & Fern, 2005; Sasaki et al, 2002a). However, the role of NR3A in relief of 

NMDA receptor voltage-dependent Mg2+-block is still a matter of debate since different results 

have been obtained in different systems (Sasaki et al, 2002a; Sucher et al, 1995; Tong et al, 

2008). Furthermore, it has been described that in a class of glial cells, NG2-glia, considered to 

be glial precursor cells, NMDA receptors currents are sensitive to Mg2+-block at resting 

membrane potential (Ziskin et al, 2007). This suggests that more than one NMDA receptor 

population is expressed in white matter and regulated cell or developmental-specific of 

receptors may exist. 

The identity of the NR2 subunits that are present in glial NMDA receptor complexes is 

also unknown. All NR2 subunits are expressed in white matter and pharmacological analysis 

shed little light about which subunit form white matter NMDA receptors (Conti et al, 1996; 

Krebs et al, 2003; Luque & Richards, 1995; Salter & Fern, 2005; Schipke et al, 2001; Von 

Boyen et al, 2006). Ifenprodil, a selective NR2B antagonist, did not affect NMDA receptor 

currents in mature oligodendrocytes nor did pregnalone sulphate, which potentiates NR2A-B 

and inhibits NR2C-D receptors. This lead to the suggestion that NMDA receptors expressed 

in oligodendrocytes have a previously uncharacterized composition, or that novel splice 

variants are expressed (Karadottir et al, 2005; Salter & Fern, 2005). Due to the relative Mg2+-

insensitive properties of glial NMDA receptors, higher expression of NR3A and NR2C 

compared to other subunits, and the fact that NR1/NR2C/NR3A have not yet been 
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characterized it was speculated that this could be “the” glial NMDA receptor (Karadottir et al, 

2005; Matute, 2006).  

I.5.7 Physiological role of NMDA receptors in Glia 

The physiological role of NMDA receptors in myelinating white matter is still speculative 

but might involve axon–glial signalling during myelinogenesis (Kukley et al, 2007). Myelin 

initiation begins with the extension of multiple processes from the somata that make contact 

with axons. At this point, oligodendroglial processes will either proceed with myelination or 

retract from the axon (Butt & Ransom, 1993). How this decision is controlled is unclear, but 

Ca2+ influx through activated NMDA receptors could affect cytoskeletal elements within the 

processes and determine stabilization/retraction.  

NMDA receptors could also participate in glia-neuron communication in other ways. It 

has now been show that NG2 cells in developing white matter can generate action potentials 

upon receiving axonal input from neurons (Karadottir et al, 2008). The glial “excitatory 

postsynaptic currents” (ESPCs) are mediated by NMDA and AMPA receptors (Karadottir et 

al, 2008). Moreover, not all NG2 cells generate action potentials, but the population that does 

is more sensitive to ischaemic damage (Karadottir et al, 2008). Consistent with the known role 

of NMDA receptors in oligodendroglial ischaemic damage, pre-incubation with a NMDA 

receptors antagonist, AP-5, prevented ischaemic damage of action potential generating cells 

(Karadottir et al, 2005; Karadottir et al, 2008; Micu et al, 2006; Salter & Fern, 2005).  

Regardless of NMDA receptor’s role on developing oligodendrocyte processes and glial-

neuron communication, their pathophysiological relevance is high as they confer sensitivity to 

injury that is likely to have significance for a variety of neurological diseases (Salter & Fern, 

2005). 
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I.6 OBJECTIVES 

The properties of NMDA receptors in white matter appear to differ from receptors 

expressed on neuronal cells. In this PhD project I sought to elucidate the reason why glial 

NMDA receptors display such peculiar properties. One possibility is that they are composed 

of an uncommon and as yet uncharacterized subunit arrangement. Another possibility is the 

presence of new NMDA receptor subunits splice variants. To evaluate both possibilities I have 

cloned NMDA receptors from the rat optic nerve, expressed these subunits in a recombinant 

system and characterize their physiological properties. In the next chapters I will describe the 

results of NMDA receptor cloning, and their molecular properties (chapters III-V), and the 

physiologic properties of novel splice variants (chapter VI).  
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To determine the molecular composition of NMDA receptors in white matter I choose to 

amplify and clone the full-length cDNA of transcripts present in this tissue (figure II-1). 

Methodologically, the starting point were reverse-transcritpion and PCR protocols used for 

RT-PCR aimed at detection of short DNA sequences (described in section II.3.3). These 

protocols proved insufficient for the amplification of longer DNA sequences, since aptemts to 

amplify the entire coding regions of NMDA receptor subunits yielded no PCR products or 

non-specific short length products. The method was then improved at two steps: (i) reverse-

transctprion and (ii) PCR (figure II-1). This was an iteractive procces in which the following 

aspects were optimized: (i). RNase H+ vs RNase H- reverse-transcriptases; (ii) time length of 

reverse-transcritpion and amount of enzyme; and (iii) duration and temperature of each PCR 

step, in particular annealing temperatures and extension times. In sections II.3.1 and II.3.2 the 

reasons underlining the optimizations are explained in detail.  

II.1 Animals and tissue dissection 

In humans, the susceptibility to PVL is higher in pregnancy weeks 23-32, a period in 

which ischaemic events cause damage to oligodendrocyte processes by a mechanism that is 

thought to involve NMDA receptors (Payam & Andrew, 2002; Salter & Fern, 2005). To 

probe for NMDA receptor expression and assess the existence of novel splice variants, optic 

nerves of rats 10-14 days old were used. At this age, the rat optic nerve is initiating the process 

of myelination, with the first layers of myelin appearing, and corresponds to the 

developmental stage at which white matter is susceptible to PVL in the human foetus (Back et 

al, 2001; Foster et al, 1982). 
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Figure II-1: Outline of the experimental procedure for amplification and cloning of 

NMDA receptors  

Following optic nerve dissection (section II.1.1), total RNA was extracted (section II.2)   

and reverse-transcribed (section II.3). Depending on the end-application (detection of 

expression or amplification of full-length sequences), reverse transcription and PCR were 

performed differently (section II.2). PCR products were separated by electrophoresis, 

cloned and sequenced (section II.9). Green-shaded boxes represent steps that required 

optimization. 
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The optic nerve is a CNS white matter tract and comprises the axons of retinal ganglion 

cells together with the glia which support them, namely oligodendrocytes, astrocytes and 

microglia (Butt et al, 2004). This structure is the only white matter model that does not 

contain neuronal cell bodies, and is ideal for the extraction of mRNA that is mostly of glial 

origin (Butt et al, 2004; Salter & Fern, 2005). In addition, there is a wealth of literature 

available on optic nerve myelination.  

II.1.1 Method 

P10-14 Lister-hooded rats (male and female) were sacrificed by cervical dislocation in 

accordance with the regulations of the British Home Office. Optic nerves were then excised 

between the eye and the optic chiasm, which remained attached to the brain, and placed in 

Phosphate-Buffered Saline (PBS) composed of (mM): 138 NaCl; Na2HPO4; 2.7 KCl; and 1.5 

KH2PO4. Optic nerves were centrifuged at 12,000 x g for 2 min and PBS was removed by 

aspiration before proceeding to RNA extraction.  

II.2 RNA extraction 

Extraction of high quality RNA is a crucial step for successful RT-PCR. RNA is an 

unstable molecule, having a shorter half-life than DNA, and is more easily degradable by 

nucleases (RNases). Thus special care must be taken when working with RNA. Although 

several efficient methods have been developed for the extraction of RNA from different animal 

tissues, optic nerves have a few peculiarities that make RNA extraction challenging. Each 

individual optic nerve has a small mass and relatively high content of protein and lipids (it is 

estimated that myelin is composed of 80% lipids and 20% protein) compared to brain grey 

matter (O'Brien & Sampson, 1965). A general method to disrupt tissues for RNA extraction 

is a pestle and mortar. This method has been tried in our lab to extract RNA from optic 

nerves, but RNA yield was low due to loss of sample tissue during the procedure (Salter MG, 

personal communication). 
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To overcome the difficulties of RNA extraction from optic nerve using physical 

disruption, our lab has optimized an alternative method by combining two commercially 

available reagents: MELT-system (Multi-Enzymatic Liquefaction of Tissue; Ambion) and 

Trizol reagent (Qiagen). MELT uses a protein cocktail in an optimized buffer to disrupt 

tissues and protect RNA by destroying RNases. Trizol is a mono-phasic solution of phenol and 

guanidine isothiocyanate. This reagent maintains the integrity of the RNA and dissolves other 

cell components. The procedure consists of 3 main steps: 1) Tissue disruption using MELT 

enzymes, present in the kit; 2) Separation of RNA from other cellular components with 

Trizol; 3) Purification of RNA using columns from RNA RNeasy lipid RNA mini kit (Qiagen). 

The method was developed by Michael G. Salter for mice optic nerves and adapted by me to 

rat (Salter & Fern, 2005). 

II.2.1 RNA extraction from the optic nerve - method 

For optic nerve tissue disruption, 96 µl 1X MELT Buffer and 4 µl MELT Cocktail 

(Ambion) were added to 20 optic nerves from Lister-hooded rats aged P10-14 (male and 

female), prior to shacking for 10-15 min in a vortex. Once no visible fragments remained, 1 

ml of Trizol reagent (Qiagen) was added to the mixture. After 5 min incubation at room 

temperature, 200 µl of chloroform were added prior to incubation at room-temperature for 2-

3 min, followed by centrifugation at 12,000 x g for 15 min, 4°C. After centrifuging, the 

sample separates into an organic phase and an aqueous phase in which the RNA is present. 

The aqueous phase was carefully decanted and the RNA was column-purified (RNeasy lipid 

RNA mini kit, Qiagen) according to the manufacturer’s instructions. Final elution was made 

with 32 µl nuclease-free water (Ambion). To remove any contaminating genomic DNA, the 

RNA samples were treated with Turbo DNAfree kit (Ambion) using the Rigorous DNase 

treatment suggested by the manufacturer. The amount of RNA present in the samples was 

determined by measuring the absorbance at 260 nm in a spectrophotometer. This procedure 
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routinely yielded 10 µg RNA per 20 optic nerves. RNA was then used as substrate for reverse 

transcription. 

II.2.2 RNA extraction from the brain - method 

Whole neonate rat brain (10-14 days old) was dissected and frozen in liquid nitrogen. The 

tissue was then ground to a fine dust using a pestle and mortar. To avoid RNA degradation, 

liquid nitrogen was added regularly to the mortar. The ground tissue was immediately 

transferred to a microtube, 1 mL Trizol added and the protocol proceeded from this point as 

previously described in this chapter. The amount of RNA extracted from one brain was 

usually 100 µg.  

II.3 Reverse transcriptase-polymerase chain reaction (RT-PCR) 

RT-PCR is a technique employed to indirectly amplify RNA sequences. It consists of two 

sequential steps: Reverse Transcription (RT) and Polymerase Chain Reaction (PCR). In the 

first step RNA is reverse transcribed in cDNA which is then used as a template and amplified 

by PCR. I will explain both steps in detail and also the improvements made to achieve full-

length amplification of NMDA receptor subunits transcripts. 

Amplification of full-length cDNAs present some complications in comparison with RT-

PCR to detect transcript expression: 1) the sequences to be amplified are longer, in our case 

>3Kb; 2) the amplified sequences will be expressed and must not contain mutations leading to 

amino acid changes; 3) GC rich regions are difficult to amplify and can be circumvented by 

amplifying other mRNA sequences in short PCR amplification, but have to be amplified if 

full-length transcripts are to be obtained. In addition, NMDA receptor expression in the optic 

nerve is relatively low compared to expression in the brain (Salter & Fern, 2005). To 

overcome these difficulties I have tested several enzymes, DNA polymerases and reverse-
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transcriptases, and several aspects of the protocol were optimized. Here I present the most 

successful protocol for the amplification of full-length NMDA receptor mRNAs.  

II.3.1 RT 

Reverse transcription is catalyzed by the enzyme reverse transcriptase. Reverse transcriptase 

performs 3 distinct enzymatic activities: i) an RNA-dependent DNA polymerase; ii) a hybrid-

dependent exoribonuclease (RNase H); iii) and a DNA-dependent DNA polymerase. In vivo, 

the combination of these 3 activities allows transcription of the single-stranded RNA genome 

into double-stranded DNA for retroviral infection. For reverse transcription in vitro, only the 

first two activities are utilized to produce single-stranded cDNA. Reverse transcription is 

initialized by the annealing of a primer to the RNA and the enzyme then starts adding 

complementary deoxynucleotides (dNTPs) to form the cDNA. The final product is a 

RNA:DNA hybrid which needs to be degraded to allow primer binding in the PCR. Reverse 

transcriptases from the RNase H family (RNase H+) possess hybrid-dependent exoribonuclease 

activity that degrades RNA present in RNA:DNA hybrids and thus improve RT-PCR 

sensitivity (Polumuri et al, 2002). Since cDNA synthesis and RNA template degradation occur 

in the same conditions, the protocol is also more streamlined. RNase H+ enzymes are thus 

preferable for gene expression detection.  

Although RNase H+ reverse transcriptases are a better choice for RT-PCR aimed at 

detection of expression, where only ~100 bp in the transcript 3’ end are amplified, these 

enzymes are less suited for amplification of full-length cDNAs. RNase activity can lead to 

degradation of RNA:DNA hybrids near the 5’ end of the cDNA strands before it is completely 

formed, thus creating shorter, incomplete cDNAs (Kotewicz et al, 1988). Because RNA-

dependent DNA polymerase activity of reverse transcriptase is not dependent on concomitant 

RNase H activity, mutant enzymes that lack RNase activity have been created, and are more 

suitable for the generation of full-length cDNAs. One of such enzymes is Powerscript 

(Clontech) which has been used in our work. 



Chapter II – Materials and Methods 

31 
 

As previously mentioned primer binding is required for initiation of reverse-transcription. 

Three different types of primers can be used: a) random primers; b) gene-specific primers; or 

c) oligo-dT primers that specifically hybridize to the poly-A–tail of mRNAs. In its common 

form, commercially supplied oligo-dT primers have 18 thymines (oligo(dT)18). This primer 

will anneal at any position in the A-tail, which may be near the 3’end of the mRNA, or it can 

also bind to internal poly(A) sequences, generating truncated cDNAs. To increase the yield of 

full-length cDNA I used an anchored oligo(dT)24V primer, where V represents guanidine, 

cytosine or adenine. The presence of these nucleotides (V) ensures increased binding to the 3’ 

of the mRNA by reducing binding to internal poly(A) sequences and also insertion in the 

distal end of polyA mRNA tails. The result is an increase in full-length cDNA molecules 

(Nam et al, 2002).  

II.3.2 PCR 

Polymerase chain reaction (PCR) is a technique used to amplify DNA templates and 

produce specific DNA fragments in vitro. A typical reaction contains the DNA template, a 

thermostable DNA polymerase, two oligonucleotide primers (forward and reverse), 

deoxynucleotide triphosphates (dNTPs), reaction buffer and Mg2+. To ensure amplification, 

the reaction is subjected to a series of temperatures for varying amounts of time using a 

thermal cycler. This series of temperature and time adjustments is referred to as one cycle of 

amplification. Each PCR cycle theoretically doubles the amount of targeted sequence 

(amplicon) in the reaction.  

The typical PCR cycle has three steps: i) denaturation; ii) annealing; iii) extension. In the 

first step the temperature is raised to 94°C, or higher, to separate the DNA double helix into 

single strands. Once the strands are separated they become available for primer binding. In the 

next step the temperature is lowered so that the primers can form stable associations (anneal) 

with complementary sequences in the denatured template DNA. The annealing temperature is 

a particularly important parameter because primer binding is required for the activity of the 
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DNA polymerase. If the annealing temperature is set too high, the primers will not form 

bonds with complementary sequences, and no product will be obtained from the PCR. On 

the other hand, setting the annealing temperature too low may result in primer binding to 

partially complementary template sequences. This will result in amplification of non-specific 

sequences.  

The synthesis of DNA begins in the amplification step. The temperature is raised for the 

optimum DNA polymerase reaction temperature (68-72°C) and the enzyme reads the 

opposing strand sequence and extends the primers by adding paired nucleotides. The duration 

of each step varies according to the fragment size to be amplified; extension rate of the DNA 

polymerase; or other properties of the enzyme and/or the cDNA. The number of cycles can 

also vary depending, for instance, on the number of initial copies of the template cDNA. 

Variations to the outlined cycle can occur. For instance, if the primers annealing temperature 

and DNA polymerase extension temperature are similar, the steps can be combined.  

DNA polymerases were critically chosen taking in consideration the need for longer 

extension and higher fidelity than those of Taq. LA-Taq DNA polymerase (Takara) is a 

mixture of DNA polymerases which offers 6.5 times the fidelity of regular Taq and is 

particularly suited for amplification of long DNA fragments. LA-Taq was used for the 

amplification and cloning of NR1, NR2A, NR2B, NR3A and NR3B. Amplification of NR2C 

and NR2D revealed itself to be more difficult due to the high GC content of the cDNAs. To 

overcome this, another DNA polymerase was used: LongRange PCR enzyme mix (Qiagen), 

alongside with the Q reagent present in the same kit. This enzyme, in conjunction with the Q 

reagent, is optimized for the amplification of long targets with high GC-content. 

II.3.3 Expression of receptors - method 

Reverse-transcription was performed on 4 µg of RNA using Omniscript (Qiagen) 

according to the manufacturer’s instructions (all quantities were doubled to ensure the correct 
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concentrations). The reaction was primed with an oligo(dT)18. The generated cDNA was 

cleaned using QIAquick PCR Purification Kit (Qiagen) and eluted in 40 µl. The PCR reaction 

was prepared mixing 2x iQ SYBR Green Supermix (Bio-Rad), 4 µl of the cDNA pool per 

reaction, 300 nM of the relevant gene-specific primer pairs (both forward and reverse; see table 

II-1) and nuclease free water to yield a final reaction volume of 40 µl. All primers were tested 

on whole brain cDNA as a positive control. PCR cycles were the following: 95°C for 45 s, 

57°C C for 30 s, 72°C for 45 s, for 40 cycles with a dissociation curve at the end. Intensity of 

fluorescence was read at the end of each cycle and also during each step of the dissociation 

curve. PCR reaction products were loaded in a 1% agarose gel and visualized using SYBR Safe 

dye (Invitrogen) and the Safe Imager blue light transilluminator system (Invitrogen). All 

primers were purchased from Sigma Genosys and are listed in table II-1.  

Table II-1: List of PCR primers used for expression studies 

All primers were designed by me except the primers for actin, which were designed by Dr. 

Michael Salter. 

PrimerPrimerPrimerPrimer    SequenceSequenceSequenceSequence    (5’(5’(5’(5’----3’)3’)3’)3’)    
Sequence acession Sequence acession Sequence acession Sequence acession 

numbernumbernumbernumber    
PositionPositionPositionPosition    

Actin forActin forActin forActin for    TGCTCCTCCTGAGCGCAAGTACTC NM031144 1071 - 1094 

Actin revActin revActin revActin rev    CGGACTCATCGTACTCCTGCTTGC NM031144 1177 - 1154 

NR1 forNR1 forNR1 forNR1 for    GTGTCCCTGTCCATACTCAAGT NM017010.1 2578 - 2600 

NR1 revNR1 revNR1 revNR1 rev    TGAAGACCCCTGCCATGTTCTC NM017010.1 2717 - 2696 

NR2A for NR2A for NR2A for NR2A for     AGACCACGCCTCCGATAATC NM012573.2 4166 - 4185 

NR2A rev NR2A rev NR2A rev NR2A rev     GCCTGTGATGGCAATGAGTG  NM012573.2 4273 - 4254 

NR2B for NR2B for NR2B for NR2B for     GCTTTCAATGGCTCCAGCAATG NM12574.1 4734 - 4755 

NR2B rev NR2B rev NR2B rev NR2B rev     CTCTCTCTTCCCTCACTCAG NM12574.1 4815 - 4796 

NR2C for NR2C for NR2C for NR2C for     GAAGAGGTCAGCAGGGAAAC NM012575.2 4186 - 4205 

NR2C rev NR2C rev NR2C rev NR2C rev     AGTCCAGCAGGAACCAAAGC NM012575.2 4306 - 4287 

NR2D for NR2D for NR2D for NR2D for     CGATGGCGTCTGGAATGG NM022797.1 2281 - 2298 

NR2D rev NR2D rev NR2D rev NR2D rev     AGATGAAAACTGTGACGGCG NM022797.1 2540 - 2521 

NR3A fNR3A fNR3A fNR3A for or or or     CTCCCTCAATGTAACTCGG AF073379.1 3731 - 3749 
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NR3A rev NR3A rev NR3A rev NR3A rev     GATACTCCTCCAGCTCTGTC AF073379.1 3852 - 3833 

NR3B for NR3B for NR3B for NR3B for     GATCTGCTCCATGACAAGTGG NM133308.2 2476 - 2496 

NR3B rev NR3B rev NR3B rev NR3B rev     TCCTGAGAAGTGGTAGACC NM133308.2 2574 - 2556 

 

Table II-2: List of PCR primers used for the detection of NR1 and NR3A splice 

variants  

(NR1 primers were designed by Dr. Michel Salter). 

PrimerPrimerPrimerPrimer    SequenceSequenceSequenceSequence    (5’(5’(5’(5’----3’)3’)3’)3’)    Gene accession #Gene accession #Gene accession #Gene accession #    PositionPositionPositionPosition    

NR1NR1NR1NR1       

ex4ex4ex4ex4    AGTCCAGCGTCTGGTTTGAG NM_017010.1 705 - 724 

ex8ex8ex8ex8    TGATGAGCTGAAGTCCGATG NM_017010.1 1082 - 1063 

ex1ex1ex1ex17777    CCCTCAGACAAGTTCATCTA NM_017010.1 2288 - 2307 

3’ UTR3’ UTR3’ UTR3’ UTR    TCAGTGGGATGGTACTGCTG NM_017010.1 3338 - 3319 

NR3ANR3ANR3ANR3A       

3444 3444 3444 3444 forforforfor    AAGCAGCCACGTTCCAAGAC AF073379 (NR3A-L) 3444 - 3463 

3644 rev3644 rev3644 rev3644 rev    CTGGTTTTGTCCTTCCTCGTC AF073379 (NR3A-L) 3644 - 3624 

II.3.4 Full-length cDNA amplification - method 

To create full-length cDNAs of NMDA receptors, reverse transcription was performed 

using PowerScript (Clontech) and mRNA was primed with an oligo(dT)24V primer 

(SigmaGenosys). Whenever possible, the maximum amount of RNA suggested by the 

manufacturer protocol was used (10 µg). The reaction was performed with a modification of 

the suggested protocol (Clontech). All the volumes were doubled and the reaction was 

performed for 1 h at 42°. At this point an additional 0.5 µl of PowerScript were added and the 

reaction was allowed to continue for another hour. cDNA was purified using QIAquick PCR 

Purification Kit (Qiagen) and the volume corresponding to 1µg of RNA input was used for the 

PCR reaction using LA-Taq (Takara), according to manufacturer’s instructions. PCR cycle 

conditions varied according to the NMDA receptor subunit amplified and can be found in 
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table II-2. Primer sequences are listed in table II-3 and the relative location of primers in the 

cDNA is represented in figure II-2A. PCR reaction products were separated in an 1% agarose 

gel and visualized using SYBR Safe dye (Invitrogen) and the Safe Imager blue light 

transilluminator system (Invitrogen).  

Table II-3: List of PCR cycle conditions used for full-length cDNA amplification. 

            40 cycles40 cycles40 cycles40 cycles            

ReceptorReceptorReceptorReceptor    
Initial Initial Initial Initial 

denaturationdenaturationdenaturationdenaturation    
DenaturationDenaturationDenaturationDenaturation    AnnealingAnnealingAnnealingAnnealing    AmplificationAmplificationAmplificationAmplification    

Final Final Final Final 
amplificationamplificationamplificationamplification    

NR1NR1NR1NR1    95°c 1 min 95°c 30 sec 58°c 30 sec 68°c 8 min 68°c 10 min 

NR2BNR2BNR2BNR2B    95°c 1 min 95°c 30 sec 58°c 30 sec 68°c 9 min 68°c 13 min 

NR2CNR2CNR2CNR2C    93°c 3 min 93°c 30 sec 64°c 30 sec 68°c 10 min 68°c 15 min 

NR2DNR2DNR2DNR2D    93°c 3 min 94°c 30 sec 60°c 30 sec 68°c 10 min 68°c 15 min 

NR3ANR3ANR3ANR3A    95°c 1 min 95°c 30 sec 58°c 30 sec 68°c 8 min 68°c 10 min 

NR3BNR3BNR3BNR3B    95°c 1 min 95°c 30 sec 63°c 30 sec 68°c 8 min 68°c 10 min 

 

Table II-4: List of PCR primers used for full-length cDNA amplification 

PrimerPrimerPrimerPrimer    SequenceSequenceSequenceSequence    
Sequence Sequence Sequence Sequence 
accession accession accession accession 
numbernumbernumbernumber    

PositionPositionPositionPosition    

NR1 forNR1 forNR1 forNR1 for    CAAACACGCTTCAGCACCTC RNU08267 77 - 96 

NR1 revNR1 revNR1 revNR1 rev    AGCAGCAGGACTCATCAGTG RNU08267 2957 - 2938 

NR2B for NR2B for NR2B for NR2B for     CTCTCTCCCTTAATCTGTCCG NM12574.1 284 - 304 

NR2NR2NR2NR2B revB revB revB rev    CTCTCTCTTCCCTCACTCAG NM12574.1 4815 - 4796 

NR2C forNR2C forNR2C forNR2C for    CCCTTCCCTTCTTCTGTTTGTCCATCTACC NM012575.2 486 - 515 

NR2C revNR2C revNR2C revNR2C rev    GCTGCCAGTAACCTCACACTTCTGATTC NM012575.2 4288 - 4261 

NR2D forNR2D forNR2D forNR2D for    TAGCCTCATCCTTGCCTAGTCTGGTG NM022797 447 - 472 

NR2D revNR2D revNR2D revNR2D rev    CAGGTCCGTTTCTGTCCTTCCCAAC NM022797 4830 - 4806 

NR3A forNR3A forNR3A forNR3A for    GAGGATGTTAAGCAGAGGAGC AF073379.1 237 - 257 

NR3A revNR3A revNR3A revNR3A rev    GTGTCTCAAGGGCTTCAGAG AF073379.1 3935 - 3916 

NR3B forNR3B forNR3B forNR3B for    CGCACAGCACAGTGGTAACTTC NM133308.2 47 - 68 

NR3B revNR3B revNR3B revNR3B rev    ACAGTGCGGCCTTGTGGTTC NM133308.2 3105 - 3086 
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Figure II-2: Relative location of primers used for amplification of full-length 

NMDA receptor subunits cDNA and sequencing of clones. 

(A) For thePCR amplification of NMDA receptor coding sequences forward and reverse 

promers were desingned to anneal at the 5’ and 3’UTR of the mRNA and thus include 

original initiation andtermination codons of the subunits. (B) Due to length of the cloned 

fragments and limitations of sequencing technologies, several primers that generated 

overlapping sequences were used to sequence the full inserted clone. The figure is merely 

indicative of the location of annealing and does not represent absolute location or number 

of primers used, which varied for each clone.  
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II.3.5 Cloning of PCR products - method 

Individual bands resulting from PCR amplification were extracted from the agarose gel, 

purified with Gel Extraction kit (Qiagen) and inserted into the vector pGEM-T easy with the 

pGEM-T easy system (Promega) following the manufacturer’s instructions. 2µL of each 

ligation reaction were used to transform Escherichia coli XL1-gold ultra-competent cells 

(Stratagene). After transformation, E. coli were plated in LB agar (9.14g/L tryptone; 4.57g/L 

yeast extract; 4.57g/L NaCl, 13.72g/L agar) supplemented with 50 µg/ml ampicillin and 

grown overnight at 37°C. Colonies containing inserts were selected using blue-white screening 

reagent (Sigma) and insertion of DNA was further confirmed by PCR screening using the 

appropriate pair of primers. Several primer pair annealing at different gene regions were used 

to screen each clone. This genereated a pattern of bands for each clone, allowing selection of 

clones with different patterns corresponding to putauve new variants. Routinely 16 clones per 

gel extracted band were choosen for screening.  Individual positive colonies were then grown 

overnight in LB Broth media (10 g/L enzymatic digest of casein; 5 g/L yeast extract; 5 g/L 

sodium chloride) containing 50 µg/ml ampicillin; plasmids were purified using QIAprep Spin 

Miniprep Kit and sent for sequencing at LGC/AGOWA (Germany). Due to the length of 

cloned fragments several overlapping sequencing reactions were required for each clone, with 

primers annealing different gene and plamidic regions (figure II-2B). DNA fragments 

obtained from the sequencing of each clone were assembled using the software suite Vector 

NTI Advance 10 (Invitrogen). Fragment assembly is described in section II.9.1. 

II. 4 Creation of error-free clones 

Despite the use of a high-fidelity DNA polymerase, amplified sequences contained 

nucleotide mutations that were predicted to alter the final polypeptide chain. These amino 

acid changes can lead to altered protein physiology and abnormal results. To avoid this, 

recombinant DNA techniques were used to replace these altered sequences with error-free 

sequences from other clones. Firstly I created an NR3B clone without errors and then replaced 
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the spliced regions from the novel variants in this clone. An overview of the protocol is 

depicted in figure II-3.  

NMDA receptor splice variants NR3B∆24, NR3B∆45, NR3B∆600 and NR3B∆1125 inserted in 

vector pGEM-t easy were cut using the following reaction: 1 µg of each plasmid; 3 µl of 10x 

restriction buffer; 3 µl of 1 mg/mL BSA (Bovine serum albumin); 5 U of each restriction 

enzyme; 5U of CIP (Calf Intestinal Alkaline Phosphatase, New England Biolabs) and nuclease 

free water to yield a final reaction volume of 30 µl. The restriction enzymes used are listed in 

table II-5. After incubating the reaction at 37°C for 1 h, the reaction products were loaded in a 

1% agarose gel, to separate the fragments generated in the restriction reaction. Bands 

corresponding to the fragments of interest were extracted from the gel and purified using the 

Gel Extraction kit (Qiagen).  

 

Table II-5: list of restriction enzymes used to replace erroneous sequences in 

cloned cDNA 

    Restriction enzymesRestriction enzymesRestriction enzymesRestriction enzymes    SupplierSupplierSupplierSupplier    

NR2BNR2BNR2BNR2B∆635∆635∆635∆635    DraIII/NdeI Fermentas 

NR3BNR3BNR3BNR3B    BamHI/SalI  New England Biolabs 
/fermentas 

NR3BNR3BNR3BNR3B∆24∆24∆24∆24    XhoI/BamHI New England Biolabs 

NR3BNR3BNR3BNR3B∆45∆45∆45∆45    NheI Fermentas 

NR3BNR3BNR3BNR3B∆600∆600∆600∆600    HindIII/ SpeI New England Biolabs /Roche 

NR3BNR3BNR3BNR3B∆1125∆1125∆1125∆1125    BamHI/SalI  New England Biolabs 
/fermentas 
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Figure II-3: Procedure to eliminate nucleotide mutations from clones  

Cloned cDNA (pGEM-NRx) contained nucleotide mutations that caused amino acid 

changes were cut with restriction enzymes that surrounded the splicing site. The same 

restriction enzymes were used to cut an NR3B clone (pGEM-NR3B) without nucleotide 

mutations. Mutated sequences were discarded and the splice region was inserted in 

pGEM-NR3B. The final clone will contain the same splicing site of pGEM-NRx, but 

will not code for altered amino acid in the rest of the CDS (coding sequence). 
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Ligation of fragments was performed using the Rapid DNA Ligation Kit (Fermentas) 

using a vector:insert ratio of 1:3 (pGEM-NR3B:fragment containing splicing). The ligation 

reaction mixture contained 50 ng of linearized vector; 3 fold molar excess of DNA insert; 4 µl 

Rapid ligation buffer; 4 U T4 DNA ligase and nuclease free water to yield a final reaction 

volume of 20 µl. The reaction was performed for 5 min at room temperature. Transformation 

and identification of positives were done as previously described in section 3.3. Positive clones 

were sequenced to confirm the correct sequence. 

II.5 Construction of fluorescently tagged subunits 

To assess the contribution of individual NMDA receptor subunits I needed to identify 

transfected cells that express specific subunits. Fluorescent tagging of proteins with GFP, GFP 

derived proteins or other fluorescent proteins is a widely used strategy for visualization of 

proteins in vivo. NMDA receptor subunits have been successfully tagged without altering the 

channel physiology (Marshall et al, 1995). Because the subtypes I wanted to express consisted 

of NR1/NR2A-C and/or NR1/NR2A-C/NR3A-B, NR1, NR2 and NR3 subunits needed to 

be tagged with different fluorescent proteins. After analyzing the spectra of fluorescent 

proteins and available filters, I selected ECFP, EYFP and mCherry (see table II-6 for 

information on spectra). With that in mind and having already access to NR1 tagged with 

ECFP and NR2A-B tagged with EYFP (Qiu et al, 2005), I tagged NR2C with EYFP and 

NR3A-B with mCherry. An outline of the strategy is depicted in figure II-4. 

Table II-6: Properties of fluorescents proteins used to tag NMDA receptor 

subunits 

    Excitation Excitation Excitation Excitation 
maximum (nm)maximum (nm)maximum (nm)maximum (nm)    

Emission maximuEmission maximuEmission maximuEmission maximum m m m 
(nm)(nm)(nm)(nm)    

Relative brightness of Relative brightness of Relative brightness of Relative brightness of 
GFP (%)GFP (%)GFP (%)GFP (%)    

ECFPECFPECFPECFP    439 476 39 

EYFPEYFPEYFPEYFP    514 527 151 

mCherrymCherrymCherrymCherry    587 621 47 
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Figure II-4: Construction of fluorescently labelled NMDA receptor subunits 

Cloned cDNA in pGEM (pGEM-NRx) was PCR amplified using primers containing 

different restriction enzyme sites (RE1 and RE2) and inserted in a mammalian expression 

vector (pcDNA3). The fluorescent protein cDNA was also PCR amplified using primers 

that contained only RE2. The final construct will be an NMDA receptor subunit fused 

with a fluorescent protein at its 3’ end (pGEM-NRx-FP). 
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NMDA receptor subunit cDNA, originally cloned in the vector pGEM-T, was PCR 

amplified with PfuUltra II Fusion HS DNA Polymerase (Stratagene) with primers containing 

restriction sites (table II-7). PCR cycles were the following: 94° for 4 min; 94° C for 20 s, 

68°C for 3 min 45 s, for 35 cycles; final extension at 68°C for 10 min. PCR products were 

separated in an 1% agarose gel and visualized using SYBR Safe dye (Invitrogen) and the Safe 

Imager blue light transilluminator system (Invitrogen). Bands corresponding to the desired 

product size were cut from the gel and cleaned using the Gel Extraction kit (Qiagen). Extracted 

bands were cut using the following restriction reaction: 15 µl of each purified PCR product; 3 

µl of 10x restriction buffer; 3 µl of 1 mg/mL BSA; 5 U of each restriction enzyme and nuclease 

free water to yield a final reaction volume of 30 µl. The restriction reactions were then 

incubated at 37°C during 1 h. The DNA was purified using QIAquick PCR Purification Kit 

(Qiagen). To cut 1 µg of the vector pcDNA3 (Invitrogen) the restriction reaction was set in the 

same manner but with the addition of 5 U of CIP (Calf Intestinal Alkaline Phosphatase, New 

England Biolabs) to avoid vector recircularization. After incubating the reaction at 37°C for 1 

h, the products were loaded and separated in a 1% agarose gel, to confirm vector linearization. 

The band corresponding to the linearized vector was extracted from the gel and purified using 

the Gel Extraction kit (Qiagen). The restrictions enzymes used are listed in table II-7.  

Table II-7: List of primers used for amplification of clones inserted in pGEM-T 

Restriction enzyme cut sites are underlined. Initiation and stop codons are highlighted in 

bold. 

    Primer sePrimer sePrimer sePrimer sequencequencequencequence    

NR2CNR2CNR2CNR2C----YFPYFPYFPYFP     

NR2CNR2CNR2CNR2C----EcoRI forEcoRI forEcoRI forEcoRI for    CGGAATTCCTACCTCTCTCTATGATGATGATGCCTGC 

NR2CNR2CNR2CNR2C----    NotI revNotI revNotI revNotI rev    ATTTGCGGCCGCCACTTCTGATTCCAGGCTG 

YFPYFPYFPYFP----    NotI forNotI forNotI forNotI for    ATTTGCGGCCGCGAGCAAGGGCGAGGAGCTG 

YFPYFPYFPYFP----NotI revNotI revNotI revNotI rev    ATTTGCGGCCGCTTATTATTATTACTTGTACAGCTCGTCCATCG 

NR3ANR3ANR3ANR3A----mCherrymCherrymCherrymCherry     

NR3ANR3ANR3ANR3A----BamHI forBamHI forBamHI forBamHI for    ATTGGATCCGAGGATGATGATGATGTTAAGCAGAGGAGC 
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NR3ANR3ANR3ANR3A----NotI revNotI revNotI revNotI rev    ATTTGCGGCCGCGGATTCACAAGTCCGATTTG 

mCherrymCherrymCherrymCherry----NotI forNotI forNotI forNotI for    ATTTGCGGCCGCGCGGCCGCGGTGAGCAAGGGCGAGGAGG 

mCherrymCherrymCherrymCherry----NotI revNotI revNotI revNotI rev    ATTTGCGGCCGCTTATTATTATTACTTGTACAGCTCGTCCATG 

NR3BNR3BNR3BNR3B----mCherrymCherrymCherrymCherry     

NR3BNR3BNR3BNR3B----KpnI for KpnI for KpnI for KpnI for     ATTGGTACCTTCTTTCGGGATGATGATGATGGAGAGTG 

NR3BNR3BNR3BNR3B----EcoRI revEcoRI revEcoRI revEcoRI rev    ATGAATTCGCTCTCAGCAGGCGCCGCATG 

mCherrymCherrymCherrymCherry----EcoRI forEcoRI forEcoRI forEcoRI for    ATGAATTCGCCGCGGTGAGCAAGGGCGAGGAGG 

mCherrymCherrymCherrymCherry----EcoRI revEcoRI revEcoRI revEcoRI rev    ATGAATTCTTATTATTATTACTTGTACAGCTCGTCCATG 

 

Ligation of insert (PCR product) with the vector (pcDNA3) was performed using the 

Rapid DNA Ligation Kit (Fermentas) and using a vector: insert ratio of 1:3. The ligation 

reaction mixture contained 50 ng of linearized vector; 3 fold molar excess of DNA insert; 4 µl 

Rapid ligation buffer; 4 U T4 DNA ligase and nuclease free water to yield a final reaction 

volume of 20 µl. The reaction was performed for 5 min at room temperature. Transformation 

and identification of positives were done as previously. YFP and mCherry cDNA was 

amplified from pNR2B-YFP and pcDNA3.1/myc/hisA/mCherry plasmids, respectively, using 

the same procedure described above for NMDA receptor subunit cDNA. The amplicons 

where then cut with the appropriate enzyme and inserted in the linearized pcDNA3-NR2C or 

pcDNA3-NR3A-B plasmids. After transformation, positive colonies were tested by PCR for 

correct insertion of the sequence, and positives clones were sequenced (Agowa/LGC). Error 

free clones were chosen for expression. To create NR2B∆628-YFP, NR2B-YFP was cut with 

DraIII and NdeI and replaced with the corresponding fragment from the clone pGEM-

NR2B∆628.  

Fluorescent tags are present at the C-terminus of the subunits NR2C (YFP), NR3A 

(mCherry) and NR3B (mCherry). NR1-CFP, NR2A-YFP, NR2B-YFP are tagged at the N-

terminus (Qiu et al, 2005) and are a generous gift from Dr. Luo (Department of 

Neurobiology, Zhejiang University School of Medicine, Zhejiang, China). Tagging of NMDA 
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receptors subunits at both N-terminus and C-terminus has been done in the past, and 

expressed subunits form functional channels (Luo et al, 2002; Smothers & Woodward, 2003). 

II.6 Cell culture and transfection 

Transfection is the term to define non-viral methods of introducing nucleic acids in 

eukaryotic cells (Bonetta, 2005). DNA is a large molecule that carries a negative charge and 

thus cannot easily cross mammalian cell membrane. A way to get DNA inside cells is to 

combine DNA with positively charged carrier molecules, such as such as cationic lipids and 

polymers. The first compounds to be used for this purpose were DEAE-dextran (McCutchan 

& Pagano, 1968) and calcium phosphate (Graham & van der Eb, 1973). Although these 

methods are still used, lipid-based reagents are more efficient, less toxic and easier to use 

(Dokka et al, 2000; Felgner et al, 1987). Several advancements have been made in the 

development of lipid-based reagents, which now combine various lipids and polymers. The 

mechanism of DNA delivery into the cell appears to be common to these reagents. Liposomal 

transfection reagents envelop DNA and fuse with the cell, delivering the DNA to the 

cytoplasm by endocytosis (Hafez et al, 2001). I chose to use Lipofecatmine 2000 (Invitrogen), a 

commercially available formulation with a proprietary composition, which produces relatively 

high transfection efficiency (Dalby et al, 2004).  

NMDA receptors subunits were expressed in human embryonic kidney cells (Hek293). 

Hek293 cells are a cell line created by transformation of human embryonic kidney cells with 

human adenovirus type 5 DNA (Graham et al, 1977). Hek293 cells are a popular choice in 

cell biology research. They are easy to grow and maintain; easy to transfect using a wide variety 

of methods; with high transfection efficiency; and faithful translation and processing of 

proteins (Thomas & Smart, 2005). 
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II.6.1 Cell culture method 

Hek293 (ATCC, CRL-1573) were grown and maintained in high-glucose Dulbecco's 

modified Eagle's medium (Invitrogen) supplemented with 10% (v/v) foetal bovine serum 

(Invitrogen) under humidified conditions with 5%CO2 at 37°C.    Cells were grown in 75 cm2 

tissue culture flask (Nunc) until 80% confluence, before being divided to new flasks or plated 

in poly-L-lysine coated coverslips to be transfected. Culture media was aspirated and cells were 

rinsed once with 10 ml PBS. Washing media was aspirated, replaced with 5ml of fresh PBS, 

and cells returned to the incubator for 5 min. Following this period, cells were detached from 

the tissue flask by pipetting up and down and 5 ml of DMEM was added. The cell suspension 

was centrifuged for 3 min at 3.000 rpm, the supernatant discarded and the cell pellet 

resuspended in 10 ml DMEM. Cells were then diluted 1/10 to new tissue flasks for 

propagation, or plated at 17.500 cells/cm2 in poly-L-lysine coated 15 mm diameter coverslips 

for transfection.  

II.6.2 Transfection protocol  

Although the transfection protocol suggests that higher transfection efficiency is achieved 

at 90% confluence, this has a drawback for single-cell imaging. When grown to high 

confluence, Hek293 stop forming a monolayer and grow to from several layers, becoming 

difficult to identify individual transfected cells. For this reason I choose to compromise and 

cells were transfected at 50–70% confluence. Transfection was performed with lipofectamine 

2000, according to the manufacturer’s instructions. For co-transfections the plasmid ratio was 

1:2 (NR1:NR2) or 1:2:4 (NR1:NR2:NR3) (Yamakura et al, 2005).The total amount of 

plasmidic DNA was 1.6 µg per coverslip. Transfection media was replaced after 4 hours with 

fresh culture media with 100 µM APV to prevent NMDA receptor mediated excitotoxity 

(Anegawa et al, 1995). Transfected cells were imaged 24 hours post-transfection. 
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II.7 Imaging 

Fura-2 is a ratiometric fluorescent dye that binds to free intracellular Ca2+ (Grynkiewicz et 

al, 1985). Absorption of Fura-2 changes from 380 nm in Ca2+-free state to 340 nm (Ca2+-

saturated). The wavelength of maximum fluorescence emission is relatively independent of 

Ca2+ and is typically detected at 520 nm. The 340/380 ratio is thus directly correlated with the 

amount of [Ca2+]i. The use of ratiometric dyes reduces the effects of uneven dye loading, 

leakage of dye and photobleaching (Morgan, 1993). In addition, examination of the 

individual 340 and 380 tracings allows easy discrimination between Ca2+ changes due to 

genuine cellular responses, or rises in 340/380 ratio due to technical interference. Fura-2 is 

bound to an acetoxymethyl ester group (Fura-2/AM) that helps the dye to penetrate cellular 

membrane. Once fura-2/AM is inside the cell, the ester group is cleaved by intracellular 

esterases, preventing fura-2 from leaking passively during the experiment. SBFI is a dye that 

binds to Na2+ and behaves in similar fashion to Fura-2 (Negulescu & Machen, 1990). 

II.7.1 Ca2+ and Na2+ imaging - method  

Twenty-four hours post-transfection cells were loaded with 5 µM Fura-2 or 5 µM SBFI in 

modified Ringer’s solution (135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 10mM glucose, 5 

mM HEPES, pH 7.2, 300 mOsm) supplemented with 1% BSA and 0.025% pluronic acid, 

for 30 min at 37 °C, and mounted onto an perfusion chamber (Model PH-3, Warner 

Instrument Corporation, Hamden, USA). The chamber was then placed in the stage of an 

inverted fluorescent microscope Eclipse TE200 (Nikon) equipped with a 40x oil immersion 

objective. Cells were perfused continuously with modified Ringer’s solution at a flow rate of 1-

2 ml/min using a valveBank8II (AutoMate Scientific) system controlled manually. Chamber 

temperature was maintained at 37°C with a flow-through feedback tubing heater (Warner 

Instruments) positioned immediately before the perfusion chamber, and a feedback objective 

heater (Bioptechs) that warmed the objective to 37°C.  
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Figure II-5: NMDA receptor expression in triple transfected hek293 cells  

Hek293 cells were transfected with NR1-CFP, NR2A-YFP and NR3B-mCherry.24 

hours post-transfection cells were imaged in a Zeiss LSM510 confocal microscope 

(63x/1.4  objective) showing co-e.xpression of NMDA receptor subunits in triple 

transfected cells. Transfection with other subunits  combinations yielded similar results. 
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Prior to Ca2+ imaging, images for CFP, YFP and mCherry fluorescence were acquired 

using the appropriate excitation wavelengths and filter sets for each fluorescent protein, listed 

in table II-8. These images were then used in to select the regions corresponding to transfected 

cells, and collection of data during experiments. An example of a triple transfected cell is 

shown on figure II-5. 

Table II-8: Filter sets and monochromator illumination (excitation wavelength) 

used to detect Fura-2, ECFP, EYFP and mCherry 

    Excitation Excitation Excitation Excitation 
wavelength (nm)wavelength (nm)wavelength (nm)wavelength (nm)    

Dicrhoic filter Dicrhoic filter Dicrhoic filter Dicrhoic filter 
(nm)(nm)(nm)(nm)    

Emission flter (nm)Emission flter (nm)Emission flter (nm)Emission flter (nm)    ManufacturerManufacturerManufacturerManufacturer    

FuraFuraFuraFura----2222    
340/10 

400DCLP D510/80m Chroma 
380/10 

ECFPECFPECFPECFP    430/30 455DCLP D480/40m Chroma 

EYFPEYFPEYFPEYFP    475/25 505LP HQ540/50 Nikon/Chroma 

mCherrymCherrymCherrymCherry    560/40 Q610LP HQ640/50m Chroma 

 

To monitor [Ca2+]i changes, cells were illuminated at 340 and 380 nm by a 

monochromator (Optoscan; Cairn Research), and images were collected at 520 nm using an 

appropriate filter set (Chroma Technology). Image acquisition was made via a CoolSnap HQ 

Photometrics video camera (ROPER Scientific, Duluth, GA, USA) controlled by the software 

Metafluor (v5.01, Universal Imaging Corporation). Image acquisition rate (340/380 pair) was 

1 image/sec during the stimulus (and the following minute) and every 10 sec in the wash-out 

periods. Regions were selected for analysis based on the fluorescence of YFP (NR1/NR2 

transfection) or mCherry (NR1/NR2/NR3 transfections). Individual 340 and 380 values were 

collected for each region that corresponds to an individual cell.  
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II.8 Ca2+ calibration 

Data obtained with fura-2 imaging (the 340:380 ratio) although directly correlated with 

[Ca2+]i levels, does not translate to nominal Ca2+ values in a straightforward fashion. The 

dissociation constant (Kd) of Ca2+ indicators varies with the experimental conditions. 

Calculation of the Kd of fura-2 for Ca2+ in our conditions allow us to estimate absolute [Ca2+]i 

levels. In situ Ca2+ calibration was performed using the Fura-2 Calcium Imaging Calibration 

Kit (Invitrogen) following the manufacturer’s instructions. The method is based on the 

principle that when the concentrations of Ca2+ and EGTA are close to each other, the only free 

Ca2+ available is that which is in equilibrium with EGTA. Thus, the free Ca2+ concentration is 

a function of the dissociation constant (Kd) of CaEGTA. The Kd of an indicator or chelator, 

defined as the concentration at which it reaches the half-saturation point, varies with ionic 

strength, pH and temperature (Tsien & Pozzan, 1989).  

II.8.1 Ca2+ calibration - method 

The Fura-2 Ca2+ Imaging Calibration kit contains 11 prediluted K2EGTA/CaEGTA 

solutions between 0 and 10 mM CaEGTA (0 to 40 µM free Ca2+) as well as 50 µM fura-2. A 

twelfth solution with 10 mM CaEGTA but lacking fura-2 is also provided to monitor 

background fluorescence. A drop of each solution was put on a coverslip and images were 

acquired illuminating each separate solution at 340 nm and 380 nm, measuring emission at 

520 nm, at 37°C. Data was corrected for background fluorescence, by subtracting the control 

buffer (without fura-2) values to individual 340 and 380 values. The corrected values were 

used to calculate the 340/380 ratio and plotted against the corresponding concentration, as 

shown in figure II-6. [Ca2+]i was then obtained using equation 1, generated from the 

calibration plot as suggested in the product protocol. Experimental settings used for Fura 

calibration were kept constant during all experiments presented in this thesis. 
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Figure II-6: Plot of Ca2+ standards versus 340/380 background corrected ratios 

The line represents a liner regression. Trend line equation and the coefficient of 

correlation (R2) are also depicted. 

    

Equation 1:Equation 1:Equation 1:Equation 1:  

Equation I: formula used to calculate [Ca2+]i at any given time point  

Back: background. 

II.9 Bioinformatics tools 

Most DNA and protein sequence analysis and modification were performed with the 

components of VectorNTI suite (Invitrogen). Other complementary analysis was performed 

with the following tools: geecee, GC content analysis; NNSPLICE, EuSplice and NetGene2 

to determine splice site strength; Spidey for mRNA-genomic DNA alignment; Genedoc and 

ClustalW for multiple sequence alignment; PROSITE and NetPhos2.0 for the prediction of 

putative phosphorylation sites and search of conserved domains/motifs; and transmembrane 

domains were predicted using TMHMM.  
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II.9.1 DNA sequence assembly 

Sequencing of clones was outsourced to Agowa/LGC and was performed in an ABI 

3730xl (Applied Biosystems). Each sequencing run had read length up to 1000 nt, however in 

most sequencing runs, only up to 900 nt were resoved with enough qualitity to be used for 

sequence assembly. As cloned sequences were as much as 4.5 kb in length (table VI-2), more 

than one sequencing run was needed to cover the entire cloned sequence. Thus several 

individual primers were used to prime the sequencing reaction in order to obtain overlapping 

sequences of the entire gene coding sequencing and sorrounding vector (figure II-2B). 

Obtained sequences were assembled using the program Contig Assembly, included in the suite 

VectorNTI (Invitrogen), and manually curated when necessary. The manual curation involved 

correction of ambiguous nucleotides in the sequencing file. This was made taking in account 

the quality values of chromatogram peaks.  

II.10 Statistical analysis 

Statistical analysis was performed using the software Prism 5 (Graphpad). Data are 

presented as mean ± sem P values are from one-way analysis of variance (ANOVA) and 

Tukey’s post-hoc test. Differences between condition were considered significant at P<0.05. 

*P < 0.05, **P < 0.01, ***P < 0.001 compared to NR1/NR2, #P < 0.05, ##P < 0.01, ###P < 

0.001 compared to NR1/NR2/NR3B.  
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Chapter III  

NR1 expression in the Optic Nerve 
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III.1 INTRODUCTION 

NR1 is the obligatory subunit of NMDA receptors. Its expression is required for neonatal 

survival and for the formation of functional NMDA receptors (Forrest et al, 1994; Li et al, 

1994). Homozygous NR1 knockout mice (NR1−/−) dye 8-15 hours after birth due to 

respiratory failure (Forrest et al, 1994; Li et al, 1994). Furthermore, neurons from these 

animals show no NMDA-inducible increases in intracellular Ca2+ or membrane currents. 

Thus, NR1 expression is fundamental for NMDA receptors function and cannot be replaced 

by any other subunit. 

 NR1 was the first NMDA receptor subunit to be identified and cloned (Moriyoshi et al, 

1991). The NR1 gene (Grin1) undergoes alternative splicing of 3 different exons, generating 8 

functional variants (figure III-1). Two additional variants have been cloned but are not 

functional (Anantharam et al, 1992; Campusano et al, 2005; Durand et al, 1992; Hollmann et 

al, 1993; Nakanishi, 1992; Sugihara et al, 1992; Yamazaki et al, 1992). NR1 expression in 

Xenopus oocytes generates channels with functional properties resembling NMDA receptors. It 

was thought that NR1 could form homomeric channels (Ishii et al, 1993).  

III.1.1 The homomeric NR1 

The existence of homomeric NR1 receptors has been a matter of debate. Although 

currents could be recorded following NR1 expression in Xenopus oocytes, these currents are at 

least ten times smaller than those obtained with NR1/NR2 receptors (Ishii et al, 1993). 

Furthermore, NMDA receptors require both glutamate and glycine binding for efficient 

activation. However, NR1 contains only the binding site for glycine, whereas the glutamate 

binding site lays in the NR2 subunits (Hirai et al, 1996; Laube et al, 1997). With the reports 

that homomeric NR1 receptors fail to form functional channels in any other expression system 

other than Xenopus, the question was raised whether recorded currents in Xenopus are not the 

result of NR1 assembly with endogenously expressed glutamate receptor subunits (Abeliovich 
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et al, 1993; Lynch et al, 1994; Monyer et al, 1992; Schmidt et al, 2006; Sucher et al, 1996; 

Sydow et al, 1996). Recently, homologous NR2 subunits where found in Xenopus (XenNR2A–

XenNR2D) and expression of rat NR1 with XenNR2B receptors have identical pharmacology 

to the proposed NR1 homomeric receptors (Schmidt & Hollmann, 2008). Thus, NMDA 

receptors are obligatory heteromultimers which require NR1 for the formation of a fully 

functional channel.  

III.1.2 NR1 splice variants 

Grin1 has 22 exons spanning over 24 kb of genomic DNA, 3 of which, exons 5, 21 and 

22, undergo alternative splicing generating 8 functional variants (figure III-1) (Durand et al, 

1992; Hollmann et al, 1993; Sugihara et al, 1992). Using the first NR1 variant to be cloned 

(NR1-1a) as a reference, the splice variants arise from the insertion of 63 bp (exon 5 or N1 

cassette) near the 5’ end, and/or 3 possible alternative deletions at the 3’ end (Moriyoshi et al, 

1991). These deletions are a 111 bp deletion (exon 21 or C1 cassette), a 356 bp deletion (exon 

22 or C2 cassette) and a 467 deletion (concurrent deletion of exons 21 and 22). When exon 

22 is spliced out, alone or in combination with exon 21, the original stop codon is removed 

and an alternative stop codon, previously located in the 3’ UTR, is used. This leads to the 

translation of an extra 66 bp (C2’ cassette).  

The variants described above have in common the absence of exon 3. This exon encodes 

for 150 bp followed by a termination codon (Sugihara et al, 1992). When present, it expresses 

a truncated splice variant that appears to be non-functional. Human Grin1 shares the same 

intron-exon organization with rat, except for the absence of exon 3. Thus, it is unlikely that 

this truncated variant is expressed in human (Zimmer et al, 1995). A splice variant due to 

intron 11 retention has also been described. This event results in the appearance of a 

premature termination codon (PTC) and the mRNA codes for a putative truncated protein of 

465 amino acids (Campusano et al, 2005). This variant is only expressed in the embryonic 

brain and in defined brain regions: in the telencephalon, diencephalon, mesencephalon, and 
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rhomboencephalon. Interestingly, inclusion of intron 11 is repressed by Brain-derived 

neurotrophic factor (BDNF), whereas GluR II activity has the opposite effect (Campusano et 

al, 2005). 

The nomenclature used in this thesis for the NR1 splice variants follows that proposed by 

Hollmann and colleagues (Hollmann et al, 1993) and is the most commonly used in the 

literature (figure III-1). According to this nomenclature, the original NR1 clone (Moriyoshi et 

al, 1991) is termed NR1-1, and the three deletions are named NR1-2, NR1-3, and NR1-4, 

starting with the shortest deletion to the longest. The presence or absence of exon 5 (also 

referred to as N1 cassette) is indicated by adding a lowercase letter: “a” denotes splice variants 

without this insertion (e.g., NR1-1a), and “b” stands for those with the insertion (e.g., NR1-

1b). In this way all cDNA clones can be classified into representing either type ”a” or type ”b” 

splice variants, independently of the structure of their 3’ends. For other nomenclatures 

commonly found in the literature, please refer to table III-1. 

NR1 splice variants vary considerably in their properties and are differentially localized in 

the adult and developing animal (Laurie & Seeburg, 1994; Laurie et al., 1995). I will 

introduce the differences in the expressions patterns of alternative spliced cassettes of NR1 and 

the physiological features of these variants when expressed with NR2 subunits.  
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Figure III-1: Alternative splicing of NMDA receptor subunit NR1 

A) The different splice variants arise from alternative splicing of the exons 5, 21 and 22, 

that code for the cassettes N1, C1, C2 and C2’ in the protein. Variants not including 

exon 5 (N1 cassette or domain) are termed “a” and those containing this exon are variants 

“b”. The variants in the C-terminal are termed NR-1 to NR1-4 based on decreasing 

mRNA (and amino acid) length. Alternative splicing occurs outside the membrane 

domains (M1-4), as depicted. See also table III-1 for the common nomenclature used for 

NR1 splice variants. 
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Table III-1: Commonly used nomenclature for NR1 alternative splicing variants 

The eight splice variants of the NR1 have been named differently by three laboratories: 

(Hollmann et al, 1993); (Sugihara et al, 1992) and (Durand et al, 1993). Hollman and 

collaborators choose to term variants not including exon 5 (N1 cassette or domain) as “a” 

and those containing this exon are variants “b”. The variants in the C-terminal are termed 

NR-1 to NR1-4 based on decreasing mRNA (and amino acid) length. The first 

nomenclature attributed a letter to each variant following structural comparison with the 

first cloned variant, NR1-1a (Sugihara et al, 1992). A third nomenclature (Durand et al, 

1993) uses a binary code for the absence, “0”, or presence, “1”, of each alternatively 

spliced exon.  

    ExonExonExonExon        NomenclatureNomenclatureNomenclatureNomenclature    

5 21 22 Hollman et al, 1993 
Sugihara et al, 

1992 
Durand et al, 

1993 

- + + NR1-1a NR1A NR1011 

+ + + NR1-1b NR1B NR1111 

- - + NR1-2a NR1C NR1001 

+ - + NR1-2b NR1F NR1101 

- + - NR1-3a NR1D NR1010 

+ + - NR1-3b NR1H NR1110 

- - - NR1-4a NR1E NR1000 

+ - - NR1-4b NR1G NR1100 

III.1.3 Regional and developmental expression of NR1 splice variants 

NR1 is ubiquitously expressed in the CNS in both grey and white matter. In situ 

hybridization showed that rat NR1 mRNA is expressed throughout the brain with higher 

levels of expression in hippocampus, hypothalamus and olfactory bulb (Moriyoshi et al, 1991). 

NR1 expression as been detected as early as embryonic day 14 and is the most prominent 

subunit during development (Monyer et al, 1994). Staining for NR1 was also found in 

cervical spinal cord, dorsal root and vestibular ganglia, and in pineal and pituitary glands 
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(Petralia et al, 1994). However, NR1 variants have different expression patterns both 

regionally and during development. 

Expression of the alternative splice forms of the NR1 subunit mRNA has been 

investigated in the adult rat brain. N-terminal variants without exon 5 and C-terminal variants 

expressing only exon 22 are present at high levels, and are distributed throughout the brain, 

except for the inferior colliculus. Variants with exon 5 spliced in and variants without exons 

21 and 22 have narrower distribution and are expressed in the parietal cortex, hippocampus 

CA3, thalamus, inferior colliculus and cerebellar granule cells. In contrast, variants containing 

both exons 21 and 22 have a complementary distribution being weakly expressed in thalamus 

and inferior colliculus. Variants containing exon 21 but not exon 22 were not abundant in any 

structure (Laurie et al, 1995; Zhong et al, 1995).  

The expression of NR1 splice variants is developmentally regulated. In the cerebellum the 

proportion of NR1 mRNA with exon 5 increases during development and represent 

approximately 60% of total NR1 mRNA in the cerebellum of adult rats. In the cerebral cortex 

and hippocampus of neonatal rat, the majority of NR1 variants (85-90% of total NR1 

mRNA) has exon 5 spliced out and this proportion does not change in adulthood (Zhong et 

al, 1995). Protein expression of NR1 variants has also been studied in the cerebellum and 

follows the same pattern as mRNA expression. At P7, exon 5 (N1 cassette) is present in a 

minority (16%) of NR1 protein and by P42 the majority (78%) of NR1 protein contains this 

cassette (exon 5). At both developmental stages, less than 10% of the total NR1 protein in the 

cortex contains the N1 cassette (exon 5) (Prybylowski et al, 2000). 

There is a developmental increase in C1 cassette (exon 21) inclusion in the total 

population of NR1 protein in the cerebellum, while this level stays constant in the cortex. The 

relative inclusion of the C2 cassette (exon 22) decreases during development in both the cortex 

and cerebellum, while the C2′ cassette expression increases. In the cerebellum of young rats 

(up to P16), the majority of NR1 protein contains the C2 cassette (exon 22). At about P22, a 

shift in C2 and C2′ cassette expression occurs and the percent of total NR1 with the C2′ 



Chapter III – NR1 expression in the optic nerve 

60 
 

cassette increases (Prybylowski & Wolfe, 2000). After P28, equal amounts of total NR1 

protein contain C2 and C2′ cassettes (Prybylowski & Wolfe, 2000). 

III.1.4 NR1 splice variants modify channel physiology 

Native NMDA receptor channels are inhibited by protons, with an IC50 value close to 

physiological pH and NR1 splice variants modulate this NMDA receptor property (Tang et 

al, 1990; Traynelis & Cull-Candy, 1990; Vyklicky et al, 1990). Protons inhibit heteromeric 

receptors composed of the NR1 subunit lacking the N1 cassette (exon 5) at physiological pH 

(IC50=7.2–7.4). Channels comprised of the NR1 subunit with the N1 insert (exon 5) are 

inhibited by protons with IC50 values of pH 6.6–6.8 (Traynelis et al, 1995). Furthermore, 

this modulatory effect also depends on the NR2 subunits present in the receptor. NMDA 

receptors composed of NR1/NR2C subunits have low sensitivity to proton inhibition (IC50 

6.2) irrespective of the presence of the N1 insert (Traynelis et al, 1995). Thus, exon 5 relieves 

proton inhibition of NR1/NR2A, NR1/NR2B, NR1/NR2D receptors, but not NR1/NR2C.  

Zn2+ inhibition of NMDA receptor activity involves both voltage-independent and 

voltage-dependent components (Williams, 1996). Both NR1/NR2A and NR1/NR2B 

receptors have comparable voltage-dependent block, but voltage-independent Zn2+ inhibition 

occurs with higher affinity for NR1/NR2A. Inclusion of exon 5 in NR1 increases the IC50 for 

voltage-independent Zn2+ inhibition 3- to 10-fold when expressed as NR1/NR2A or 

NR1/NR2B receptors. Exon 5 has little effect on Zn2+ inhibition of receptors that contain 

NR2C and NR2D (Chen et al, 1997; Paoletti et al, 1997; Traynelis et al, 1998; Williams, 

1996). Interestingly, the same basic amino acid residues within exon 5 that control proton 

inhibition also appear to control the effects of exon 5 on Zn2+ inhibition; this observation has 

led to the suggestion that Zn2+ and proton inhibition may share common structural 

determinants (Traynelis et al, 1998).  
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Splicing of exon 5 can also influence the deactivation properties of NMDA receptors 

(Rumbaugh et al, 2000). Unlike NR2A-containing receptors (Vicini et al, 1998), the 

deactivation time of recombinant NR2B-containing receptors is dependent on whether or not 

NR1 contains N1. The deactivation rate is roughly four times faster for NR1-1b/NR2B (N1-

containing) receptors than for the NR1-1a/NR2B (N1-lacking) receptors. This could be 

relevant in the context of NMDA receptors EPSC decay that occurs during development, in 

particular in the thalamus and cerebellum, where exon-5-containing NR1 (NR1-1b) isoforms 

increase during development (Laurie & Seeburg, 1994). Glycine independent potentiation by 

polyamines is also controlled in part by exon 5. At saturating concentrations of glycine, 

polyamines potentiate glycine-independent stimulation of NMDA receptors only when the 

receptors expressed are formed by NR1 splice variants that lack the N1 insert (NR1a variants) 

and NR2B (Williams et al, 1994). 

 III.1.5 NR1 splice variant subcellular localization and trafficking 

C-terminal NR1 variants are involved in the regulation of intracellular trafficking, 

localization and anchoring of signalling pathways to the receptor complex (Ehlers et al, 1998; 

Feliciello et al, 1999; Standley et al, 2000). NR1 variants with the C1 cassette are retained in 

the endoplasmatic reticulum (ER), allowing assembly with other subunits. This is due to the 

presence of an ER retention signal in C1. When C2’ is also present, the retention signal in C1 

is overridden facilitating NR1 surface expression (Ehlers et al, 1995; Scott et al, 2001; Standley 

et al, 2000). The C2′ cassette contains the sequence (tSXV motif) for binding to postsynaptic 

density (PSD) 95, an NMDA anchoring protein (Kornau et al, 1995), suggesting that 

interaction with PSD95 may play a role in regulating the surface expression of the receptors 

(Okabe et al, 1999; Standley et al, 2000). The low cell surface targeting of the C1 variants is 

also supported by studies showing a strong association between the C1 variants and 

cytoskeletal neurofilaments (Ehlers et al, 1998).  
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NR1 splice variants differ in their abilities to form clusters and in their interactions with 

the family of PSD-95 proteins. NR1-4a (C2’ present) coimmunoprecipitates with PSD-95, 

PSD-93, SAP102, and SAP97, suggesting functional interaction with these proteins. In 

contrast, NR1-1a (without C2’) does not interact directly with any of these members of the 

PSD-95 protein family (Standley et al, 2000). The cytoskeleton proteins yotiao and 

neurofilament L (Ehlers et al, 1998; Lin et al, 1998), interact specifically with splice variants of 

NR1 containing the C1 exon. The functions of yotiao and neurofilament-L in the context of 

NMDA receptors are unclear. One possibility is that yotiao serves as a connexion between 

NMDA receptors, protein kinase A (PKA) and protein phosphatase 1 (PP1), facilitating 

bidirectional NMDA receptor modulation by these enzymes (Westphal et al, 1999). Together, 

this data suggest that NMDA receptor complexes may be selectively targeted to, and stabilized 

at, postsynaptic locations based on particular splice variants of NR1 present in the complex.  

III.1.6 Neuronal activity and NR1 splicing 

The link between splicing and synaptic plasticity is particularly interesting for NR1. Not 

only is NR1 splicing regulated by neuronal activity, but NR1 variants modulate gene 

expression. In an elegant study by Bradley and colleagues (Bradley et al, 2006), NMDA 

receptor function in NR1-/- neurons was reconstituted with different NR1 constructs. They 

observed that NMDA-induced gene expression in NR1-/- neurons transfected with NR1-1a is 

about twice higher than with NR1–2a. The authors also excluded other factors that could 

explain this difference such as differential association with NR2 subunits, providing evidence 

that NMDA receptor variants expressing the C1 cassette are important to couple NMDA 

receptor activity with gene expression.  

Inclusion or exclusion of exon 5 is a reversible process sensitive to alterations in Ca2+ and 

pH (Vallano et al, 1999). During maturation of granule neurons in the cerebellar cortex, there 

is an increase in the inclusion of N1 (Nakanishi et al, 1992) and this pattern of expression is 

also observed in vitro (Vallano et al, 1996). However, when developing granule neurons are 
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grown in conditions that promote Ca2+ influx, inclusion of exon 5 is repressed and the 

NR1a/NR1b ratio remains unaltered during maturation. When cells are returned to their 

normal growth conditions, the normal splicing pattern is restored. Exon 5 inclusion is also 

repressed in low pH conditions (Vallano et al, 1999).  

Inclusion/exclusion of the C-terminal cassettes is also regulated by neuronal activity. In rat 

primary cortical cultures, KCl-induced depolarization reduces inclusion of exon 21 (An & 

Grabowski, 2007). Furthermore, the increased exclusion of exon 21 due to depolarization is 

dependent on NMDA receptor activity and mediated by Ca2+/calmodulin-dependent protein 

kinase IV (CaMK IV) (An & Grabowski, 2007; Lee et al, 2007). In hipocampal neuronal 

cultures, decreasing neuronal activity increases the levels of C2’ containing receptors (Mu et al, 

2003). The opposite occurs when neuronal activity is increased: exon 22 inclusion increases 

and C2’ decreases. Furthermore, neuronal activity affects directly the splicing of NR1 mRNA 

without changing total levels of transcript. Importantly, the increased levels of C2’ containing 

isoforms, were shown to accelerate receptor trafficking to the plasma membrane showing a 

physiological outcome following changes in splicing patterns (Mu et al, 2003).  
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III.2 RESULTS 

It has been previously shown that NMDA receptors mRNA and protein are expressed in 

white matter oligodendrocytes (Karadottir et al, 2005; Micu et al, 2006; Salter & Fern, 2005). 

However these studies did not probe the expression of NR1 variants. Given that important 

features of NMDA receptor physiology are modulated by splicing, I sought to determine 

which NR1 variants are expressed in the neonatal rat optic nerve.  

Expression of NMDA receptors in P10 optic nerves was detected using real time RT-

PCR. Specific primers for each subunit were designed to amplify short-length fragments 

located at the 3’ end of the cDNA (table II-1). The primers for NR1 were designed to anneal 

in regions outside alternative spliced regions and thus amplify all NR1 variants present in the 

sample. Brain cDNA from P10 rats was used as a positive control for NMDA receptor 

expression (figure III-2). As predicted a single band at ~139 bp is observed in gel (figure III-2) 

confirming that NR1 mRNA is expressed in the optic nerve of rodents (Salter & Fern, 2005).  

The NR1 subunit has 8 splice variants that strongly influence NMDA receptor function 

(Durand et al, 1993; Zukin & Bennett, 1995). NR1 is expressed in the neonatal optic nerve, 

but which variants are present? Full-length NR1 mRNA was amplified from optic nerves using 

primers designed to bind the 5’ UTR and 3’ UTR (table II-4) and cloned. Amplification and 

cloning of NR1 cDNA was relatively easy to achieve due to its high expression and small size, 

as compared to the other NMDA receptor subunits. Two bands of approximately 4 and 3.5 

kb were extracted individually from the gel (figure III-3) and cloned into the vector pGEM-T. 

Several positive clones were sequenced revealing that four of the NR1 splice variants were 

cloned: NR1-1A (U08267), NR1-2A (U08262), NR1-3A (U08265) and NR1-4A (U08267) 

(figure III-1). All these variants have in common the exclusion of exon 5 and all the possible 

C-terminal variations were identified.  
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Figure III-2: NR1 expression in the neonatal rat optic nerve and brain  

cDNA originating from neonate rat brain and optic nerve mRNA, was PCR amplified 

using primers that recognized actin (A) used as a PCR control, or all NR1 variants. PCR 

products were separated in a 1.1% agarose gel, visualized with Sybr Safe dye, and the 

bands sizes were estimated by comparison with a ladder (1 kb ladder, Invitrogen). Short 

amplification products were detected at ~100 bp (actin) and ~140 bp (NR1).  
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Figure III-3: Amplification of full-length NR1 cDNA from the optic nerve  

cDNA originating from neonate rat optic nerve mRNA, was PCR amplified using 

primers annealing at the 5’ and 3’ UTR. PCR products were separated in a 1.1% agarose 

gel, visualized with Sybr Safe dye, and the bands sizes were estimated by comparison with 

a ladder (1 kb ladder, Invitrogen). Amplification products were detected at ~4 kb and 

~3.5 kb. 
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To confirm the virtual absence of exon 5 in NR1 variants expressed in neonate optic 

nerve, I amplified NR1 cDNA sequences that span across alternative splicing regions (table II-

2). Amplification of the region spanning from exon 4 to exon 8, in brain mRNA, results in 

two fragments 377 and 440 bp, corresponding to the “a” and “b” NR1 variants, respectively. 

Both these bands are present when cDNA is amplified from the rat brain (figure III-4). In 

contrast, amplification from neonatal optic nerve cDNA originated only one product (377 bp) 

corresponding to variants without exon 5, as expected. This confirms that NR1 alternative 

splicing is regulated differently in the neonatal rat brain and the optic nerve, and only NR1 

variants without exon 5 are expressed the optic nerve. 

I also sought to confirm the expression of four possible variants at the 3’ end of NR1 

transcript due to the presence/absence of exons 21 (C1) and 22 (C2). To identify the C-

terminal NR1 variants the cDNA spanning the region between exon 17 and the 3’ UTR was 

amplified (table II-1). The amplification products would have the predicted size of (bp): 1050 

(NR1-1a and 1b); 939 (NR1-2a and 2b); 694 (NR3-1a and 3b) or 583 (NR1-4a and 4b) 

depending of the presence/absence of exons 21/22/22’. However, only two bands of ~1.1 kb 

and ~580 bp were observed in the optic nerve and brain; possibly correspond to the 

amplification of NR1-1 and NR1-4. Unfortunately, either due to a poor choice of primers or 

differences in the relative expression levels of the variants, it was not possible to confirm that 

all C-terminal variants are expressed (figure III-4). Nonetheless, the independent cloning of 

the all NR1 variants (without N1), warrants that our cloning results hold true and that the 

only alternative spliced exon not expressed in the neonate optic nerve is exon 5. 
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Figure III-4: NR1 variants containing exon 5 are absent from the neonatal optic 

nerve  

cDNA originating from neonate rat brain and optic nerve mRNA, was PCR amplified to 

detect the expression alternative spliced transcripts of NR1. Exon 5 inclusion/exclusion 

was probed with a pair of primer flanking this exon (ex4-8). A pair of primers (ex17-3’) 

was used to amplify the region from exon 17 to the 3’ UTR in which the C-terminal 

splicing of NR1 occurs. PCR products were separated in a 1.1% agarose gel, visualized 

with Sybr Safe dye, and the bands sizes were estimated by comparison with a ladder (1 kb 

ladder, Invitrogen). A fragment of actin (A) was also amplified for PCR internal control. 
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III.3 DISCUSSION 

Expression of NR1 variants has previously been investigated in glial cells. Rat Müller cells, 

a type of astrocytes present in the inner vertebrate retina, express predominantly NR1 variants 

without exon 5 (Lamas et al, 2005). These cells also lack variants with C2’ which appears to be 

expressed in retinal neurons. Here I show that neonatal optic nerve glia express all 4 C-

terminal NR1 variants, but lack inclusion of exon 5 (N1). It is interesting to notice a trend for 

the exclusion of exon 5 in NR1 transcripts from glial cells. Lamas and collaborators (2005) 

also speculate that NR1a/NR2C might be the main NR1 receptor complex in Müller cells 

consistent with data that suggests that NR2C might also be a major component of NMDA 

receptors in oligodendrocytes (Karadottir et al, 2005; Micu et al, 2006; Salter & Fern, 2005). 

The significance of NR1 variants in glutamate induced toxicity has been evaluated in 

transfected CHO cells (Rameau et al, 2000). NMDA receptor expression in mammalian cell 

lines has been extensively used to study NMDA receptor toxicity (reviewed in (Lynch & 

Guttmann, 2002)). Expression of NR1 variants with NR2A elicited cell death but the extent 

of cell demise differed for each variant: NR1-1a (exon 5 absent and exons 21/22 present) 

caused more toxicity than NR1-4a/NR2A (exon 5 absent and 22’ present). Furthermore, 

direct comparison between NR1-3a/NR2A and NR1-3b/NR2A showed that inclusion of N1 

(exon 5) decreased glutamate induced toxicity. Inclusion of exon 22 was also correlated with 

increased NMDA toxicity (Rameau et al, 2000). It is however unknown whether exon 5 and 

exon 22 exert their effects on glutamate toxicity by the same mechanism. 

Following rat optic nerve crush, a change in NR1 splicing pattern occours in the retinal 

ganglion cell layer. Expression of NR1 variants without exon 5 increases 48h after injury, 

preceding cell death. Exon 21 inclusion followed the same pattern (Kreutz et al, 1998). 

Because these changes in expression occur before cell death, the authors proposed that the 

increase in exon 5 inclusion reflects splicing response to injury, rather than selective cell death 

of retinal ganglion cells expression NR1-a variants (Kreutz et al, 1998). Furthermore, 
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reduction of NR1-b by treatment with antisense oligonucleotides increased retinal ganglion 

cell death after nerve crush. NR1a is also more expressed than NR1-b in the spinal cord. Also, 

following contusive injury of adult rat spinal cord, N1 expression increases shortly after injury. 

In these conditions, no change in expression of the C-terminal cassettes was observed 

(Prybylowski et al, 2001). Taken together, these two studies show that NR1-b variants seem to 

be crucial for cell survival. Considering that the NR1-b is virtually absent in the neonate white 

matter, no such mechanism of protection against injury would be present rendering 

oligodendrocytes more prone to damage.  

Exon 5 is responsible for the control of proton and Zn2+ inhibition of NMDA receptors. 

It also controls polyamine potentiation. However, this control is dependent of the NR2 

subunit present in the complex. Heteromeric complexes containing NR1-b (containing exon 

5) and NR2A/NR2B/NR2D are less sensitive to proton inhibition than heteromers containing 

NR1-a variants (without exon 5). Interestingly, the presence or absence of exon 5 does not 

have any effect in NR1/NR2C sensitivity to Zn2+ or protons (Traynelis et al, 1998; Traynelis 

et al, 1995). This is of particular interest since the NR2C is thought to be the most expressed 

subunit in oligodendrocytes amongst NR2 subunits (Karadottir et al, 2005; Salter & Fern, 

2005). It has also been shown that during ischaemia, proton concentration increase in the 

extracellular spaces, and it has been speculated that this increase in protons inhibit NMDA 

receptors, thereby minimizing excitotoxic damage (Balestrino & Somjen, 1988; Obrenovitch 

et al, 1990). Since NMDA receptors containing NR2C are less sensitive to proton inhibition 

(Traynelis et al, 1995), drops in pH would not have any protective effect, rendering 

oligodendrocytes more vulnerable.  
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Chapter IV  

 Cloning and molecular characterization of 

novel NR2 splice variants 
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IV.1 INTRODUCTION 

For the formation of fully functional NMDA receptors channels, the presence of NR2 

subunits with NR1 is required. Furthermore, NMDA receptors display different properties 

depending on which of the four NR2(A-D) subunits are assembled with NR1 (Kutsuwada et 

al, 1992; Moriyoshi et al, 1991; Nakanishi, 1992). The receptor properties modulated by 

NR2 subunits include: (1) single-channel conductance; (2) strength of Mg2+ block; (3) 

sensitivity of modulation by glycine, reducing agents, polyamines and phosphorylation; (4) 

desensitization; and (5) affinities for specific agonists and antagonists (Buller et al, 1994; Ishii 

et al, 1993; Kohr et al, 1994; Kutsuwada et al, 1992; Lynch et al, 1994; Monyer et al, 1994; 

Monyer et al, 1992; Moriyoshi et al, 1991; Stern et al, 1992; Sullivan et al, 1994; Wafford et 

al, 1993; Williams et al, 1994; Yamazaki et al, 1992). Another layer of NMDA receptor 

physiological diversity comes from splice variants that attribute different functional and 

pharmacological properties to the receptor complex. Although NR2 splice variants have 

received less attention than NR1 variants, alternative splicing has been reported for these 

NMDA receptor subunits. In this chapter I report previously unidentified NR2 splice variants 

and describe their molecular features.  

The four NR2 subunit subtypes (NR2A-D) are generated from four different genes. 

NR2A-D expression is both developmentally and regionally regulated and correlates with 

native NMDA receptors physiological properties (Monyer et al, 1994). The final polypeptide 

chain of NR2A–NR2D subunits is composed of 1464, 1482, 1250 and 1323 amino acids, 

respectively. The amino acid sequence of NR2 subunits is relatively conserved among them, 

with 55 to 70% sequence homology. Sequence conservation is less between NR1 and NR2 

subunits, which share ~18% identity (Hollmann & Heinemann, 1994; Monyer et al, 1992; 

Mori & Mishina, 1995; Nakanishi, 1992). In spite of a substantial divergence in the amino 

acid sequences of NR2 subunits from NR1, they possess similar structural characteristics 

(figure I-2). 
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IV.1.1 NR2 expression and sub-cellular localization 

NR2 expression is not homogenous throughout the CNS and the four NR2 transcripts 

display distinct regional patterns. NR2A mRNA is distributed widely in the brain, but more 

so in the cerebral cortex, hippocampus and cerebellum. NR2B mRNA is selectively present in 

the forebrain with high level expression in the cerebral cortex, hippocampus, septum, caudate-

putamen and olfactory bulb. NR2C and NR2D mRNA display more restricted regional 

expression. The NR2C mRNA is expressed predominantly in the granule cell layer of the 

cerebellum whereas NR2D mRNA is detected mostly in the thalamus and brain stem 

(Monyer et al, 1994).  

Expression patterns of NR2 subunits in the brain are regulated developmentally (Monyer 

et al, 1994; Watanabe et al, 1994). NR2B and NR2D are expressed prenatally, whereas NR2A 

and NR2C mRNAs are first detected around birth. As expression of NR2B and NR2D 

decline, mRNA levels of NR2A and NR2C increase concomitantly. The most prominent 

developmental change is the switch from NR2B to NR2C expression which occurs in 

cerebellar granule cells. NR2B mRNAs, which are abundantly expressed in the cerebellar 

granule cells on embryonic day 7 through the first post natal week, almost disappear by P14 

being replaced by NR2C mRNAs (Akazawa et al, 1994; Watanabe et al, 1994). Protein and 

mRNA broadly follow the same pattern of expression (Wenzel et al, 1997; Wenzel et al, 

1996). 

IV.1.2 Triheteromeric NMDA receptors 

Although NR2A and NR2B expression is regulated in opposite directions during 

development, there is an expression overlap in most brain regions (Monyer et al, 1994). These 

subunits can also coexist in the same functional receptor. Indeed the majority of NMDA 

receptors present in mature neurons of the forebrain seems to be composed of NR1, NR2A 

and NR2B subunits (Luo et al, 1997). These triheteromeric receptors have hybrid properties 

of the subunits that compose them. NMDA receptors formed by co-assembly of NR1, NR2A 
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and NR2B retain sensitivity to submicromolar concentrations of Zn2+, a typical feature of 

NR2A-containing receptors, and ifenprodil (NR2B-selective antagonist). Nevertheless, 

ifenprodil inhibition is not as effective in NR1/NR2A/NR2B as in NR1/NR2B (Hatton & 

Paoletti, 2005). Indirect pharmacological observations suggest the presence of triheteromeric 

NR1/NR2B/NR2D receptors in P7 substancia nigra (SNc) dopaminergic neurons (Brothwell 

et al, 2008; Jones & Gibb, 2005).  

IV.1.3 Synaptic vs extrasynaptic location of NMDA receptors 

NMDA receptors complexes can be located synaptically or extrasynaptically and receptor 

subtype subcellular localization changes during development. NR2D subunits form synaptic 

and extrasynaptic NMDA receptors in SNc dopaminergic neurons and are present in 

extrasynaptic complexes of cerebellar Golgi cells (Brickley et al, 2003; Brothwell et al, 2008; 

Jones & Gibb, 2005; Misra et al, 2000). During development, there is a decrease of 

NR1/NR2B receptors complexes and a proportional increase of triheteromeric 

NR1/NR2B/NR2D receptors. It is thus possible that NR1/NR2B/NR2D triheteromers form 

a significant fraction of synaptic NMDA receptors during postnatal development in this brain 

region (Brothwell et al, 2008). In hippocampal neurons, extrasynaptic NMDA receptors are 

composed predominantly of NR1 and NR2B, whereas synaptic NMDA receptors contain 

NR2A subunits. NR2A receptors in synapses might be part of diheteromeric receptors with 

NR1 or form triheteromers with NR1 and NR2B (Tovar & Westbrook, 1999).  

The targeting of NMDA receptors to the different synaptic locations appears to be 

regulated by a number of interacting proteins. The membrane-associated guanylate kinase 

(MAGUK) family are involved in the targeting of NMDA receptors to the membrane. 

Synapse-associated proteins 102 (SAP102), a member of the MAGUK family, interacts with 

NR2B and plays an important role in trafficking and targeting of this subunit to the synapse 

(Lau et al, 1996; Sans et al, 2003). Developmentally, expression levels of SAP102 decline 

whereas levels of other scaffolding proteins, such as postsynaptic density-95 (PSD-95) and 
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PSD-93, increase concurrently with NR2A expression (Sans et al, 2000). With maturity, many 

NR1/NR2B receptors become extrasynaptic whereas NR1/NR2A/NR2B receptors are 

incorporated as the major synaptic receptors in the forebrain (Stocca & Vicini, 1998; Tovar & 

Westbrook, 1999). This suggests that synaptic localization of NMDA receptor subunits 

depend on the association with members of the MAGUK-related protein family, which 

anchor NMDA receptors at the synapse through interactions mediated by the C-terminal of 

NMDA receptors (Kim et al, 1996; Müller et al, 1996; Niethammer et al, 1996).  

Following excitotoxic stimulus, extrasynaptic NMDA receptors trigger cell death linked to 

mitochondrial dysfunction, whereas [Ca2+]i rises mediated by synaptic NMDA receptors do 

not result in cell death (Hardingham et al, 2002). Furthermore, [Ca2+]i rises through synaptic 

NMDA receptors appear to activate an anti-apoptotic pathway that involves increased BDNF 

gene expression through CEB-signalling (Hardingham et al, 2002). In direct opposition, Ca2+ 

entry through extrasynaptic NMDA receptors antagonized nuclear signalling to cAMP 

response element binding (CREB), blocked BDNF expression, and caused loss of 

mitochondrial membrane potential leading to cell death (Hardingham et al, 2002). 

Importantly, these effects are not a result of the amount of [Ca2+]i rises, but of the location of 

Ca2+ entry (Hardingham et al, 2002). Thus, it seems that regulation of NMDA receptor 

location in synapses or extrasynaptic sites has physiological and pathophysiological 

importance. 

IV.1.4 Studies with gene knockout animals 

To examine the functional roles of NMDA receptor subunits, NR2A–NR2D genes have 

been disrupted by gene targeting. Ablation of NMDA receptor subunits causes a variety of 

morphological and functional defects. Targeted disruption of NR2B results in the early death 

of the mutant mice (NR2B-/-), demonstrating that NR2B is essential for the survival of 

newborn mice. Although knockout animal have no gross anatomical abnormalities in the 

brain, suckling responses are impaired and appear to be the cause of death (Kutsuwada et al, 
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1996). Tactile hairs (whiskers) on the snout of rodents are arranged in an array and collectively 

form a unique sense organ. This sense organ is connected to the brain via the trigeminal nerve, 

and in the brainstem trigeminal nuclei whisker-specific neural patterns, termed barrelettes, are 

formed. The barrelettes are absent in the NR2B-/- mice, indicating that NR2B are involved in 

the development of neural networks in the CNS (Kutsuwada et al, 1996). 

NR2D knockout mice (NR2D-/-) grow normally and no obvious histological 

abnormalities were found in the various brain regions or in the formation of barrelettes. 

NR2D ablation results in alteration of monoaminergic neuronal systems in the adult 

hippocampus, due to increased DA and 5-HT metabolism. These changes are not a 

consequence of altered expression of the other NMDA receptor subunit in the hippocampus, 

nor to obvious histological abnormalities in any brain region (Ikeda et al, 1995; Miyamoto et 

al, 2002). In the elevated plus-maze test and in the light-dark box test, NR2D-/- mice revealed 

a more exploratory behaviour than wild-type mice (Miyamoto et al, 2002) suggesting that 

NR2D-/- mice may have a reduced susceptibility to stress and/or reduced psychological anxiety. 

NR2A and NR2C-ablated mice developed normally and display normal fertility 

(Ebralidze et al, 1996; Sakimura et al, 1995). Disruption of the NR2A gene results in a 

significant reduction of the NMDA receptor channel current and LTP at the hippocampal 

CA1 synapse. The time required for NR2A-/- to learn how to perform in a hidden-platform 

task and in the transfer test, are longer than those of wild-types suggesting that NR2A is 

important for spatial learning (Sakimura et al, 1995). The disruption of the NR2C gene 

results in the disappearance of low-conductance NMDA receptor channels (<37 pS) normally 

expressed in matured cerebellar granule cells (Ebralidze et al, 1996). To generate mice lacking 

both NR2A and NR2C, NR2A and NR2C mutant mice were mated with each other 

(Kadotani et al, 1996). The NMDA receptor-mediated components in cerebellar granule cells 

are virtually abolished in mice lacking both NR2A and NR2C. NR2A or NR2C ablation in 

mice does not affect motor coordination and animals retain the ability to manage simple 

coordinated tasks such as walking on the ground or staying on the stationary or slowly 
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running rota-rod. However, NR2A-/-/NR2C-/- mice reveal difficulties in more challenging tasks 

such as walking on the narrow bar or staying on the quickly running rota-rod (Kadotani et al, 

1996). 

IV.1.5 NR2 subunits splice variants 

IV.1.5.1 NR2B 

NR2 subunit genes undergo alternative splicing. Five transcripts of the mouse NR2B gene 

resulting from variation in four noncoding exons of the 5’UTR of the gene (exons 1’, 1, 2, 3) 

have been reported (Tabish & Ticku, 2004). These variants have not been named in the 

original papers, so I will refer to them using their NCBI accession numbers. Exon 2 is present 

only in AF033356, that includes all exons (Klein et al, 1998; Tabish & Ticku, 2004) and the 

variant U60210 has exon 2 spliced out (Klein et al, 1998; Sasner & Buonanno, 1996). All the 

remaining three splice variants lack exon 2 completely and exon 1 to different extents: 

AJ459261 has ~3/4 of exon 1; AJ459262 has ~1/3rd of exon-1; and AJ459263 lacks the entire 

exon-1 (Tabish & Ticku, 2004).  

NR2B variants mRNA is expressed in the mouse brain and show regional distribution. 

Variants containing exon 2 are expressed at higher levels and variants without exon 2 are 

preferentially expressed in the striatum and hippocampus (Klein et al, 1998). The biological 

role of these variants may reside in the ability to regulate NR2B gene expression in the 

cerebellum and cortex during development, and/or translational regulation of NR2B 

transcripts (Klein et al, 1998; Sasner & Buonanno, 1996; Tabish & Ticku, 2004). NR2B 

exon 2 contains many regulatory sequences including binding sites for the transcriptional 

factor SP1 and the cyclic AMP-responsive element (CRE) site (Klein et al, 1998). Although 

gene transcription can proceed without exon 2, these genetic elements are involved in 

regulation of ethanol-induced changes of NR2B expression (Mei & Maharaj, 2005; Rani et al, 

2005; Sasner & Buonanno, 1996). This indicates a role for exon 2 splicing in ethanol-
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responsive regulation of NR2B gene expression. Consistent with this proposition, alcohol 

consumption and withdrawal modify NR2B expression within striatal and amygdala region of 

rats (Ilona et al, 2009). 

IV.1.5.2 NR2C 

Various NR2C splice variants have been described for rat, mouse and human. Two NR2C 

splice variants have been described in the mouse genome, NR2C-L (NM_010350.2) and 

NR2C-S (BC137849.1) differing in 96 nt due to the use of an alternative acceptor site in the 

5’ UTR (exon 4). Since no formal name was attributed to the variants in the original paper, I 

decided to adopt the denominations “NR2C-L” and “NR2C-S” for clarity purposes. 

Expression of both variants was detected by in situ hybridization in the granule cell layer of the 

adult mouse cerebellum (Suchanek et al, 1995).  

In rat, 3 splice variants have been identified resulting from intron 11 retention (NR2Cb), 

intron 10 and 11 retention (NR2Cd) and a 58 nt deletion due to the use of an alternative 

acceptor site within exon 12 and the donor site of exon 11 (NR2Cc) (Rafiki et al, 2000). 

These splicing events introduce a frameshift in the NR2C mRNA reading frame, leading to 

the appearance of PTCs after M3 coding region (Rafiki et al, 2000). The predicted 

polypeptide chains would lack the complete ligand-binding domains S2, the membrane 

domain M4 and the intracellular C-terminus. In cerebellar tissue, and at all stages of 

development, NR2Ca (prototypical NR2C) is expressed at higher levels than NR2Cb-d which 

represent only a small proportion of the NR2C mRNAs (Rafiki et al, 2000). In the developing 

cerebellum, NR2Cb expression is higher than that of NR2Cd between P4 and P7. NR2Cd is 

expressed at relatively high levels when compared with the prototypic NR2C, but only at P0, 

and the NR2Cb splice variant was barely detectable in the following stages of development. 

Electrophysiological characterization of recombinant expression of NR2Cb with NR1 showed 

that this variant does not form a functional channel (Rafiki et al, 2000). Thus, rat NR2C 

splice variants are developmentally regulated but its physiological role is still unknown. 



Chapter IV – Cloning of novel NR2 splice variants 

79 
 

Human NR2C has 4 splice variants generated by deletion of 15 nt (NR2C-2), a 24 nt 

insertion (NR2C-3) or 51 nt deletion (NR2C-4) compared to the prototypical NR2C 

(NR2C-1) (Daggett et al, 1998). None of the deletions/insertion cause a frameshift. NR2C-2 

results from the use of an alternative acceptor site in exon 11, just outside the coding region 

for M2. NR2C-3 and NR2C-4 occur due to the use of alternative acceptor sites in intron 12 

or inside exon 13. Splice sites are the canonical GT-AG, with the exception of NR2C-4 which 

uses GT-GG. The expression of NR2C-3-4 in the adult human cerebellum is relatively low 

compared to NR2C-1, possibly less than 10-fold, and thus difficult to detect. When co-

expressed with NR1, only NR2C-1 and NR2C-2 produced a response to agonists, with no 

detectable difference in the current amplitudes, kinetics and agonist-induced [Ca2+]i rises 

between the two variants (Daggett et al, 1998).  

IV.1.5.3 NR2D 

Two NR2D splice variants have been cloned from the rat brain (Ishii et al, 1993; Monyer 

et al, 1994), NR2D-1 (D13213.1) and NR2D-2 (NM_022797.1). Variants arise from the 

alternative exclusion of 88 nt inside exon 13, resulting in a frameshift and extended C-

terminal (Ishii et al, 1993). Recombinant expression of both these variants with NR1 failed to 

produce functional receptors because high-GC content in the transcriptional start region of 

the NR2D gene leads to low expression in Xenopus oocytes (Ishii et al, 1993; Monyer et al, 

1994). Substitution of the GC-rich sequences by the equivalent NR2A sequences, lead to 

more efficient expression and since then NR1/NR2D-2 channels have been characterized 

without resorting to chimeric constructs (Wrighton et al, 2008; Wyllie et al, 1996). However, 

NR2D-1 has not been expressed in a recombinant system, and thus its functionality remains 

to be determined. Expression of NR2D-1 and NR2D-2 was investigated using an RNase 

protection assay in different regions of the brain and developmental stages, however only 

NR2D-2 expression was detected suggesting that NR2D-1 is either not expressed or its 

expression is below the detection limits of the assay (Wenzel et al, 1996).  
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A putative NR2D human variant has also been predicted computationally (AB209292.1 

or hsk003001170). This variant results from the use of alternative splice donor in exon 10 and 

exon 11 acceptor (GT-AG), deleting 51 nt but not altering the mRNA reading frame. The 

predicted protein sequence would thus have 17 amino acids absent in the ligand-binding 

domain S2. However, there is no experimental evidence to support the physiological 

expression of this variant. 
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IV.2 RESULTS 

Expression of NR2 subunits in the mouse optic nerve has been previously established 

(Salter & Fern, 2005). Here I sought to confirm expression of NR2A-D in the rat optic nerve 

and clone the full-length cDNA of these subunits. Given the unusual physiological and 

pharmacological profile of white matter NMDA receptors, I tried to explore the possibility 

that NR2 subunits expressed in the rat optic nerve possess particular molecular features. 

Expression of NMDA receptors in P10 optic nerve was detected using real-time RT-PCR. 

Each PCR reaction resulted in one single product of the expected size: 107 bp, 81 bp, 120 bp 

and 259 bp corresponding to NR2A, NR2B, NR2C and NR2D, respectively (figure IV-1). 

PCR products of the same size were detected both using cDNA originated from brain (figure 

IV-1 left panel) and from optic nerve mRNA (figure IV-1 right panel).  

Having established that all NR2 subunits are expressed in the neonatal rat optic nerve I 

attempted to amplify and clone the full-length cDNA of these subunits (figure IV-2). The goal 

was to investigate the molecular specificities of white matter NMDA receptors. All NR2 

subunits were successfully PCR amplified and cloned from rat brain (figure IV-2 top panel). 

DNA bands appear to be at higher molecular size than expected possibly due to slower 

migration of high molecular size bands on the 1.1% agarose gel (figure IV-2 and table IV-4). 

Amplification products were cloned and sequenced. Despite multiple attempts, the full-length 

NR2A and NR2D mRNA was not successfully amplified from the optic nerve. Nevertheless, 

NR2B-C were cloned from this tissue and all NR2 subunits were cloned from the brain 

(figure IV-2). To detect positive clones containing the expected NR2 subunit, several primer 

pairs were used to probe the bacterial colonies (clones) by PCR colony screening. The primer 

pairs were chosen to amplify different regions of the mRNA. Using this strategy, I intended 

not only to choose positive clones, but also to avoid bias against splice variants which lacked 

the primer binding sites of one primer pair.  
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Figure IV-1: Expression of NR2 subunits in the neonatal rat optic nerve and brain 

cDNA produced from neonate rat brain (left) and optic nerve mRNA (right), was 

PCR amplified using primers that for actin (A) or the NR2 subunits: 2A, NR2A; 

2B, NR2B; 2C, NR2C; 2D, NR2D. PCR products were separated in a 1.1% 

agarose gel, visualized with Sybr Safe dye, and the size of PCR products was 

estimated by comparison with a DNA ladder (1 kb ladder, Invitrogen). 

Amplification products corresponding to the expected sizes were detected for each 

subunit. 
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IV.2.1 NR2A cloning 

NR2A was amplified successfully from adult and neonate brain (figure IV-2). PCR 

products were cloned and sequenced, confirming the identity of clones as NR2A 

(NM_012573.2). The sequencing of NR2A clones did not reveal novel splice variants. 

Although several approaches were attempted, NR2A was not cloned from the optic nerve, due 

to poor PCR amplification of NR2A from optic nerve cDNA.  

IV.2.2 NR2B novel splice variants 

NR2B was amplified successfully from the brain (P10 and adult) and the P10 optic nerve 

(figure IV-2). After cloning, several clones were sequenced revealing new NR2B splice variants 

expressed in NR2B. In figure IV-3 there is a depiction of the three novel NR2B splice variants 

cloned from the rat optic nerve. NR2B∆635 is the result of an intraexonic deletion (+3081 to 

3716) within exon 13 using the rare splicing acceptor-donor GC-CT (figure IV-3) (Chong et 

al, 2004). This deletion creates a premature termination codon in the predicted polypeptide 

chain. Nonetheless, the sequence coding for the membrane and ligand-binding domains 

remain intact (figure IV-3). NR2B cl#46 and NR2B cl#26, also cloned from the neonate optic 

nerve mRNA, share the alternative deletion of exon 10 (figure IV-3) but NR2B cl#46 has a 

further 30 bp deletion inside exon 2, the first coding exon. The splicing site of this deletion is 

not a donor-acceptor pair but the short sequence TGAC.        

Novel NR2B variants were also identified in the P10 rat brain with drastic deletions 

(more than 50% of NR2B coding sequence): NR2B cl#61, 3115 deletion; NR2B cl#63, 3019 

bp deletion; NR2B cl#67, 2383 bp deletion. If translated, these variants generate polypeptides 

without the membrane domains or ligand-binding domains of NMDA receptors. Due to this 

prediction, the clones were not fully sequenced and are not depicted in figure IV-3.  
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Figure IV-2: Amplification of full-length NR2 subunit cDNA  

cDNA originating from neonate rat brain (top) and optic nerve mRNA (bottom), was 

PCR amplified using primers annealing at the 5’ and 3’ UTR. PCR products were 

separated in a 1.1% agarose gel, visualized with Sybr Safe dye, and the bands sizes were 

estimated by comparison with a DNA ladder (1 kb ladder, Invitrogen). Individual bands 

were excised from the, cloned into pGEM-T and sequenced. 
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Figure IV-3: Gene organization of Grin2b and new NR2B splice variants 

Rat NR2B gene (Grin2b) has 13 exons and the coding region is represented by orange 

boxes. Non-coding regions are represented has gray boxes. Introns are excluded (black 

connecting lines) to give rise to the final mRNA molecule (accession# NM_012574). In 

the newly identified variants NR2B∆635, NR2B cl#26 and NR2B cl#46 a different pattern 

of intron exclusion occurs (red connecting lines) creating premature termination codons. 

Newly identified variants were cloned from the neonate rat optic nerve. Exons are drawn 

to scale. 
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IV.2.3 NR2B∆635 recombinant expression 

NR2B∆635 is predicted to maintain the general features needed for functional NMDA 

receptor subunits (figure IV-3), thus it was chosen to be expressed recombinantly in Hek293 

cells. NR2B∆635 was tagged in the N-terminus with YFP and the construct was transfected with 

NR1-CFP. Twenty-four hours after transfection no cells were detected expressing YFP in 

NR2B∆635 transfected cells. Expression of full-length NR2B-YFP and NR1-CFP was detected. 

As I was unable to detect YFP fluorescence in cells transfected with NR2B∆635-YFP, cells with 

CFP fluorescence were selected to monitor [Ca2+]i following stimulation. Cells expressing 

NR1/NR2B showed [Ca2+]i rises evoked by glutamate (0.1, 1, 10, 100 and 1000 µM) and 

glycine (10 µM), in Mg2+-free solution (figure IV-4). In contrast no [Ca2+]i rises were observed 

in cells transfected with NR1/NR2B∆635 following stimulation with glutamate and glycine 

(figure IV-4). As expected, following stimulation with glutamate and glycine non-transfected 

Hek293 cells did not show any relevant increase in [Ca2+]i (figure IV-4, Hek293). Sequencing 

of the plasmid containing the construct NR2B∆635-YFP indicated that the construct has YFP in 

frame with the NR2B∆635 sequence. Thus, the lack of NR2B∆635-YFP expression, was not due 

to a technical error and most likely indicates a failure in translation of NR2B∆635 mRNA. 

IV.2.4 NR2C 

Several of the cloned PCR products corresponded to the published canonical NR2C 

(M_012575.2) and a novel splice variant, NR2C cl#29, was identified (figure IV-2 and IV-5). 

NR2C cl#29 was cloned from the optic nerve and is the result of alternative splicing at an 

acceptor-donor pair GC-TG located internally in exon 7 and extending to exon 15 (+1304 to 

3581). The resulting transcript is 2278 bp shorter than the published NR2C (NM_012575). 

The predicted translation of this transcript generates a protein without the membrane 

domains or ligand-binding domains of NMDA receptors, as depicted in figure IV-5. Novel 

splice variants were not found in the rat brain.  
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Figure IV-4: Glutamate stimulation of NR1/NR2B∆635 does not produce [Ca2+]i 

rises 

Hek293 cells expressing NMDA receptors were loaded with fura-2 and stimulated for 15 

sec with five different glutamate concentrations (0.1; 1; 10; 100 and 1000 µM), in the 

presence of 10 µM Glycine, in Mg2+-free solution. Each trace represents recordings from a 

single representative cell. Arrows indicate the time point of stimulation.    
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Figure IV-5: Gene organization of Grin2c and of a new NR2C splice variant 

Rat NR2C gene (Grin2c) has 15 exons and the coding region is represented by orange 

boxes. Non-coding regions are represented as gray boxes. Introns are excluded (black/red 

connecting lines) to give rise to the final mRNA molecule (accession# NM_012575). In 

the newly identified variant, NR2C cl#29, a different pattern of intron exclusion occurs 

(red connecting lines) creating premature termination codons. NR2C cl# was cloned 

from the neonate rat optic nerve. Exons are drawn to scale. 
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IV.2.5 NR2D 

Full-length NR2D transcripts were amplified and cloned from the rat brain but not from 

the optic nerve. Amongst the sequenced clones, the canonical NR2D (NM_022797) and 4 

novel splice variants were identified (figure IV-6). NR2D cl#50 results from a 49 bp deletion 

and the splice junction appears to be the repeated sequence TCCCC present at +1371 and 

+1419 nt in NR2D mRNA. The splice junction of NR2D cl#51 is also a repeated sequence, 

CGCC, located at nucleotides +2605 and +3752, and the transcript has a deleted sequence of 

approximately 1147 nt. cl#55 results from 107 bp deleted inside exon 2 at the splice sites GC-

CT (+214-320 nt). Of the cloned transcripts, NR2D cl#56 has the most interesting features. 

It arises from an 18 bp insertion, adding the amino acids LVAPRS to the polypeptide chain, 

using an alternative consensus acceptor site in exon 6 (table IV-1); and an 886 bp deletion 

(GC-AC, nt +2927-3812) that alters the transcript reading frame. Due to the frameshift, the 

canonical NR2D stop codon is not recognized, and instead an alternative stop codon located 

in the 3’ UTR (nt 4151) is used (figure IV-5). NR2D cl#50, cl#51 and cl#69 were cloned 

from the neonate brain, cl# 55, cl#56 from the adult brain. A clone was also sequenced, albeit 

not fully, that contains a previously described variation: 82 bp deletion nucleotides located in 

+3794 to 3875 using splice acceptor-donor pair GC-CC (Ishii et al, 1993; Monyer et al, 

1994). 
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Figure IV-6: Gene organization of Grin2d and of a newly identified NR2D splice 

variant 

Rat NR2D gene (Grin2d) has 13 exons and the coding region is represented by orange 

boxes. Non-coding regions are represented has gray boxes. Exon 13 appears discontinued 

because there a 100 nt sequence lacking in the database sequence, which is present in 

gene product sequence (NR2D mRNA, NM_022797). This is possibly due to 

incomplete genomic assembly. Introns are excluded (black/red connecting lines) to give 

rise to the final mRNA molecule (accession# NM_012575). In the newly identified 

variants, NR2D cl#50, NR2D cl#51, NR2D cl#55, NR2D cl#56, a different pattern of 

intron exclusion occurs (red connecting lines) creating premature termination codons. 

NR2D splice variants NR2D cl#50 and cl#51 were cloned from the neonate brain; 

NR2D cl# 55 and NR2D cl#56 were cloned from the adult brain. Exons are drawn to 

scale.



Chapter IV – Cloning of novel NR2 splice variants 

91 
 

 

 

 

 

 

 

Figure IV-7: Sequence alignment of mouse, rat and human NR2D-1 and NR2D-2 

splice sites 

Previously reported NR2D splice variants arise from an intraexonic deletion in exon 13. 

Despite the prediction that NR2D-1 is an artefact, conservation of splices sites (red 

squares)) across species suggest otherwise (Monyer et al, 1994). Regions were splicing 

occurs are delimited by red boxes. Traces represent non-homologous regions. Alignment 

was made using ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html). 
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Figure IV-8: Amino acid sequence alignment of NR2D splice variants 

Previously reported NR2D splice variants NR2D-1 and NR2D-2, differ in their C-

terminus. NR2D cl#56 shares the 3’ splice junction with the NR2D-1 and have 

homologous C-terminal sequences. Regions were splicing occurs are delimited by red 

boxes. Traces represent non-homologous regions. Alignment was made using ClustalW2 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html).
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Table IV-1: Splice site analyses of Grin2D  

Analysis of splice site strength performed with the tool NNSPLICE. Grin2D which codes 

for NR2D transcripts has 13 exons. Exon 6 has two acceptor sites, 6666 and 6’6’6’6’ of similar 

strength, that are used alternatively to create a novel splice variant (figure IV-6 NR2D 

#50). Splice site are bolded and exonic sequences are underlined.  

Splice Splice Splice Splice 
junction junction junction junction 
(intron)(intron)(intron)(intron)    

Donor 5' splice siteDonor 5' splice siteDonor 5' splice siteDonor 5' splice site    Acceptor 5' splice siteAcceptor 5' splice siteAcceptor 5' splice siteAcceptor 5' splice site    
Donor site Donor site Donor site Donor site 

scorescorescorescore    
Acceptor site Acceptor site Acceptor site Acceptor site 

scorescorescorescore    

1111    AAGGTGTGTGTAAGG CCCGTCCACGCAAGAGAGAGA 1.00 0.02 

2222    AAGGTGTGTGTGCGC CCCTGTTCCCACAGAGAGAGG 0.98 0.93 

3333    CAGGTGTGTGTGATT TTTCTCCTGGGCAGAGAGAGG 0.44 0.93 

4444    GTGGTGTGTGTGAGT TGTTTTTTGCCAAGAGAGAGG 0.97 0.93 

5555    CAGGTGTGTGTGACA GTCGCTCCCCGCAGAGAGAGC 0.74 0.57 

6666    GAGGTGTGTGTAAGA TCGATCCACCCCAGAGAGAGG 1.00 0.84 

6666’’’’    (cl #56)(cl #56)(cl #56)(cl #56)     CCAACCCCTTCAAGAGAGAGC  0.67 

7777    TCGGTGTGTGTGAGC TCCCATGTCCCCAGAGAGAGA 0.97 0.96 

8888    AACGTGTGTGTGAGT CTGGTTCCCCACAGAGAGAGG 0.99 0.92 

9999    AAGGTGTGTGTGTGT CGCTTCCATTCCAGAGAGAGT 0.94 0.95 

10101010    AGGGTGTGTGTCAGC GTCCCTGTCCACAGAGAGAGG 0.09 0.57 

11111111    ACGGTGTGTGTGCGG GACTCCATCCTCAGAGAGAGA 0.10 0.85 

12121212    AGGGTGTGTGTAGGA CCCATCCCTCACAGAGAGAGG 0.72  

 

Prediction of the resulting polypeptide chains of the novel NR2D variants shows that in 

NR2D cl#50 and NR2D cl#55 the deletions lead to a frameshift with the appearance of 

premature stop codons soon after the splice junction (figure IV-5). As a result these proteins 

would either contain about half of the one ligand-binding domain, or no domains (figure IV-

5). The deletion occurring on NR2D cl#56 also causes a frameshift and the use of an 

alternative termination codon inside the 3’UTR. Interestingly, this is the same termination 

codon used in NR2D-1 (figure IV-7). Before the termination codon, 113 amino acids 
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different from NR2D are generated, 92 of which are similar to NR2D-1 C-terminal as 

depicted on figure IV-7. The ligand-binding and membrane domains are still coded for but 

the use of an alternative splice acceptor in exon 7 adds 6 new amino acids in the ligand-

binging domain in NR2D cl#56 (figure IV-6 and IV-7). 
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IV.3 DISCUSSION 

IV.3.1 Strategical and practical considerations 

Determining the molecular features of white mater NR2 subunits was the main goal of 

this part of the project. Currently, detection of alternative splicing is either based on EST 

comparisons or on a combination of computational predictions and comparisons of gene 

homologous in human and rodents (Cawley & Pachter, 2003; Coward et al, 2002; Dror et al, 

2005; Modrek et al, 2001; Wang & Marín, 2006). Using this computational data, probes are 

then created to search putative splice variants in cDNA libraries. This strategy presents some 

drawbacks. A general problem is identifying alternative splices with current gene finding 

programs. Software usually search for optimal exons, splice sites, and gene structure assuming 

that alternative splice sites are usually weaker than constitutive sites. However, this is not 

always the case and different programs may give different results for the predicted strength of a 

splice site (Wang & Marín, 2006). Existing databases and bioinformatics tools focusing on 

splicing also have a bias against non-consensus splice sites and non-canonical splicing. 

Considering these shortcomings of previous approaches, in this study I choose to clone full-

length transcripts expressed in native tissue and then characterizes their molecular nature.  

Cloning NMDA receptors from the optic nerve proved to be far from a trivial task. The 

average length of human mRNA is estimated to be 2.5 kb (Strachan & Read, 1999) and the 

average mammalian mRNA is 2.1 kb (2004). In comparison, NR2 subunits open reading 

frame (ORF) is relatively large ranging from approximately 3.7 kb to 4.4 kb (table IV-2). In 

addition, NR2C and NR2D have high GC content (table IV-2) and expression of NMDA 

receptors mRNA is relatively low in the optic nerve, compared to the brain (Salter & Fern, 

2005). Another complication arises from the amount of RNA extracted from the rat optic 

nerve. A typical RNA extraction from brain tissue yields more than 100 µg from a fraction of 

the total brain. In contrast, 20 optic nerves yield 10 µg of total RNA. As a consequence, a 

smaller amount of optic nerve RNA is available for protocol optimization and scaling-up of 
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reactions is also hindered. For these reasons, PCR amplifications and clonings were initially 

optimized using brain cDNA and modified, where appropriate, to amplify NMDA receptors 

mRNA from the optic nerve. It should be noted that different PCR strategies/protocols were 

applied for the amplification of the NR2 subunits. These strategies are detailed on chapter II. 

Table IV-2 - Molecular properties of rat NR2 subunits mRNA 

Numbering of initiation and termination codon was done in relation to the first 

nucleotide of mRNA sequence as appears in the NCBI database. The corresponding 

accession numbers are also listed. GC content analysis was performed using the tool 

geeceegeeceegeeceegeecee at the website Mobyle@Pasteur (http://mobyle.pasteur.fr/cgi-bin/portal.py). 

SubunitSubunitSubunitSubunit    
mRNA mRNA mRNA mRNA 
lengthlengthlengthlength    

InitiationInitiationInitiationInitiation    TerminationTerminationTerminationTermination    ORFORFORFORF    
GC contGC contGC contGC content ent ent ent 

(%)(%)(%)(%)    
Accession Accession Accession Accession 
NumberNumberNumberNumber    

NR2ANR2ANR2ANR2A    6369 89 4481 4392 52 NM_012573.2 

NR2BNR2BNR2BNR2B    5259 350 4796 4446 53 NM_012574.1 

NR2CNR2CNR2CNR2C    4673 522 4272 3750 62 NM_012575.2 

NR2DNR2DNR2DNR2D    5246 739 4708 3969 66 NM_022797.1 

 

In spite of all optimizations, NR2A and NR2D were cloned from the rat brain but not the 

optic nerve. This could be due to two factors: (1) the RT reaction is not efficient enough to 

transcribe sufficient full-length mRNAs of such long (NR2A) or GC-rich (NR2D) transcripts, 

a problem exacerbated using optic nerve RNA as input for the reaction; and/or (2) NMDA 

receptor expression in white matter is relatively low and it is likely that NR2A and NR2D are 

not major components of white matter NMDA receptors (Karadottir et al, 2005; Salter & 

Fern, 2005). Also, at the developmental age at which animals were used (P10) NR2A 

expression levels have not yet peaked (Monyer et al, 1994). Although NR2C had GC content 

comparable to that of NR2D (table IV-2), it has higher expression in white matter and this 

might have facilitated PCR amplification and cloning (Karadottir et al, 2005; Salter & Fern, 

2005). 
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IV.3.2 Novel NR2B splice variants 

NR2B splice variants previously reported were found in mouse brain (Klein et al, 1998; 

Tabish & Ticku, 2004). The proto-typical NR2B mRNA has 3 non-coding exons at the 

5’UTR and the ATG is located in exon 4. The variants are the result of the alternative 

exclusion of exon 2 alone or in combination with different length deletions of exon 1 (Klein et 

al, 1998; Tabish & Ticku, 2004). The remaining 2 variants result from the use of alternative 

acceptor sites in exon 2 and the exclusion of exon 3 (Tabish & Ticku, 2004). These variants 

are the result of alternative splicing in the 5’UTR of Grin2b. Here, I report for the first time 

the cDNA sequence of NR2B splice variants with altered coding regions. The three splice 

variants identified (figure IV-3) have deletions that change the mRNA reading frame, leading 

to the appearance of PTCs. In NR2B cl#26 and NR2B cl#46, exon 10 is skipped (cassette 

exon), one of the most common mechanisms of alternative splicing (Black, 2003; Matlin et al, 

2005). Although NR2B cl#46 has an additional 30 nt deletion this does not change the 

reading frame of the mRNA raising the possibility that a NR2B variant containing only this 

30 nt variation might also be expressed. 

 A common marker of cassette exons is the presence of weaker splice sites than those of 

constitutive exons, although several other factors such as the presence and density of exonic 

and intronic splicing enhancers and silencers, influence alternative splicing (Black, 2003; Garg 

& Green, 2007). To determine the strength of splice sites one has to resort to algorithms 

which calculate an arbitrary value in relation to the “perfect” canonical splice site. The NR2B 

exon 10 acceptor site score, a measure of how confident one can be of this being a true splice 

site, is higher than that of exon 11 using the tools NNSPLICE and EuSplice (Bhasi et al, 

2007; Reese et al, 1997) (table IV-3). However, analyzing the splice site in a different tool, 

NetGene2 (Brunak et al, 1991), the outcome is that exon 11 acceptor site is stronger than 

exon 10 (0.92 vs 0.96, respectively). A weaker acceptor site in exon 10, comparatively to exon 

11 may explain exon 10 as a cassette exon. The different results obtained with these tools 
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underline the importance of obtaining transcripts through an experimental approach rather 

than a computational prediction.  

Table IV-3: Splice site analyses for Grin2B 

Analysis of splice site strength performed with the tool NNSPLICE (Reese et al, 1997). 

Grin2B which codes for NR2D transcripts has 12 exons. According to NNSPLICE 

prediction, exon 10 splice sites are strong. Splice site are bolded and exonic sequences are 

underlined.  

Splice Splice Splice Splice 
junction junction junction junction 
(intron)(intron)(intron)(intron)    

Donor 5' splice siteDonor 5' splice siteDonor 5' splice siteDonor 5' splice site    Acceptor 5' splice siteAcceptor 5' splice siteAcceptor 5' splice siteAcceptor 5' splice site    
Donor site Donor site Donor site Donor site 

scorescorescorescore    
Acceptor site Acceptor site Acceptor site Acceptor site 

scorescorescorescore    

1111    AAGGTGTGTGTAGGG CCTTCTCTTTTCAGAGAGAGA 0.97 0.99 

2222    AAGGTGTGTGTAAAA TTTTTCTTGAAAAGAGAGAGG 0.95 0.28 

3333    TAGGTGTGTGTGAGT TTTTATCGTTGCAGAGAGAGG 0.98 0.98 

4444    AGGGTGTGTGTAGGA TTCTCTCTGCGCAGAGAGAGG 0.2 0.98 

5555    TGAGTGTGTGTATGA CTTTAACTGGGTAGAGAGAGG 0.02 0.15 

6666    GAGGTGTGTGTCAGT GTCTTTCTCTCCAGAGAGAGG 0.95 1.00 

7777    TAGGTGTGTGTAAAT TGCTTTCCTTTCAGAGAGAGA 0.96 0.99 

8888    GAGGTGTGTGTAAGT TTGTATCACTCCAGAGAGAGA 1.00 0.77 

9999    AAGGTGTGTGTAAGA CTTTCTCTCTCCAGAGAGAGT 0.99 0.99 

10101010    AGGGTGTGTGTAAGA TGTTTCTTGTGCAGAGAGAGG 1.00 0.97 

11111111    ATGGTGTGTGTGAGT TGTCCTCCTTCTAGAGAGAGG 0.97 0.99 

12121212    AGAGTGTGTGTAAGT CTATGTCCCTTCAGAGAGAGG 0.99 0.93 

 

NR2B∆635 is generated in a non-canonical splice site and the resulting polypeptide is a C-

terminally truncated NR2B isoform containing the membrane and ligand-biding domains 

(figure IV-3). Other functional truncated glutamate receptors have been identified. AMPA 

receptor, GluR4, has a splice variant, GluR4c, possibly resulting from an intron retention. 

This results in a shorter isoform with a different C-terminus downstream of M4. Despite 

having a different, shorter, C-terminal, GluR4c generates functional homomeric receptors 

after transient transfection in Xenopus (Gallo et al, 1992). There are also reports of truncated 
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NR2B created by recombinant DNA technology. Co-expression of C-terminal truncated 

NR2B with NR1 generated functional channels with reduced peak open probability and a 

reduced mean open time (Mohrmann et al, 2002). Mice expressing these truncated NR2B 

subunits die perinatally possibly due to impaired synaptic targeting of NMDA receptors at 

nascent synapses (Mohrmann et al, 2002; Sprengel et al, 1998). This indicates that although 

the C-terminal domain plays a fundamental role in the developmental role of NMDA 

receptors it is not essential for functional channel assembly.  

Having found a naturally occurring NR2B with a truncated C-terminal, NR2B∆635, it was 

interesting to investigate its physiological properties. In cells transfected with NR1-CFP and 

NR2B∆635-YFP, YFP fluorescence was not detected, indicating absence of NR2B∆635 protein 

expression. Furthermore, challenging these cells with glutamate did not elicit any changes in 

[Ca2+]i (figure IV-4). The lack of YFP fluorescence is not the result of an error in constructing 

the chimeric protein as confirmed by sequencing of the plasmid coding for NR2B∆635-YFP. 

This indicates NR2B∆635 is either a transcript targeted for degradation or it might perform 

some unknown role in regulation of gene expression.  

It is emerging that cells commonly produce a substantial fraction of transcripts which are 

degraded before translation in a functional or regulated manner (Chang et al, 1999; Screaton 

et al, 1997). Roughly a third of reliably deducted alternative splicing events in humans result 

in mRNA isoforms that contain a PTC. These transcripts are predicted to be degraded by the 

non-sense mediated decay (NMD) pathway (Maquat, 2004). It appears that cells routinely 

link alternative splicing and NMD to regulate the abundance of mRNA transcripts. This 

mechanism, termed “Regulated Unproductive Splicing and Translation” (RUST), has been 

experimentally shown to regulate the expression of a wide variety of genes in many organisms 

from yeast to humans (Lareau et al, 2007). This process may provide an additional level of 

genetic regulation to help the cell achieve the proper level of expression for a given protein. 

The cell could change the level of productive mRNA after transcription by diverting some 
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fraction of the already-transcribed pre-mRNA into an unproductive splice form and thence to 

the decay pathway (Lareau et al, 2007).  

NR2B∆635 mRNA contains a PTC downstream of the deleted sequence that generated the 

splice variants (figure IV-3). The presence of PTC 50-55 nucleotides upstream of an intron is 

usually an indication that this mRNA is targeted for degradation (Maquat, 2004). Another 

indication is the distance between the PTC and the polyA tail, which is the case in NR2B∆635 

transcripts (Buhler et al, 2006). In NR2B∆635 the alternative deletion occurs intraexonically in 

the last exon, with a resulting frameshift and the coding for a termination codon ~720 nt 

before the polyA tail. I propose that targeting of NR2B∆635 to degradation by NMD is the 

most likely explanation for the lack of protein expression in cells transfected with this variant. 

Whether NR2B∆635 is a candidate for RUST remains to be addressed.  

IV.3.3 NR2C splice variants 

NR2C is believed to be a major component of NMDA receptors in whiter matter 

(Karadottir et al, 2005; Micu et al, 2006; Salter & Fern, 2005). In search for NR2C molecular 

features particular to the white matter a novel NR2C splice variant was cloned. Three NR2C 

splice variants containing PTCs before the final membrane domain have been described 

(Rafiki et al, 2000). These variants lack the final membrane domain and ligand-binding 

domain S2. The NR2C variants were detected in native tissue with expression levels lower 

than prototypical NR2C. However, when one of the variants was recombinantly coexpressed 

with NR1 in Hek293 cells, it did not form a functional channel (only one was tested) (Rafiki 

et al, 2000). Here I cloned a variant, NR2C cl#29, which has an intraexonic deletion in 

alternative non-canonical donor and acceptor sites (figure IV-5). The predicted translation of 

this variant lack important NMDA receptor domains. It thus seems unlikely that it generates a 

functional protein, or one that might assemble in functional NMDA receptor complexes. It is 

possible, as previously mentioned for NR2B, that these variants containing PTCs are expressed 
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either as mRNA as a mean of regulating protein expression, or are expressed as a protein with 

an unknown function (Lareau et al, 2007). 

IV.3.4 NR2D splice variants: artefacts or overlooked? 

The DNA databases contain mRNA sequences that correspond to 3 proposed NR2D 

splice variants (Ishii et al, 1993; Monyer et al, 1994). One of the variants, NR2D-1, contains 

an 82 nucleotide deletion in the corresponding C-terminus of the protein, was cloned by two 

labs  and also reported here (Ishii et al, 1993; Monyer et al, 1994). It has been proposed that 

NR2D-1 is a cloning artefact due to high GC-content of this region in the NR2D gene 

(Monyer et al, 1994). This reasoning is based on: (1) the deletion occurs in non-consensus 

intron-exon junctions; (2) the gene region were it occurs has high GC content which may 

impair either the polymerase or the reverse-transcriptase; and (3) expression of NR2D-1 was 

not detected in the CNS (Monyer et al, 1994; Wenzel et al, 1996).  

Finding NR2D-1 again approximately 15 years after the first report does beg the question 

if it is indeed a cloning artefact. The strategy employed here is different and used improved 

enzymes that were not available at the time of the original clonings. It has also been 

established that alternative splicing can occur in non-canonical splice sites and still give rise to 

fully functional proteins (Brackenridge et al, 2003; Gillespie et al, 1995; Hiller & Platzer, 

2008). In addition, the splicing boundaries are 100% homologous across species (figure IV-7), 

suggesting that the conserved sequence is required for alternative splicing. Whether NR2D-1 

is an artefact or an expressed NR2D variant is still an open question, not addressed here since 

it fell outside the scope of this work. The physiological properties of NR2D cl#51 and NR2D 

cl#56 were also not addressed. These variants are predicted to retain the ligand-binding 

domains and the four membrane domains (figure IV-7). Interestingly, although NR2D cl#56 

and NR2D-1 do not share splice sites, they have same 90 amino acids at their C-terminals 

(figure IV-8) suggesting that NR2D alternative splicing of 3’UTR might be more complex 
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than previously expected and adding to the notion that NR2D-1 might be a bona fide 

transcript.  

The NR2D cl#56 and NR2D-1 C-terminal is unique. The common 90 amino acids at 

their C-terminals do not share homology with other glutamate receptors and in a search for 

protein motifs, no putative conserved domains were detected. This unique C-terminal of 

NR2D-1 and NR2D cl#56 can have an impact in NR2D protein interactions. NMDA 

receptors C-terminus are important for regulation of activity by phosphorylation, cleavage by 

proteases, trafficking and clustering of the receptors at synapses (Bi et al, 1998; Groc et al, 

2009; Guttmann et al, 2002; Mohrmann et al, 2002; Salter & Kalia, 2004). NMDA receptor 

subtypes interact with the MAGUK family of proteins that regulate cell-surface expression of 

NMDA receptors in a subtype dependent manner (Cousins et al, 2008). For instance, PSD-95 

interacts with NR2A and increases their surface expression. In contrast, NR2D also interacts 

with PSD-95 via the C-terminal domain but the interaction does not affect NR2D cell surface 

expression (Cousins et al, 2008; Kornau et al, 1995). The interaction between PSD-95 and 

NR2D is weaker than NR2A, providing an explanation for the relatively low presence of 

NR2D in synaptic complexes (Mi et al, 2004).  

NR2D has a proline-rich region in the COOH-terminal domain immediately 

downstream from the M4 and extending approximately 200 amino acids. This proline-rich 

region contains sequences that are homologous to motifs known to bind to Src homology 3 

(SH3) domains, which mediate protein-protein interactions with proline-rich target sequences 

(Ren et al, 1993). NR2D interacts specifically with tyrosine kinase Abl SH3 domain but not 

to the SH3 domains from kinases, and inhibits Abl auto-phosphorylation (Glover et al, 2000). 

The biological relevance of this interaction is still unknown, but the interaction with Abl will 

not occur with NR2D cl#51, because this variant lacks the proline-rich region. Modification 

of NR2D C-terminal domain can potentially affect these (and other) interactions and 

consequentially NR2D trafficking to synapses and neuronal activity. 
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In conclusion, novel splice variants of the NMDA receptors NR2 subunits were found to 

be expressed in the neonate rat optic nerve and in the brain. A variant of NR2B, NR2B∆635, 

when recombinantly expressed failed to produce detectable amounts of protein, suggesting 

that this variant might be targeted for degradation. Although NR2D splice variants physiology 

was not accessed, NR2D splice variants identified in the rat brain have interesting features that 

could affect NR2D trafficking and modulation by interacting partners. It would be 

worthwhile investigating its physiological properties and physiological role in the future.  
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V.1 INTRODUCTION 

V.1.1 Molecular properties of NR3 subunits 

NR3 subunits were identified and cloned several years after the cloning of NR1. NR3A, 

also termed Chi-1 or NMDA receptor-like (NMDAR-L), was cloned in 1995 by two 

independent groups (Ciabarra et al, 1995; Sucher et al, 1995). Rat NR3A gene (Grin3A) has 

an open reading frame of 3345 nucleotides which codes for a polypeptide of 1115 amino 

acids. The protein has a predicted molecular weight of 125 kDa (Ciabarra et al, 1995). The 

amino acid sequence of NR3A shares 27% identity with NR1 and 28% with the NR2 

subunits (Ciabarra et al, 1995). The human NR3A has 93% sequence identity with rat NR3A 

indicating that this variant is evolutionary conserved (Bendel, 2008).  

In 2001 two independent groups reported the cloning of human and rat NR3B 

(Andersson et al, 2001; Nishi et al, 2001). The open reading frame of NR3B codes for a 

protein of 1003 amino acids with the predicted size of 109 kDa. Mouse and human NR3B 

sequences share 74.9% sequence identity. Most of the sequence divergence between the two 

species is attributable to a restricted gene region. The translated polypeptide sequence from 

exon 9 is only 37.8% homologous in human and mouse due to an extra 120 base pairs in 

human exon 9. Consequently, human NR3B is 40 amino acids longer (Andersson et al, 2001; 

Bendel et al, 2005; Matsuda et al, 2002; Nishi et al, 2001). Amongst the NMDA receptor 

subunits, NR3B is more closely related to NR3A, 47% sequence identity, than with NR1 or 

NR2 subunits with whom it shares only 17–21% sequence identity (Andersson et al, 2001; 

Chatterton et al, 2002; Matsuda et al, 2002).  

NR3 subunits contain many of the typical NMDA receptor structural features, in 

particular the motif SYTANLAA, conserved in all ionotropic glutamate receptors (Ishii et al, 

1993; Monyer et al, 1992; Moriyoshi et al, 1991). This motif appears to be important for the 

regulation of NMDA receptor channel gating (Chang & Kuo, 2008; Sobolevsky et al, 

2007).NR3 subunits also contain S1 and S2 domains responsible for determination of ligand-
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binding specificity and the membrane domains are also conserved (Andersson et al, 2001; 

Chatterton et al, 2002; Matsuda et al, 2002; Yao & Mayer, 2006). One potentially critical 

difference between NR3 and the other NMDA receptor subunits is an alteration in the 

“Q/R/N” site, which is critical for high Ca2+ permeability of NMDA receptors. The “Q/R/N” 

site is located inside M2 (pore-forming region) and in NR3 subunits the asparagine is changed 

to glycine (Andersson et al, 2001; Dingledine et al, 1999; Matsuda et al, 2002). This 

asparagine and the adjacent amino acid (N+1 site), also an asparagine in NR1 and NR2s, are 

important for voltage-dependent Mg2+ block of the channel. However, in the NR3 subunits 

the asparagine at the N+1 is an arginine (Chatterton et al, 2002; Ciabarra et al, 1995; Matsuda 

et al, 2002; Nishi et al, 2001; Sucher et al, 1995). This shows that NR3 subunits have 

molecular features that could explain their functional properties and set them apart from NR1 

and NR2 subunits. 

V.1.2 NR3A splice variants 

In rodents, two NR3A splice variants are expressed: NR3A-S (L34938) and NR3A-L 

(AF073379) (Sasaki et al, 2002a; Sun et al, 1998). The variants differ in the use of an 

alternative acceptor site of exon 9 with the consequent alternative inclusion of 60 nt. The 

resulting NR3A-L protein contains a 20 amino acids sequence inserted within the C-terminus 

which are absent from the NR3A-S. This sequence contains two threonine residues (T1009 

and T1002) which are putative substrates for phosphorylation by Ca2+ calmodulin-dependent 

protein kinase-II (CamKII), protein kinase A (PKA) and/or protein kinase C (PKC) (Sasaki et 

al, 2002a; Sun et al, 1998). Although this putative phosphorylation site could influence NR3A 

activity, thus far no differences were found between NR3A-S and NR3A-L in 

electrophysiological studies (Sasaki et al., 2002). Alternative splicing in NR1 C-terminal 

affects the trafficking of this subunit. Whether this mechanism is also in place for NR3A is an 

open-ended question.  
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V.1.3 NR3 expression 

V.1.3.1 NR3A 

NR3A is expressed mostly during the embryonic stage. During this stage, NR3A mRNA 

is detected ubiquitously with the highest levels present in the spinal cord, brainstem, 

hypothalamus, thalamus, CA1 field of the hippocampus, and amygdala. Expression is detected 

as early as embryonic day 15 (E15) and peaks before birth until the first postnatal week. 

Between P7 and P14 levels of NR3A mRNA decrease sharply to low levels, although 

maintaining the regional expression patterns observed prenatally (Ciabarra et al, 1995; Sucher 

et al, 1995; Sun et al, 1998).  

Expression of NR3A protein and mRNA broadly follow the same pattern both in terms of 

developmental and regional expression. A difference between NR3A mRNA and protein 

expression is that NR3A protein is expressed in cerebellar cortex, whereas only low levels of 

mRNA had previously been detected in that brain region (Al-Hallaq et al, 2002; Hon-Kit 

Wong, 2002; Sun et al, 1998). There are differences in NR3A expression between humans 

and rodents. In adult humans, the highest NR3A mRNA and protein levels are found in 

cerebrocortical regions and, contrary to rats, absent from the cerebellum (Hon-Kit Wong, 

2002; Nilsson et al, 2007).  

V.1.3.2 NR3A splice variants expression 

NR3A-S is the major NR3A isoform and is predominant in early pre-natal and postnatal 

development (Sun et al, 1998). Nevertheless, both NR3A variants are expressed throughout 

the rat brain albeit with regional differences. NR3A-S expression is higher in the frontal and 

pyriform cortices as well as in the hippocampus and spinal cord, relative to NR3A-L. NR3A-L 

predominates in the occipital and entorhinal cortices, thalamus and cerebellum. Moreover, the 

NR3-S variant was barely detectable in the latter region (Sun et al, 1998). During post-natal 
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development these variants have similar patterns of expressions. Expression is high during the 

first post-natal week, decreasing sharply afterwards, reaching adult levels by P10 (Sun et al, 

1998). Attempts were made to detect NR3A-L in the human brain, but it appears that NR3A-

L is not expressed in this species (Bendel et al, 2005; Eriksson et al, 2001; Nilsson et al, 2007). 

The reason for species specific expression of NR3A-L is currently unknown. 

V.1.3.3 NR3B 

The most recent NMDA receptor to be identified, NR3B, was cloned from a mouse 

spinal cord cDNA library and initially reported to have restricted expression in the rodent 

spinal cord and brain stem (Chatterton et al, 2002; Nishi et al, 2001). However, it has now 

been established that NR3B mRNA expression is widespread in central nervous system. NR3B 

mRNA is expressed in the hippocampus, cerebral cortex, cerebellum, striatum, substantia 

nigra and spinal cord (Matsuda et al, 2002; Wee et al, 2008). NR3B expression is detected as 

early as E16 but at low levels, rising postnatally and maintaining relatively constant levels of 

expression during post-natal development (Chatterton et al, 2002; Fukaya et al, 2005; 

Matsuda et al, 2002; Nishi et al, 2001; Prithviraj & Inglis, 2008). NR3B mRNA and protein 

follow similar expression patterns (Wee et al, 2008).  

The NR3B expression profile shares some similarities with NR1. Both are expressed in 

most cell types of the above mentioned brain regions and in the spinal cord. The two subunits 

have a similar developmental expression pattern. During development of the spinal cord there 

is an increase of NR1 and NR3B expression concomitant with a decrease of NR2A and 

NR3A, suggesting and increasing importance of NR3B in post-natal development (Fukaya et 

al, 2005; Matsuda et al, 2002; Moriyoshi et al, 1991). Indeed, NR3B may have a role in 

dendritic remodelling in the adult brain (Prithviraj & Inglis, 2008).  
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V.2 Results 

 NR3A is thought to be an important component of NMDA receptors complexes in white 

matter (Karadottir et al, 2005; Micu et al, 2006; Salter & Fern, 2005). However, little is 

known about the molecular features of white matter NR3 subunits. In this chapter I sought to 

confirm expression of NR3 subunits in white mater before cloning the full-length cDNAs in 

search for novel splice variants.  

V.2.1 NR3A and NR3B expression  

Expression of NR3A and NR3B in the neonatal brain and optic nerve was detected using 

real-time RT-PCR. The PCR reaction with specific primers for NR3A yielded only one band 

of the expected molecular size, ~140 bp as depicted in figure V-1A (table II-1). Unexpectedly 

NR3B amplification yielded 2 products. One of the expected size, ~100 bp, and one of ~280 

bp (figure V-1, table II-1). To confirm the identity of these products, both were cloned and 

sequenced. Sequence search using Blast revealed that the 100 bp product corresponded to the 

expected amplified sequence of NR3B mRNA. The 280 bp product sequence aligned perfectly 

with NR3B gene sequence (Grin3B). Further analysis confirmed that this extra sequence 

corresponded to intron 6 retention (genomic organization of Grin3B is depicted in figure V-

3).  

Genomic DNA contamination can sometimes be mistaken with regulated intron 

retention in transcripts. This was unlikely in our experiments because all RNA samples were 

treated with “rigorous” DNase treatment to degrade any contaminating genomic DNA. 

Nevertheless, to exclude the hypothesis of DNA contamination, a “no-RT” RT-PCR reaction 

was set-up containing RNA as input instead of cDNA. As depicted in figure V-1C, no 

product was amplified using the same NR3B primers, demonstrating that the intron sequence 

was amplified from cDNA and not from contaminating genomic DNA. This finding 

suggested the presence of a previously unidentified NR3B splice variant, generated by intron 
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retention. To determine the precise molecular nature of NR3 subunits in the optic nerve and 

in particular that of the identified splice variant, the full-length cDNA of these subunits was 

PCR amplified and cloned (figure V-2). 

V.2.1.1 NR3A cloning 

Full-length PCR amplification of NR3A resulted in a single band of the expected size (~4 

kb). This band was cloned and sequenced. Although NR3A exists in 2 forms, NR3A-S 

(L34938) and NR3A-L (AF073379), resultant from the alternative splicing of a 60 bp exon 

(Ciabarra et al, 1995; Sasaki et al, 2002a; Sucher et al, 1995), all 4 sequenced clones from 

either the brain or the optic nerve corresponded to the short NR3A variant, NR3A-S. Due to 

the coding of an extra amino acid sequence in the C-terminal with putative phosphorylation 

sites, it is speculated that NR3A-L may be involved in specific interactions with postsynaptic 

proteins different from those of NR3A-S (Sasaki et al, 2002a; Sun et al, 1998). Since NR3A 

appears to be an important subunit in white matter and may interact differently with 

regulatory proteins, expression of NR3A-L was investigated in neonatal rat optic nerve. To 

confirm the absence of NR3-L in the neonate optic nerve, primers that span across the spliced 

region were designed to amplify this region (figure V-1B). The amplification yielded only one 

product of the size expected for NR3A-S (figure V-1B). Although NR3A-L is expressed in the 

neonate rat brain, I was unable to detect it (Sun et al, 1998).  

V.2.1.2 NR3B cloning reveals a wealth of novel splice variants 

Given the appearance of more than one NR3B transcript in RT-PCR (figure V-1A), it 

was expected that amplification of full-length NR3B would yield more than one product. 

When the NR3B full-length cDNA was amplified (figure V-2), 3 bands were present in the 

gel: 3.5 Kb; 3 Kb; and 2.3 Kb. These bands were extracted and cloned separately. As the bands 

of low molecular size could correspond to NR3B transcripts with deleted sequences, several 

primer pairs were used to probe the bacterial colonies (clones) by PCR colony screening. This 
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strategy was adopted to avoid bias against splice variants which lacked the primer binding sites 

of one primer pair, during selection of positive clones and thus giving false negative results. 

Several positive clones from each band were sequenced and Blast search confirmed that 

each band corresponded to more than one NR3B transcript. Among the sequenced clones, 

several corresponded to the NR3B variant whose sequence is deposited in databases 

(NM133308.1). This variant will be henceforth referred to as NR3B for the sake of brevity. A 

large number of novel splice variants from both the neonate rat brat brain and optic nerve 

were also identified. When describing these novel variants I will refer to deletions and 

insertions on those novel variants. Please note that these deletions are relative to the canonical 

NR3B since this it is the best characterized transcript. A complete list of all splice variants with 

molecular and structural details can be found in table V-1 and figures V-3 and V-4. 

In total, eight novel NR3B splice variants were found in the rat optic nerve, six in the 

whole brain and two splice variants are common to both tissues (figure V-3, figure V-4 and 

table V-1). Five introns are alternatively retained (2, 5, 6, 7, 8), and no event of intron 

retention for introns 1, 3 and 4 was detected. Introns 5 and 6 are retained in NR3B cl#1, 

creating a shift in the reading frame and coding for a PTC in intron 5 (figure V-3). These two 

introns are also retained in NR3B cl#16 alongside a 185 nt intraexonic deletion at a canonical 

GT-AG splice junction in exon 3 (figure V-3). Only one variant, NR3B cl#24, was found 

containing intron 3 retained (figure V-3). NR3B cl#24 is also the variant with more introns 

retained, four, and also has 2 deletions: 384 nt using alternative donor-acceptor sites (GT-TG) 

inside exon 1 and exon 2; and the tandem repeat CCT in exon 3 and exon 5, resulting in 

1146 nt being alternatively deleted (figure V-3). 
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Figure V-1: Both NR3 subunits are expressed in the neonatal rat optic nerve  

cDNA produced from neonate rat brain (panel A, left) and optic nerve mRNA (panel A, 

right), was PCR amplified using primers that amplify actin (A), PCR control, or the NR3 

subunits: 3A, NR3A; 3B, NR3B. PCR products were separated in a 1.1% agarose gel, 

visualized with Sybr Safe dye, and the size of PCR products was estimated by comparison 

with a ladder (1 kb ladder, Invitrogen). Amplification products corresponding to the 

expected sizes were detected for each subunit. Expression of the two known NR3A splice 

variants was also tested (panel B). A primer pair was designed to anneal outside the 

spliced region to detect both variants, and used to amplify cDNA from the brain (Br) and 

optic nerve (ON). (C) A no-RT control was performed to exclude the possibility of 

genomic contamination in PCR reactions. 
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Figure V-2: Amplification of full-length NR3 cDNA from the RON  

cDNA originating from neonate rat optic nerve mRNA was PCR amplified using primers 

annealing at the 5’ and 3’ UTR of NR3A and NR3B. PCR products were separated in a 

1.1% agarose gel, visualized with Sybr Safe dye, and the bands sizes were estimated by 

comparison with a ladder (1 kb ladder, Invitrogen).  
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Four variants, NR3B cl#10, NR3B cl#12, NR3B cl#36 and NR3B cl#84, were found 

containing an 88 bp deletion. This deletion occurs intraexonically at +2379 nt using an 

alternative donor site inside exon 6 (GT) and exon 7 acceptor splice site (AG). The deletion 

causes a frame-shift resulting in a transcript without a termination codon (figure V-3). The 88 

exon alternative deletion was the only variation in NR3B cl#84, but was accompanied by an 

45 bp deletion in NR3B cl#12, using an alternative canonical splice site in exon 1 (1’’, table 

V-2) and exon 2 acceptor site; a 161 bp deletion from nt +689 to +842 using the tandem 

repeat GGGGGAA as a splice junction in NR3B cl#10; in NR3B cl#36 in conjunction with a 

335 bp deletion from nt +1390 to +1724 at the splice junction GT-TG. This 335 bp deletion 

in NR3B cl#36 leads to the coding of PTCs due to a frameshift (figure V-3). The alternative 

45 bp deletion also generates NR3B∆45 (figure V-4 and V-5). 

NR3B∆24 and NR3B cl#2 share a deletion of 24 bp that makes use of an alternative donor 

site in exon 1 (1’, table V-2) and the acceptor site of exon 2 (figure V-3 and V-4). The 

alternative donor site 1’, although canonical, appears to be weaker than the donor site used in 

NR3B (table V-2). There is a third alternative donor site in exon 1 used to generate NR3B∆45, 

1’’, which is relatively strong (table V-2 and figure V-5). NR3B cl#2 has two additional 

deletions of 161 nt and 630 nt with tandem repeats as splice sites: GGGGGAA and GGCC 

respectively. Although the 24 bp deletion does not change the NR3B cl#2 reading frame, the 

162 deletion does, resulting in the coding of PTCs. The alternative donor site 1’ is also used in 

conjunction with alternative donor sites (AG) inside intron 6 or intron 8, to generate NR3B 

cl#103 and NR3B cl#105 respectively (figure V-3). The deletions in these two variants are 

quite drastic and the predicted resulting polypeptides are less than a ¼ of the canonical NR3B 

protein.  
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Table V-1: NR3B splice variants  

NR3B variants were found in the brain and in the rat optic nerve (RON). Alternative 

splicing can occur in one or more exons and or/ due to intron retention. The appearance 

of PTCs due to frame-shift of the reading frame is common to several variants.  

VariantVariantVariantVariant    TissueTissueTissueTissue    
Intron Intron Intron Intron 

retainedretainedretainedretained    
Number of Number of Number of Number of 
deletionsdeletionsdeletionsdeletions    

ORF size ORF size ORF size ORF size 
(nt)(nt)(nt)(nt)    

Predicted Predicted Predicted Predicted 
protein (a.a)protein (a.a)protein (a.a)protein (a.a)    

PTCPTCPTCPTC    +/+/+/+/----    FigureFigureFigureFigure    

NR3BNR3BNR3BNR3B∆24∆24∆24∆24    brain  1 (24 nt at ex1) 2985 994 abstent 

V-4 

NR3BNR3BNR3BNR3B∆45∆45∆45∆45    brain/RON  1 (45 ntat ex1) 2964 987 absent 

NR3BNR3BNR3BNR3B∆600∆600∆600∆600    RON  
1 (600 nt at ex4-

ex9) 
2406 801 absent 

NR3BNR3BNR3BNR3B∆1125∆1125∆1125∆1125    RON  
1 (1125 nt at ex3-

ex9) 
1884 627 absent 

NR3B NR3B NR3B NR3B 
cl#1cl#1cl#1cl#1    

brain 5 and 6  3253 788 present 

V-5 

NR3B NR3B NR3B NR3B 
cl#2cl#2cl#2cl#2    

brain  
3 (24 nt at ex1; 
155nt at ex2; 
627nt at ex3) 

2193 243 present 

NR3B NR3B NR3B NR3B 
cl#6cl#6cl#6cl#6    

brain  
1 (935 nt at ex1-

ex3) 
2066 105 present 

NR3B NR3B NR3B NR3B 
cl#10cl#10cl#10cl#10    

brain  
2 (155 nt at ex2; 
88 nt at ex6-7) 

2869 251 present 

NR3B NR3B NR3B NR3B 
cl#12cl#12cl#12cl#12    

brain/RON  
2 (45 nt at ex1; 88 

nt at ex6-7) 

2963 
(including 
3’ UTR) 

987 
no stop 
codon 

NR3B NR3B NR3B NR3B 
cl#16cl#16cl#16cl#16    

RON 5 and 6 1 (153 nt at ex3) 2253 371 present 

NR3B NR3B NR3B NR3B 
cl#24cl#24cl#24cl#24    

RON 
2; 6; 7; 
and 8 

2 (384 nt at ex1-
ex2; 1146 nt at 

ex3-5) 
2089 135 present 

NR3B NR3B NR3B NR3B 
cl#36cl#36cl#36cl#36    

brain  
2 (326nt at ex3; 
88 nt at ex6-7) 

2695 522 present 

NR3B NR3B NR3B NR3B 
cl#75cl#75cl#75cl#75    

RON  
1 (901 nt at ex1-

ex2) 
2102 117 present 

NR3B NR3B NR3B NR3B 
cl#84cl#84cl#84cl#84    

RON  1 (88 nt at ex6-7) 
3008 

(including 
3’UTR) 

1002 
no stop 
codon  

NR3B NR3B NR3B NR3B 
cl#103cl#103cl#103cl#103    

RON 
6; 7; and 

8 
 1271 186 present 

NR3B NR3B NR3B NR3B 
cl#105cl#105cl#105cl#105    

RON  
1 (entire ex2-ex7 

sequence) 
878 223 present 
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Other variants were found containing extensive deletions. In NR3B cl#75 splicing at a 

tandem repeat, GGCCCGA, generates a transcript 907 nt shorter than NR3B. A transcript of 

only 937 nt, NR3B cl#6, was also found with an alternative deletions arising at the non-

canonical splice junction GC-UG (figure V-3). Two variants were found that although 

containing extensive deletions retain the coding sequences of membrane domains, ligand-

binding domains and part of the C-terminal domain. NR3B∆600 has a 600 nt deletion due to 

the use of an alternative donor site at exon 4 and an alternative acceptor in exon 9, at the 

splice junction CG-UG (figure V-4). NR3B∆1125 has an 1125 nt deletion due to the use of an 

alternative donor site at exon 3 and an alternative acceptor in exon 9, at the splice junction 

CU-GU (figure V-4). 

V.2.1.3 Predicted structure of NR3B splice variants 

The majority of the transcripts code for polypeptide chains lacking NMDA receptor 

membrane and ligand-binding domains (figure V-4). However, the four variants in which the 

reading frame remains unaltered retain some of typical NMDA receptors motifs (figure V-6). 

NR3B∆24 and NR3B∆45 lack 8 and 15 amino acids, respectively, in an overlapping region at the 

extracellular N-terminus and keep all membrane domains and the ligand-binging pocket 

(figure V-6; (Yao & Mayer, 2006). In NR3B∆1125, the deletion is predicted to lead to 

expression of a heavily truncated NR3B. Most of the protein sequence after M1 is missing 

(figure V-4 and V-6). Due to the extent of NR3B∆600 and NR3B∆1125 several putative 

phosphorylation and N-glycosylation sites are removed (figure V-6). 
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Figure V-3: Gene organization of Grin3b and NR3B splice variants predicted to be 

targeted for mRNA degradation pathways 

Rat NR3B gene (Grin2b) has 9 exons and the coding region is represented by orange 

boxes. Non-coding regions are represented as gray boxes. Introns are excluded (black/red 

connecting lines) to give rise to the final mRNA molecule (accession# NM133308.2). In 

the newly identified variants a different pattern of intron exclusion occurs (red connecting 

lines) creating premature termination codons or absence of a stop codon in the transcript 

(NR3B cl#84). Exons and introns are drawn to scale. Variants here depitect were 

considered to be unlikely to be translated and thus its physiology was not assessed in 

chapter VI. 
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Figure V-4: NR3B splice variants that retain coding sequences for important 

NMDA receptor domains 

Rat NR3B gene (Grin2b) has 9 exons and the coding region is represented by orange 

boxes. Non-coding regions are represented as gray boxes. Introns are excluded (black/red 

connecting lines) to give rise to the final mRNA molecule (accession# NM133308.2). In 

the newly identified variants NR3B∆24, NR3B∆45, NR3B∆600 and NR3B∆1125 a different 

pattern of intron exclusion occurs (red connecting lines). These variants retain important 

domains for NMDA receptor activity and share the same termination codon with the 

NR3B variant described in the literature.  For this reason, they were  chosen for 

recombinant expression in HEK293cells (chapter VI). Exons and introns are drawn to 

scale. 
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Table V-2: Splice site analyses of Grin3B  

Analysis of splice site strength performed with the tool NNSPLICE. Grin3B has several 

exons with suboptimal splice sites. In conjunction with short introns, this leads to 

increased likelihood of intron retention (Lareau et al, 2004; Sakabe & de Souza, 2007; 

Stamm et al, 2000). Splice site are bolded and exonic sequences are underlined. (1’)(1’)(1’)(1’) 24 

bp deletion: alternative donor in exon 1; (1’(1’(1’(1’’’’’)))) 45 bp deletion: alternative donor in exon 1; 

((((3333’)’)’)’) 1125 bp deletion: alternative donor in exon 3. A detailed scheme of splicing in exon 

1 is depicted in figure V-5. 

Splice Splice Splice Splice 
junction junction junction junction 
(intron)(intron)(intron)(intron)    

Donor 5' splice siteDonor 5' splice siteDonor 5' splice siteDonor 5' splice site    Acceptor 5' splice siteAcceptor 5' splice siteAcceptor 5' splice siteAcceptor 5' splice site    
Donor site Donor site Donor site Donor site 

scorescorescorescore    
Acceptor site Acceptor site Acceptor site Acceptor site 

scorescorescorescore    

1111    CCGGTGTGTGTACGC CCACCTCTTCCCAGAGAGAGA 0.95 0.40 

2222    TCGGTGTGTGTGAGT TCTATATTCCACAGAGAGAGG 0.99 0.98 

3333    AAGGTGTGTGTGAGG TGTCTCCCCCACAGAGAGAGC 1.00 0.46 

4444    CACGTGTGTGTGAGT GTCCTGCTCCACAGAGAGAGG 0.99 0.92 

5555    AGGGTGTGTGTGAGT CTCAATCTCCGCAGAGAGAGG 0.99 0.81 

6666    GAGGTGTGTGTGGGC TTGACCATTCGCAGAGAGAGA 0.29 0.02 

7777    CAGGTGTGTGTGAGG GTCTGTGCCCTTAGAGAGAGA 0.99 0.14 

8888    CAGGTGTGTGTGAGC CTCCTCTGTCCCAGAGAGAGC 0.98 0.93 

        

1’1’1’1’    GAGGTGTGTGTGCGC  0.35  

1’’1’’1’’1’’    GTGGTGTGTGTGAGC  0.87  

3’3’3’3’    CCTGTGTGTGTACGA  0.07  

 

The 200 amino acids deletion in NR3B∆600 may have an interesting structural 

consequence. The resultant polypeptide will lack M4 and part of the intracellular C-terminus 

(figure V-6). This means that the C-terminal, located intracellularly in NMDA receptors, will 

be extracellular in NR3B∆600. To confirm this prediction, the polypeptide sequences of NR3B 

and NR3B∆600 were analyzed using an algorithm to detect putative membrane regions (figure 

V-7). As expected, NR3B has four predicted membrane domains, whereas NR3B∆600 is lacking 
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M4 (figure V-6 and V-7). This indicates that NR3B∆600 remaining C-terminus sequence is 

located extracellularly rather than intracellularly as it occurs in NR3B (figure V-7).  

V.2.1.4 Addendum to annotated NR3B mRNA sequence 

I should point out that while analysing the sequences in search of possible mutated amino 

acids, a recurrent amino acid differed from the annotated sequence: S186G. This is the result 

of a single nucleotide difference, A -> G (+558 bp), between our NR3B clones and the 

deposited sequence in the NCBI database (NM_133308.2). This is unlikely to be due to rat 

strains polymorphisms since it was found in clones from Wistar and lister hooded animals. We 

will upload this corrected sequence to NCBI nucleotide database.  
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Figure V-5: Sequence alignment the splice junction of canonical NR3B, NR3B∆24 

and NR3B∆45 

Splicing of NR3B∆24, NR3B∆45 occurs intraexonically at the consensus 5’ site GT. The 

variants differ in the location of the splice site by 24 nt. Regions where splicing occurs are 

delimited by red boxes. Traces represent non-homologous regions. 
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Figure V-6: Alignment of NR3B variants predicted polypeptide sequences 

The deduce polypeptide sequence of NR3B and four novel splice variants that are 

predicted to form functional receptors was aligned using the software GeneDoc 

(http://www.nrbsc.org/gfx/genedoc/). Putative sites are shown for glycosylation (yellow 

boxes) and possible sites for protein kinase C (red boxes), Ca2+/calmodulin-dependent 

protein kinase II (green boxes), and tyrosine kinase (blue boxes) as analyzed by 

PROSITE. The putative phosphorylation sites were also assessed for strength using 

NetPhos2.0 (http://www.cbs.dtu.dk/services/NetPhos/). Only sites with high scores are 

listed. Bars show membrane-spanning regions (M1–M4) and ligand binding domains (S1 

and S2.  
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Figure V-7: Transmembrane domain prediction of NR3B and NR3B∆600 

Transmembrane domains were predicted using the TMHMM analysis algorithm (version 

2.0, http://www.cbs.dtu.dk/services/TMHMM-2.0/). Red regions indicated possible 

transmembrane domains with the relative probability of each indicated on the Y axis. 

Pink and blue regions denote predicted extracellular and intracellular domains, 

respectively. According to the algorithm NR3B has four membrane domains and 

NR3B∆600 lacks M4. This algorithm is not able to predict membrane loops, and thus, 

although M2 is represented as a transmembrane domain, it is a membrane loop. 

Consequently, NR3B C-terminus is intracellular and NR3B∆600 C-terminus extracellular 

(see figure V-4).  
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V.3 DISCUSSION 

In this chapter I have found that both NR3 subunits are expressed in rat white and gray 

matter. Full-length transcripts of these subunits were cloned and sequenced, revealing that 

NR3B undergoes extensive alternative splicing whereas no splice variant for NR3A was 

detected. The molecular properties of NR3B variants were also investigated.  

V.3.1 NR3 expression in white matter 

In previous work two different molecular approaches were used to detect NR3-B 

expression in rodent white matter: (1) antibodies that do not select between NR3A and NR3B 

proteins (Micu et al, 2006), or (2) PCR amplification of mRNA with specific primers for the 

two subunits (Salter & Fern, 2005). Although NR3 expression was detected with antibodies, 

no conclusion could be made with regard to the identity of NR subunits expressed in white 

matter. On the other hand, PCR amplification of NR3A mRNA was achieved whereas NR3B 

mRNA was not detected (Micu et al, 2006; Salter & Fern, 2005). I was able to amplify and 

clone NR3A and NR3B form the neonate rat optic nerve. NR3B expression is not due to non-

specific PCR amplification since sequencing confirmed the identity of amplified sequences. 

Thus, NR3B mRNA is expressed in rat white matter.  

What could explain the failure to detect NR3B expression in the mouse optic nerve (Salter 

& Fern, 2005)? It could be either due to species differences in mRNA expression but Grin3B 

is highly conserved between these two species (>80% overall sequence identity and 92% 

identity at gene promoter regions). Another possibility is related to technical issues. RNA 

extraction from the mouse optic nerve yields less RNA than from the rat. Also, analysis of the 

primers used in previous work indicated that these might not be efficient enough for NR3B 

detection (Salter & Fern, 2005). Despite these considerations, the results here presented 

clearly show that both NR3A and NR3B are expressed in the developing white matter. 
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NR3A is expressed in two different forms due to alternative splicing: NR3A-L and NR3A-

S. Their expression is somewhat different in that NR3A-S is more widely distributed in the 

brain and total NR3A-S mRNA levels are higher (Sasaki et al, 2002a; Sun et al, 1998). 

Expression of NR3A-L splice variant was not detected in the neonate optic nerve or brain 

(figure V-1B). Furthermore, cloning of full-length NR3A resulted in several NR3A-S clones 

but NR3A-L was not cloned. This is not particularly surprising as animal used were aged P10-

14 and expression of both variants decreases sharply after P7. In addition, NR3A-L expression 

is more restricted than NR3A-S, possibly accounting for the lack of detection of NR3A-L 

(Sasaki et al, 2002a; Sun et al, 1998). In addition, novel NR3A splice variants were not 

identified although the approach used here was designed to thoroughly screen NMDA 

receptor transcripts. Given the expression profile of NR3A during development, I cannot 

exclude the possibility that other NR3A variants are expressed at earlier developmental stages. 

V.3.2 Novel NR3B splice variants 

V.3.2.1 Structural and functional consequences of NR3B splicing 

In contrast to NR3A, for which only one transcript was identified, I have cloned a large 

number of novel NR3B splice variants form the optic nerve and the brain (table V-1, figures 

V-3 and V-4). Although the majority of these variants contain PTCs, four variants are 

originated by deletions that do not alter the reading frame: NR3B∆24; NR3B∆45; NR3B∆600 and 

NR3B∆1125 (table V-1, figure V-4 and V-6). NR3B∆24 and NR3B∆45 maintain all important 

NMDA receptor domains and no important residues appear to have been deleted (figure V-6). 

The deleted regions in these variants are located at the extracellular N-terminus, outside 

ligand-binding domains, and can possible affect regulation NR3B activity by extracellular 

molecules (Yao & Mayer, 2006). These variations share some similarities with NR1 N1 insert 

(figure III-1). This insertion is relatively small in length (21 amino acids) and occurs outside 

the ligand binding-pockets. Nonetheless, N1 regulates NMDA receptor inhibition by 
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extracellular molecules (Hollmann et al, 1993; Traynelis et al, 1998). NR1 and NR3 also have 

in common glycine binding pockets (Hirai et al, 1996; Yao & Mayer, 2006). It is thus fair to 

speculate that the deletions, albeit minor in length, could modulate NMDA receptor 

pharmacological properties and/or affect protein folding and binding pocket accessibility. 

NR3B∆600 and NR3B∆1125 suffer major changes as a result of the splicing (figure V-4 and 

V-6). NR3B∆600 has a truncated S2 and lacks M4 entirely, resulting in a protein whose C-

terminal domain is extracellular (figure V-4, V-6 and V-7). The truncation in the S2 is likely 

to affect glycine binding and receptor activity (Yao & Mayer, 2006). In NR3B∆1125, S2 is 

absent and only M1 is present. Despite the extent of these deletions, the remaining sequence is 

identical to that of NR3B and uses the same stop codon, indicating that these variants might 

be expressed and form functional receptors. Deletions at the C-terminal are likely to affect 

interaction with NR1 (or other NR3B-interacting proteins yet to be identified) and 

consequently trafficking of receptors to the membrane and receptor activity (Matsuda et al, 

2003; Perez-Otano et al, 2006). NR3A C-terminal interactions with post-synaptic proteins is 

important for activity dependent endocytosis of NMDA receptors (Perez-Otano et al, 2006). 

This mechanism appears to be important for rapid local regulation of NMDA receptors and 

synapse formation during development (Das et al, 1998; Perez-Otano et al, 2006). It is 

possible that NR3B activity could be modulated by regulation of alternative splice variants 

expression that limits endocytosis (Prithviraj & Inglis, 2008).  

V.3.2.2 Translation of splice variants 

Due to the nature of NR3B∆24 and NR3B∆45 deletions, it is likely that these variants are 

translated and form functional channels in combination with NR1 and NR2 subunits. How 

about NR3B∆600 and NR3B∆1125? On the one hand, the deletions do not alter the transcripts 

reading frame and nothing suggests in their molecular nature that these variants are targeted 

for degradation (Buhler et al, 2006; Maquat, 2004). On the other hand, their predicted 

structures lack important domains and NR3B∆600 structure is somewhat at odds with a 
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“typical” NMDA receptor. This is not the first reported example of alternative spliced 

receptors that although lacking important functional domains are functional. For example, 

glycine receptor (GlyR) splice variant β∆7, despite lacking 2 out 4 membrane domains, forms 

functional complexes with GlyRα1 (Oertel et al, 2007). This indicates that these new variants 

could be translated and form functional NMDA receptors.  

Expression of NR1 with a NR2A mutant lacking the C-terminal tail produces functional 

channels, but the absence of the C-terminus alters the pharmacology of NR1/NR2A receptors 

(Puddifoot et al, 2009). C-terminal truncation increases NR1/NR2A glycine potency and 

alters Mg2+-block at low Mg2+ concentrations (Puddifoot et al, 2009). Also, truncation of 

NR2A M4 and C-terminal tail results in non-functional channels whose activity is partially 

restored by co-expression of the removed M4+C-terminal (Schorge & Colquhoun, 2003). 

Since NR3B is a modulatory NMDA receptor subunit, non-essential for the assembly of 

functional receptors, it is possible that NR3B∆600 and NR3B∆1125 can have modulatory roles in 

NMDA receptor activity.  

Part of the splice variants here reported arise from a variety of molecular modifications 

which included alternative deletions, inclusions or a combination of both events (figure V-3-4 

and table V-1). The inclusions found are a result of intron retention and regardless of the 

combinations, these events often lead to a change in the mRNA reading frame and the coding 

of PTCs (figure V-3 and table V-1). Some of NR3B variants found result from intraexonic 

splicing (Chikaev et al, 2005; Cox et al, 2001; van der Ven et al, 2006). These alternative 

intraexonic deletions can occur due to the presence of splice sites within the exon, or even in 

the absence of any known non-canonical splice sites, which seems to be the case for all the 

intraexonic deletions found (figure V-3) (Chikaev et al, 2005; Cox et al, 2001). GlyRα1 has 

several splice variants due to the use of alternative acceptor sites in exon 9. One the variants, 

GlyRα1del, is originated in a non-canonical GT-CA. The resulting protein is truncated, 

generating a protein with a shortened loop between M3 and M4. Despite this truncation, 
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GlyRα1del forms functional glycinergic receptors with comparable properties to that of GlyRα1 

(Inoue et al, 2005).  

Similarly to NR2 splice variants, one has to question whether these transcripts are 

biological products or cloning artefacts. Firstly, intron retention events are unlikely to be 

genomic contamination (figure V-1C). Secondly, it is now accepted that there is a variety of 

alternative splicing modes and non-canonical splice can originate functional splice variants 

(Brackenridge et al, 2003; Gillespie et al, 1995; Hiller & Platzer, 2008; Inoue et al, 2005). If 

these variants were a mere PCR or RT artefacts one would expect deleted sequences and/or 

insertion of duplicated sequences (Chabot et al, 2008; Roy & Irimia, 2008). However, intron 

retention events are unlikely to be genomic contamination (figure V-1 and materials and 

methods), excluding the possibility that these variants are artefacts. 

V.3.2.3 Unsung NR3B splice variants 

At the time this project started we were unaware of any reported NR3B splice variants. 

Indeed, there is no deposited NR3B splice variants sequence in NCBI repository. In the past 

months, it came to our attention that other groups have identified NR3B variants. A variant 

lacking M4 similarly to NR3B∆600, was cloned from the human spinal cord. This variant uses 

non-canonical splice sites (GC-GG) between exon 8 and exon 9 (O. Bendel personal 

communication and (Bendel, 2008)). After cloning, the authors did not investigate this 

variant further.  

In a similar experiment to ours, when probing for NR3B gene expression, McRoberts and 

colleagues amplified a region of rat NR3B gene which yielded two products. One of the 

products was the result of a transcript containing intron 6 (figure V-1). Furthermore, this 

group designed a series of primers for NR3B mRNA and found multiple transcripts in adult 

rat dorsal root ganglia (DRG) primary sensory neurons due to intron retention between exons 

E4-E8 (McRoberts et al, 2003) and JA James A. McRoberts, personal communication, 
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unpublished data). These results confirm our findings that multiple NR3B variants are 

expressed in gray and white matter. The occurrence of NR3B splicing in humans indicates 

that NR3B alternative splicing exists across mammalian species and is evolutionary conserved.  

Table V-3: Sizes of rat NMDA receptors genes  

Rat NMDA receptors genes are highly variably in length and number of exons. The 

number of exons appears to be conserved in the subclasses of NMDA receptors. NR3B is 

the smallest gene. 

GeneGeneGeneGene    length (bp)length (bp)length (bp)length (bp)    ExoExoExoExonsnsnsns    

Grin1Grin1Grin1Grin1    26.592 22 

Grin2AGrin2AGrin2AGrin2A    417.141 13 

Grin2BGrin2BGrin2BGrin2B    461.293 13 

Grin2CGrin2CGrin2CGrin2C    17.998 15 

Grin2DGrin2DGrin2DGrin2D    38.384 13 

Grin3AGrin3AGrin3AGrin3A    195.684 9 

Grin3BGrin3BGrin3BGrin3B    6.324 9 

 

A common outcome of intron retention is the insertion of premature stop codons in the 

mature transcript often leading to degradation by non-sense mediated decay (Galante et al, 

2004; Lareau et al, 2004). This, however, is not the fate of all mRNAs with a retained intron. 

For example, an isoform of the mouse tgif2 gene that retains an intron in the coding region 

was shown to have biological activity (Melhuish & Wotton, 2006). Even when intron 

retention marks a transcript for degradation, it can be biologically relevant (Lareau et al, 

2004). Expression of the intron-retaining and intron-spliced isoforms varies along tissues, 

indicating that cellular factors are also involved in the control of intron retention (Stamm et al, 

2000). In fact, decreasing the levels of mRNAs of a given gene can be a function of alternative 

splicing. Apolipoprotein (apo) E4 has an alternative spliced isoforms resultant from intron 3 

retention (apoE-I3) (Xu et al, 2008). These transcripts are retained in the nucleus and are not 

translated in protein. Neuronal expression of apoE is controlled by transcription of apoE-I3 
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under normal conditions and by processing of apoE-I3 into mature apoE mRNA in response 

to injury (Xu et al, 2008). NR1 also has an mRNA isoform resulting from intron 11 retention 

that contains an in-frame stop codon (Campusano et al, 2005). The mRNA of this NR1 

variant is expressed in various brain regions of the rat embryo but not in the adult. 

Interestingly, expression of the novel NR1 mRNA isoform is regulated by both BDNF and 

metabotropic receptors activity (Campusano et al, 2005). This establishes a precedent for 

regulated intron retention in NMDA receptors and suggests a role for this mechanism in 

regulation of glutamatergic neurotransmission in the developing central nervous system. 

Intron retention is one of the major forms of alternative splicing and our results suggest 

that it is more prevalent in NR3B than in other NMDA receptor genes (Matlin et al, 2005). 

Before this work, only one splice variant resulting from intron retention in NR1 had been 

described (Campusano et al, 2005). Several mechanistic explanations have been put forward to 

explain intron retention. An intuitive explanation is that retained introns are flanked by weak 

splice sites that might not be properly recognized by the splicing machinery (Lareau et al, 

2004; Sakabe & de Souza, 2007; Stamm et al, 2000). It has been reported that strengthening 

sub-optimal splice sites flanking retained introns caused an increase in their removal levels or 

completely abolished retention (Dirksen et al, 1995; Romano et al, 2001). Another 

observation is that retained introns tend to be shorter and to occur in genes with overall 

shorter introns (Sakabe & de Souza, 2007). This could provide an explanation for the extent 

of intron retention in NR3B. Grin3B is the NMDA receptor gene with the smallest length 

and has compact gene architecture in the 3’ end (table V-3 and V-4; figure V-4). In addition, 

donor and acceptor splice sites of exons 6-8 are weak (table V-2). This genomic structure may 

put pressure on splicing machineries for intron recognition thus increasing likelihood of intron 

retention in NR3B (Sakabe & de Souza, 2007).  
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Table V-4: Grin3B intron-exon organization  

NR3B gene organization (NC005106) is quite compact towards the 3’ end of the gene. 

In this region relatively small exons are separated by small size introns and this 

organization my complicate intron-exon recognition by the splicing machinery leading to 

increased intron retention. 

ExonExonExonExon    StartStartStartStart    EndEndEndEnd    Exon sizeExon sizeExon sizeExon size    Intron sizeIntron sizeIntron sizeIntron size    

Ex 1Ex 1Ex 1Ex 1    5830 6323 493 1674 

Ex 2Ex 2Ex 2Ex 2    3561 4156 595 232 

Ex 3Ex 3Ex 3Ex 3    2298 3331 1033 765 

Ex 4Ex 4Ex 4Ex 4    1386 1534 148 81 

Ex 5Ex 5Ex 5Ex 5    1189 1305 116 75 

Ex 6Ex 6Ex 6Ex 6    962 1114 152 168 

Ex 7Ex 7Ex 7Ex 7    629 795 166 76 

ExExExEx    8888    485 554 69 81 

Ex 9Ex 9Ex 9Ex 9    7 406 399   

 

V.3.3 Grin3B polymorphic nature may be the cause of extensive alternative 
splicing  

Human Grin3B has a single nucleotide polymorphism per ~300 bp which is higher than 

the average gene (1 per ~1.400) (Altshuler et al, 2000; Niemann et al, 2008). Another frequent 

variation in human Grin3B is a small 4bp insertion in exon 3 that disrupts mRNA reading 

frame leading to non-functional protein (Niemann et al, 2008). Importantly, this null allele is 

present in ~10% of the human European-American population without any observable 

clinical or physiological consequence, consistent with the modulatory role of NR3B 

(Chatterton et al, 2002; Niemann et al, 2008; Nishi et al, 2001). In the adult brain, NR3B 

subunit may participate in activity-dependent reorganization of dendritic architecture and 

ablation of NR3B results in subtle behavioural changes (Niemann et al, 2007; Prithviraj & 

Inglis, 2008). Whether this role of NR3B is redundant and other proteins might compensate 
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for the absence of NR3B is still unknown. However, it seems unlikely that in the adult brain 

NR3A performs this compensatory role since its expression is low and restricted (Hon-Kit 

Wong, 2002).  

Alternative splicing is a major source of functional diversity in animal proteins and may 

play a role in genome evolution by allowing new exons to evolve with less constraint (Boue et 

al, 2003). A possible way in which alternative splicing participates in evolution is by 

incorporation of new exons in a small number of transcripts. These minor transcripts would 

be free to “evolve”, that is, undergo selection for new function and improved fitness of the 

organism, while the original transcript form would still accomplish its function (Boue et al, 

2003; Kondrashov & Koonin, 2003). Recently, it was demonstrated that genes implicated in 

various aspects of the nervous system show accelerated rates of evolution during human 

evolution and one of those genes could be NR3B (Dorus et al, 2004; Niemann et al, 2008). It 

is thought provoking to conceive that the NR3B variants herein described are part of this 

recent evolutionary process. Considering that NR3B is undergoing selective pressure, some of 

these variants could be gene products being tested for functionality. If functional and judging 

by the molecular structure of some that is likely, these variants could evolve to become major 

isoforms. That is, NR3B, unlike the other NMDA receptor subunits, is still evolving and the 

observed splice variants are part of that evolutionary process.  

In conclusion, several novel NR3B splice variants were cloned. Of these, I proposed that 

four (NR3B∆24; NR3B∆45; NR3B∆600 and NR3B∆1125) encode for functional receptor subunits 

with modified properties, thus increasing NMDA receptor functional diversity. This 

hypothesis was tested and the results are in the following chapter.  
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Chapter VI  

Physiology of NR3 subunits 
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VI.1 INTRODUCTION 

VI.1.1 NR3 modulatory properties 

NR3 subunits are NMDA receptor modulatory subunits. NR3A and NR3B homomers, 

or NR1/NR3 and NR2/NR3 diheteromers, do not form functional glutamate channels 

(Ciabarra et al, 1995; Matsuda et al, 2002; Nishi et al, 2001; Sucher et al, 1995). When 

expressed in combination with NR1 and NR2, NR3 subunits are recruited to the receptor 

complex and modulate the channel properties. NR3A coexpression causes a reduction of 

NR1/NR2B and NR1/NR2D current amplitudes, unitary conductance, Mg2+ sensitivity, and 

increases the mean open time of these NR1/NR2 channels (Ciabarra et al, 1995; Sasaki et al, 

2002a; Sucher et al, 1995). Similarly, coexpression of NR3B with NR1 and NR2A markedly 

depressed whole-cell current and Ca2+ permeability of the receptor (Matsuda et al, 2002; Nishi 

et al, 2001; Sasaki et al, 2002a). In contrast with NR3A, NR3B does not affect NR1/NR2A or 

NR1/NR2B voltage-dependent Mg2+ block, suggesting that although NR3 subunits have 

similar molecular and physiological properties, they are not functionally redundant (Nishi et 

al, 2001; Yamakura et al, 2005).  

NR3 subunits cannot form functional glutamate receptors when assembled with NR1, 

possibly due to the lack of the pore-forming amino acids in their polypeptide sequence. The N 

and N+1 residues, which lie in the M2 domain of NR1 and NR2 subunits, control channel 

permeability in NR1 and voltage-dependent Mg2+ block in NR2 subunits (Dingledine et al, 

1999). In the NR3A and NR3B polypeptide sequence, the corresponding residues are not 

conserved. It has thus been speculated that this difference is responsible for the lower Ca2+ 

permeability and Mg2+ insensitivity of NR3-containing NMDA receptors (Chatterton et al, 

2002; Ciabarra et al, 1995; Matsuda et al, 2002; Nishi et al, 2001; Sucher et al, 1995). 

However, NR3A and NR3B do not relief block by Mg2+ to the same extent. NR3A 

coexpression with NR1/NR2A relieves Mg2+ block of the receptor, whereas NR3B 

coexpression has no effect, indicating that changes in the N and N+1 site might not explain 



Chapter VI – Physiology of NR3 Subunits  

137 
 

NR3 modulatory properties.(Nishi et al, 2001; Sasaki et al, 2002a). This was confirmed by the 

observation that mutagenesis of NR3B aminoacids G629 and R630, to asparagines (N) as they 

occur in the NR1 pore, do not affect sensitivity to Mg2+ block (Yamakura et al, 2005). 

Furthermore, mutation of NR3A “N” site to asparagine does not alter NR3A dominant-

negative effect in NR1/NR2B (Sucher et al, 1995). These results indicate that these residues 

alone are not responsible for the physiological properties of NR3 subunits.  

VI.1.2 NR3 assembly and tracking 

The stoichiometry of NMDA receptors has not yet been established definitely, but the 

consensus is that NMDA receptors are tetramers that most often incorporate two NR1 and 

two NR2 subunits of the same or different subtypes (Dingledine et al, 1999). It has also been 

proposed that in receptors containing NR1, NR2 and NR3 subunits, one NR3 subunit 

substitutes for one of the NR2 subunits. Thus, the stoichiometry of an NMDA receptor with 

NR3 should be 2xNR1+1xNR2+1xNR3 (Kew & Kemp, 2005; Schuler et al, 2008). In the 

proposed model for NMDA receptor assembly by Schüler et al (2008), NR1 dimerizes 

separately with either an NR2 subunit or an NR3 subunit, and subsequently NR1/NR2 and 

NR1/NR3 dimers would assemble to form the final NMDA receptor complex. This model is 

predicted from the observation that neither the NR2 nor the NR3 subunits form oligomers in 

the absence of NR1 and that formation of NR1 dimers is not necessary for proper receptor 

assembly (Atlason et al, 2007; Meddows et al, 2001; Schuler et al, 2008). Under this model, 

NR2 and NR3 subunits would compete for assembly with NR1. Consistent with this model, 

coexpression of NR1, NR2A, and NR3A result in the appearance of a mixed population of 

functional NMDA receptor channels (NR1/NR2A and NR1-/NR2A/NR3A) (Perez-Otano et 

al, 2001). In addition to this in vitro work, complexes of NR1/NR2/NR3 subunits have also 

been found in vivo (Matsuda et al, 2003; Perez-Otano et al, 2001). This supports the idea that 

NR1 is the limiting subunit for the assembly of NMDA receptor complexes.  



Chapter VI – Physiology of NR3 Subunits  

138 
 

The association of NMDA receptor subunits occurs in the endoplasmic reticulum (ER). 

NR3A associates independently with both NR1 and NR2A in the ER, but only heteromeric 

complexes containing NR1 are targeted to the plasma membrane (Perez-Otano et al, 2001; 

Schuler et al, 2008). Indeed, coexpression of NR1 facilitates the surface expression of NR3A-

containing receptors, reducing accumulation of NR3A subunits in the endoplasmic reticulum. 

Assembly of the NR3B subunit into receptors also occurs in the ER and surface expression of 

NR3B requires NR1 expression (Matsuda et al, 2003). Although NR3 subunits contain ER 

retentions motifs, mutated subunits lacking the motifs are still retained in the ER, possibly 

because they lack forward trafficking signals (Matsuda et al, 2003; Perez-Otano et al, 2001). 

The C-terminal region of NR3B between amino acids 952 and 985 contains motifs that may 

mask the ER retention signal of the NR1 subunit, which then brings the NR3B subunit to the 

cell surface as a complex (Matsuda et al, 2003). Interestingly, although the C-terminal 

sequences of NR3B and NR3A do not share a high degree of homology, the region between 

positions 952 and 985 is relatively conserved amongst the two subunits (Matsuda et al, 2003). 

This suggests a common mechanism for NR3A and NR3B assembly and trafficking.  

VI.1.3 NR3 (extra-)synaptic localization 

Although NR3A can be found in synapses, it is localized predominantly in intracellular, 

peri- and extrasynaptic localizations in the dendritic spines of neurons (Perez-Otano et al, 

2006). In oligodendrocytes, NR3A is predominately concentrated in cellular processes, in 

clusters with NR1 and NR2C, and less prominent in the soma (Karadottir et al, 2005; Salter 

& Fern, 2005). NR3B is preferentially localized in somata of neurons (Wee et al, 2008). 

NR3A targeting to the synapse appears to be regulated during development and by synaptic 

activity. NR3A interacts with PACSIN1, a protein involved in clathrin-mediated endocytosis 

that regulates NR3A cell-surface removal. Furthermore, NR3A endocytosis requires ongoing 

neuronal activity and is stimulated by NMDA receptor activation. This suggests that increased 

synaptic activity and maturation drives NR3A downregulation during development (Perez-



Chapter VI – Physiology of NR3 Subunits  

139 
 

Otano et al, 2006). Whether such mechanism is in place for NR3B is still unknown. No 

NR3B interacting protein is known for NR3B, apart from NMDA receptors subunits. 

However, the apparent lack of NR3B in close proximity of synapses, contrary to NR3A, 

suggests non-redundant roles for these subunits in neuronal activity. 

VI.1.4 Knockout mice and the neuroprotective role of NR3 subunits 

The NR3A and NR3B knockout mouse are fertile and survive until adulthood without 

any noticeable abnormality, consistent with the proposed modulatory role for the NR3 

subunits (Das et al, 1998; Niemann et al, 2007). Cell cultures using NR3A genetically 

modified mice also provided some clues about NR3A physiology. Whole-cell NMDA receptor 

currents in NR3A-/- neuronal cortical cultures are unchanged, but current density is increased 

(Das et al, 1998). In NR3A-/- retinal cells NMDA receptor mediated [Ca2+]i rises were 

significantly higher than those in control cells (Sucher et al, 2003). Conversely, a population 

of neurons overexpressing NR3A has smaller conductance and show less Ca2+ permeability to 

NMDA-induced currents (Tong et al, 2008). In NR3A-/-, NMDA receptor mediated synaptic 

transmission is also altered. NMDA receptor component of EPSCs is larger in knockout mice 

than that their wild-type littermates (Tong et al, 2008).  

NR3A confers neuroprotection against several forms of excitotoxic insults. Cultured 

neurons prepared from NR3A-/- mice display greater sensitivity to damage by NMDA than 

control neurons (Nakanishi et al, 2009). In vivo, adult wild-type mice and neonatal NR3A 

KO mice suffer more damage than neonatal mice, which contain NR3A, after hypoxia–

ischaemia (Nakanishi et al, 2009). This data supports a neuroprotective role for NR3A.  

NR3B ablation causes mild deficiencies in motor learning and coordination in mice. 

These mice also have higher social interactions in the cage, showing anxiety-like behaviour, 

suggesting a possibly link of NR3B with psychiatric disorders in humans (Niemann et al, 

2007). The first reports of NR3B indicated that this subunit was predominately expressed in 
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motorneurons which was taken to indicate a role of NR3B in motorneuron diseases such as 

ALS (Chatterton et al, 2002; Nishi et al, 2001). However, and in contradiction with the 

putative neuroprotective role of NR3B, no motorneuron death was observed in knockout 

mice (Niemann et al, 2007). Consistently, approximately 10% of the human European-

American population has a complete deficiency in NR3B which is not associated with ALS or 

with any obvious clinical problems (Niemann et al, 2008). In conjunction with reports 

showing a wider expression, a pathogenic role for NR3B in the context of motorneuron 

diseases can be excluded. 
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VI.2 RESULTS 

The aim of this chapter was to study the modulatory properties of both known NR3 

receptor subunits and novel splice variants. Expression of recombinant NMDA receptors in 

Hek293 has been used extensively with different aims. Hek293 cells do not express natively 

glutamate receptors and are easy to transfect and cultivate. The biophysical properties of native 

NMDA receptors and recombinant NMDA receptors expressed in Hek293 cells are similar 

(Lynch & Guttmann, 2001). For my particular aim, the use of Hek293 cells also has another 

important advantage: Hek293 resting membrane potential (-40 mV) is similar to that of 

myelin-forming oligodendrocytes in the rat optic nerve (Bolton & Butt, 2006; Thomas & 

Smart, 2005). Thus, the results can be compared with the properties of oligodendrocytic 

NMDA receptors in the developing with matter. By using Ca2+ imaging I measured a 

physiological response to NMDA receptors activation in cells expressing various combinations 

of NR1/NR2 and NR3 subunits. 

Following transfection with NMDA receptors subunits, Hek293 cells were loaded with 

fura-2, challenged with glutamate plus glycine and [Ca2+]i rises were recorded. Unless stated 

otherwise, all recording were made in a Mg2+-free solution. Cells expressing CFP and YFP 

(NR1/NR2x) or CFP, YFP and mCherry (NR1/NR2x/NR3x) were selected as regions of 

interest (ROI) for analysis. Stimulation of cells with increasing concentrations of glutamate 

(0.1; 1; 10; 100 and 1000 µM) + 10 µM glycine (gly) resulted in increased intracellular Ca2+ 

concentration ([Ca2+]i) as show by the representative traces of figure VI-1.  
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Figure VI-1: Representative traces of glutamate-evoked [Ca2+]i in Hek293 cells 

transfected with NMDA receptors 

Hek293 cells expressing NMDA receptors were loaded with fura-2 and stimulated for 15 

sec with five different glutamate concentrations (0.1; 1; 10; 100 and 1000 µM), in the 

presence of 10 µM Glycine. Each trace represents recordings from a single representative 

cell. Arrows indicate the time point of stimulation.  
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VI.2.1 NR3 subunits modulate glutamate potency 

Challenging transfected cells with increasing concentrations of glutamate (in the presence 

of 10 µM glycine and absence of Mg2+), resulted in [Ca2+]i rises (figure VI-1). These [Ca2+]i 

rises were plotted against the logarithmic values of the glutamate concentrations, as seen in 

figure VI-2, to calculate the half-maximal responses of NMDA receptors to glutamate. The 

calculated half maximal effective concentration (EC50) and the negative logarithm of the 

EC50 (pEC50) for glutamate are plotted in figure VI-3 and the results summarized in table 

VI-1.  

VI.2.1.1 NR3A and NR3B 

NR3A expression with NR1/NR2A or NR1/NR2B did not cause a significant change of 

the pEC50 (figure VI-3A and VI-3B). However, NR3A reduced glutamate potency for 

NR1/NR2C (pEC50=4.67±0.007 n=109 NR1/NR2C; pEC50=4.61±0.008 n=98 

NR1/NR2C/NR3A; p<0.001, figure V-3C). Coexpression of NR3B with NR1/NR2A caused 

an increase in glutamate EC50 (pEC50=5.38±0.062, n=146 NR1/NR2A; 

pEC50=5.19±0.074, n=120 NR1/NR2A/3B; p<0.05, figure V-3A) and increased glutamate 

potency when expressed with NR1/NR2B (pEC50=5.30±0.041, n=185 NR1/NR2B; 

pEC50=5.56±0.071, n=150 NR1/NR2B/NR3B; p<0.05, figure V-3B) and NR1/NR2C 

(pEC50=4.67±0.007 n=109 NR1/NR2C; pEC50=4.99±0.007, n=66 NR1/NR2C/NR3B; 

p<0.001, figure V-3C). 

VI.2.1.2 NR3B splice variants 

The novel NR3B splice variants also caused changes in glutamate potency (figure VI-3). 

When expressed with NR1/NR2A (pEC50=5.38±0.062, n=146), NR3B∆24 

(pEC50=5.03±0.061, n=105, p<0.01), NR3B∆45 (pEC50=4.96±0.042, n=145, p<0.001), 

NR3B∆600 (pEC50=4.90±0.055, n=107, p<0.001) and NR3B∆1125 (pEC50=5.09±0.077, 
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n=159, p<0.05) lead to an increase of the glutamate EC50. NR3B splice variants showed no 

significant differences in their influence on the glutamate potency for NR1/NR2A. NR3B∆24 

coexpression with NR1/NR2B decreased the glutamate EC50 (pEC50=5.69±0.058, n=147, 

p<0.001. The other NR3B variants did not change significantly the glutamate EC50 of 

NR1/NR2B receptors (figure VI-3B). No significant difference was observed between the 

NR3B variants expressed in combination with NR1/NR2B (figure VI3.B). In combination 

with NR1/NR2C, NR3B variants have opposite effects in glutamate potency. 

NR1/NR2C/NR3B∆600 increased EC50 for glutamate (pEC50=4.87±0.105, n=35) compared 

to NR1/NR2C alone (pEC50=4.67±0.001 n=109, p<0.001), but this increase is smaller than 

that of NR1/NR2C/NR3B (pEC50=4.99±0.001, n=66 NR1/NR2C/NR3B; p<0.001). In 

contrast, NR1/NR2C/NR3B∆45 and NR1/NR2C/NR3B∆1125 decreased the EC50 for 

glutamate of NR1/NR2C (pEC50=4.56±0.148, n=32 NR1/NR2C/NR3B∆45 p<0.001 

compared to NR1/NR2C; pEC50=4.48±0.121, n=13 NR1/NR2C/NR3B∆1125; p<0.001 

compared to NR1/NR2C, figure V-3C). NR3B∆24 coexpression did not change NR1/NR2C 

glutamate EC50.  

Table VI-1: Summary of NR3 effects on glutamate potency of NMDA receptors 

Recombinant expression of NR3 subunits with NR1 and NR2 changes glutamate 

potency of NMDA receptors. These effects are dependent on NR2 identity. This is a 

qualitative summary of results plotted in figure VI-3. Variations are in comparison to 

NR1/NR2 expression without co-expression of NR3 subunits: (=) no changes observed; 

(+) increase in potency; (-) decrease in potency.  

    NR1/NR2ANR1/NR2ANR1/NR2ANR1/NR2A    NR1/NR2BNR1/NR2BNR1/NR2BNR1/NR2B    NR1/NR2CNR1/NR2CNR1/NR2CNR1/NR2C    

NR3ANR3ANR3ANR3A    = = --- 

NR3BNR3BNR3BNR3B    - + +++ 

NR3BNR3BNR3BNR3B∆24∆24∆24∆24    -- +++ = 

NR3BNR3BNR3BNR3B∆45∆45∆45∆45    --- = --- 

NR3BNR3BNR3BNR3B∆600∆600∆600∆600    --- = +++ 

NR3BNR3BNR3BNR3B∆1125∆1125∆1125∆1125    - = --- 



Chapter VI – Physiology of NR3 Subunits  

146 
 

 

 

Figure VI-2: Glutamate dose-response curves of NMDA receptors  

Glutamate dose-responses from individual cells transfected with NMDA receptors were 

plotted to calculate glutamate EC50. Intracellular Ca2+ rises were normalized to the 

maximal responses (obtained with 1 mM glutamate). The calculated EC50s can be shown 

on figure V-3. Data is represented as mean±sem. Each data point was obtained of at least 

3 independent transfections. Number of cells per data point is 107-159 (A); 111-320 (B) 

and 13-126 (C). 
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Figure VI-3: Estimates of glutamate potency (pEC50) for NMDA receptors 

pEC50 values were estimated using glutamate dose-response curves (figure V-2) generated 

by single-cell Ca2+ imaging. Data is represented as mean±sem. Each data point was 

obtained of at least 3 independent transfections. Number of cells per data point is 107-

159 (A); 111-320 (B) and 13-126 (C). *** p<0.001 compared to the corresponding 

NR1/NR2 (A-C); ### p<0.001 compared to NR1/NR2(A-B)/NR3B.  



Chapter VI – Physiology of NR3 Subunits  

148 
 

VI.2.2 NR3 modulation of glutamate-induced [Ca2+]i rises 

VI.2.2.1 NR3A and NR3B 

[Ca2+]i rises of NMDA receptors subtypes were different depending on the subunit 

combination (figure VI-4). [Ca2+]i rises of NR1/NR2A expressing cells was 297.2±12.70 nM, 

NR1/NR2B 196.1±6.34 nM and NR1/NR2C 82.18±7.21 nM. As expected NR1/NR2C 

[Ca2+]i rises were modest compared to NR1/NR2A and NR1/NR2B. I also noticed that 

although a similar number of transfected cells was selected for analysis for these three subtypes, 

approximately 30 per coverslip, the percentage of cells with [Ca2+]i rises above basal after 

stimulation was significantly smaller for NR1/NR2C, compared to NR2A and NR2B (figure 

VI-4 and VI-5). Furthermore, coexpression of NR3B variants with NR1/NR2C resulted in 

fewer cells responding above basal after stimulation (figure VI-4). This can be explained 

because NR1/NR2C channels have lower conductance, Ca2+ permeability and have a low open 

probability making the recordings more challenging (Burnashev et al, 1995; Dravid et al, 

2008; Stern et al, 1992). Indeed there is only one paper were NR1/NR2C mediated single-cell 

[Ca2+]i rises have been recorded. The method used in this work was confocal imaging of a non-

ratiometric dye (Grant et al, 1998). In electrophysiological recordings, NR1/NR2C also shows 

small ion currents and is difficult to record electrophysiologically (Woodward JJ, personal 

communication and (Plested, 2008)).  

Since fura-2 is a ratiometric dye, by inspection of the 340 and 380 nm readings, I could 

select for analysis cells that showed a true response to glutamate. Cells whose individual 340 

and 380 individual fluorescence intensities did not change inversely were excluded. It is likely 

that a larger number of cells expressing NR1/NR2C respond to glutamate stimuli, but the 

increases are below our detection limit. Thus, [Ca2+]i values in NR1/NR2C of expressing cells 

here presented reflect an overestimate, since only larger responses are detected.  
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Figure VI-4: Quantification of transfected cells and responsive cells after 

stimulation with glutamate  

Although a similar number of cells express each NMDA receptor subtype (A, C and E) 

the number of cells with [Ca2+]i rises above basal is smaller in NR2C expressing cells. 

Coexpression of NR3B variants increases this effect (B, D and F). Data is represented as 

mean±sem. Number of cells per data point is 116-205 (A); 121-342 (B) and 174-218 (C) 

of at least 3 independent transfections. * p<0.05 compared to NR1/NR2C; *** p<0.01 

compared to NR1/NR2C; *** p<0.001 compared to NR1/NR2C; # p<0.05 compared to 

NR1/NR2C/NR3B. 
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When stimulated at lower glutamate concentrations, 0.1 and 10 µM, the expression of 

NR3A reduced NR1/NR2A receptors mediated [Ca2+]i rises by 43% and 33%, respectively 

(figure VI-5A). NR3B also reduced NR1/NR2A mediated [Ca2+]i rises but the effect was more 

pronounced: it occurred in all concentrations tested, by 46%, 60%, 64%, 56%, 54%, 

respectively (figure VI-5B). NR1/NR2B [Ca2+]i rises appear to be relatively unaffected by NR3 

coexpression. NR3A coexpression with NR1/NR2B did not change glutamate induced [Ca2+]i 

rises comparatively to NR1/NR2B, at any of the concentrations tested (figure VI-5C). 

Coexpression of NR3B lead to an increase in [Ca2+]i rises of NR1/NR2B when cells were 

stimulated with 0.1 µM (36% increase vs NR1/NR2B) and 10 µM (21% increase vs 

NR1/NR2B, figure VI-5D). [Ca2+]i rises of NR1/NR2C receptors increased significantly when 

NR3A was coexpressed with NR1/NR2C (figure VI-5E). This effect was observed in all 

glutamate concentrations tested except for 0.1 µM. Although NR3B coexpression had a 

similar effect at 1 µM, in all other concentrations tested, NR3B did not change NR1/NR2C 

mediated [Ca2+]i rises (figure VI-5F). 

VI.2.2.2 NR3B splice variants 

The novel NR3B variants also affect [Ca2+]i following stimulation with glutamate. These 

effects are dependent on the NR2 subunit and NR3B splice variant forming the receptor. 

Coexpression of NR3B variants with NR2A lead to a decrease in [Ca2+]i compared to 

expression of NR1/NR2A as plotted in figure VI-6A. The extent of the decrease is similar for 

all variants at 0.1-10 µM, approximately 50-60%. However, stimulation with 100 µM and 1 

mM, NR3B∆45 although diminishing [Ca2+]i, is less effective than the other NR3B variants 

(figure VI-6A). Coexpression of the variants with NR2B reveals no particular trend in terms of 

[Ca2+]i following glutamate stimulation. NR3B∆1125 reduces [Ca2+]i after stimulation with all 

glutamate concentrations except 0.1 µM (figure VI-6B). NR3B∆45 coexpression increases 

NR1/NR2B [Ca2+]i rises induced with 1, 10 and 100 µM glutamate. A similar effect is 

observed in NR1/NR2B/NR3B∆600 expressing cells, but only after stimulation with 10 and 



Chapter VI – Physiology of NR3 Subunits  

152 
 

100 µM glutamate (figure VI-6B). Coexpression of the NR3B variants has no significant effect 

on NR1/NR2C (figure VI-6C). 

 

Table VI-2: NR3 subunits modulate glutamate-induced [Ca2+]i raise of NR1/NR2 

receptors 

Glutamate stimulation leads to [Ca2+]i rises in NR1/NR2 expressing cells. Co-expression 

of NR3 variants modulate these glutamate-induced [Ca2+]i rises. This is a qualitative 

summary of results plotted in figure VI-5 and VI-6. Variations are in comparison to 

NR1/NR2 expression without co-expression of NR3 subunits: (=) no changes observed; 

(+) increase in [Ca2+]i rises; (-) decrease in [Ca2+]i rises. When the effects were only 

observed in some of the glutamate concentrations tested, these are indicated. 

    NR1/NR2ANR1/NR2ANR1/NR2ANR1/NR2A    NR1/NR2BNR1/NR2BNR1/NR2BNR1/NR2B    NR1/NR2CNR1/NR2CNR1/NR2CNR1/NR2C    

NR3ANR3ANR3ANR3A    --- (1 and 10 µM) = ++ 

NR3BNR3BNR3BNR3B    --- ++(1 and 10 µM) + (1 µM) 

NR3BNR3BNR3BNR3B∆24∆24∆24∆24    --- +++ (1, 10 and 100 µM) = 

NR3BNR3BNR3BNR3B∆45∆45∆45∆45    --- = = 

NNNNR3BR3BR3BR3B∆600∆600∆600∆600    --- ++(10 and 100 µM) = 

NR3BNR3BNR3BNR3B∆1125∆1125∆1125∆1125    --- --- = 
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Figure VI-5: NR3A and NR3B subunits change Ca2+ influx through NMDA 

receptors in a NR2-dependent fashion  

Single-cell [Ca2+]i rises were recorded following stimulation with several glutamate 

concentrations in the presence of 10 µM glycine, figure V-5. Quantified of [Ca2+]i rise for 

the various NMDA receptor compositions reveals that NR3A and NR3B effects 

dependent on the NR2 subunit expressed in the same cells. Data is represented as 

mean±sem. Each data point was obtained of at least 3 independent transfections. Number 

of cells per data point is 107-159 (A); 111-320 (B) and 13-126 (C). * p<0.05 compared 

to NR1/NR2B-C; ** p<0.01 compared to NR1/NR2C; *** p<0.001 compared to 

NR1/NR2A-B. 



Chapter VI – Physiology of NR3 Subunits  

155 
 

VI.2.3 Mg2+ sensitivity 

Voltage-dependent Mg2+ block is one of most important aspects of NMDA receptor 

physiology (McBain & Mayer, 1994). To determine how NR3 subunits affect NMDA 

receptor Mg2+ block, transfected cells were exposed to 100 µM glutamate+10 µM glycine, 

followed by the same stimulus in the presence of 2 or 10 mM Mg2+ (figures VI-7 to VI-9). 

Values are expressed as arbitrary units relative to glutamate-induced [Ca2+]i rise in the absence 

of Mg2+. The presence of both 2mM and 10 mM Mg2+ diminished [Ca2+]i rises in cells 

expressing NR1/NR2A, NR1/NR2B and NR1/NR2C (figures VI-7 to VI-9). In cells 

expressing NR1/NR2A the [Ca2+]i rises were 0.54±0.025 in the presence of 2 mM Mg2+, and 

0.34±0.206 in presence of 10 mM Mg2+ (figure VI-7). Both Mg2+ concentrations had similar 

effect in NR1/NR2B: 2 mM Mg2+ lowered responses to 0.84±0.022 and 10 mM Mg2+ to 

0.88±0.028 (figure VI-8). In the presence of 2 mM Mg2+, [Ca2+]i of NR1/NR2C expressing 

cells was 0.60±0.058 and 0.29±0.027 in presence of 10 mM Mg2+ (figure VI-9). 

VI.2.3.1 NR3 modulation of Mg2+-block 

NR3A did not affect NR1/NR2A Mg2+ block (0.61±0.024, 2 mM Mg2+; 0.37±0.023, 10 

mM Mg2+; figure VI-7). In contrast, all NR3B variants significantly increased Mg2+ block of 

NR1/NR2A (figure VI-7). NR3B reduced [Ca2+]i rises to 0.33±0.022 in 2 mM Mg2+ (p<0.001 

compared to NR1/NR2A) and 0.20±0.015 in 10 mM Mg2+ (p<0.001 compared to 

NR1/NR2A). Mg2+ had a similar effect in NR1/NR2A/NR3B∆24 (0.28±0.018, 2 mM Mg2+; 

0.14±0.017, 10 mM Mg2+; p<0.001 compared to NR1/NR2A in the same conditions), 

NR1/NR2A/NR3B∆45 (0.37±0.019, 2 mM Mg2+; 0.16±0.013, 10 mM Mg2+; p<0.001 

compared to NR1/NR2A in the same conditions), NR1/NR2A/NR3B∆600 (0.30±0.018, 2 

mM Mg2+; 0.13±0.010, 10 mM Mg2+; p<0.001 compared to NR1/NR2A in the same 

conditions) and NR1/NR2A/NR3B∆1125 (0.27±0.016, 2 mM Mg2+; 0.23±0.017, 10 mM 

Mg2+; p<0.001 compared to NR1/NR2A in the same conditions). 
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Figure VI-6: Effect of NR3B splice variants on [Ca2+]i rises mediated by NMDA 

receptors  

Single-cell [Ca2+]i rises were recorded following stimulation with several glutamate 

concentrations in the presence of 10 µM glycine, figure V-5. Quantification of [Ca2+]i 

rises for the various NMDA receptor compositions reveals that NR3B splice variants 

differentially modify NMDA receptor mediated [Ca2+]i rises. Data is represented as 

mean±sem. Each data point was obtained of at least 3 independent transfections. Number 

of cells per data point is 107-159 (A); 111-320 (B) and 13-126 (C). * p<0.05 compared 

to NR1/NR2B-C; ** p<0.01 compared to NR1/NR2B; *** p<0.001 compared to 

NR1/NR2A-B. # p<0.05 compared to NR1/NR2B/NR3B; ## p<0.01 compared to 

NR1/NR2A-B/NR3-B; ### p<0.001 compared to NR1/NR2B/NR3B.  
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Table VI-3: Modulation of NR1/NR2 Mg2+-block by NR3 subunits 

Stimulation of NMDA receptors in the presence of extracellular Mg2+ results in reduced 

[Ca2+]i rises. This block can be modulated by NR3 subunits. This table summarizes the 

effects that coexpression of NR3 subunits have on glutamate-induced [Ca2+]i rises in cells 

expressing NR1/NR2A-C in the presence of 2 and 10 mM Mg2+. This is a qualitative 

summary of results plotted in figure VI-7, VI-8 and VI-9. Variations are in comparison to 

NR1/NR2 expression without co-expression of NR3 subunits stimulated in media 

containing equivalent amounts of Mg2+: (=) no changes observed; (+) increase in [Ca2+]i 

rises; (-) decrease in [Ca2+]i rises.  

    NR1/NR2ANR1/NR2ANR1/NR2ANR1/NR2A    NR1/NR2BNR1/NR2BNR1/NR2BNR1/NR2B    NR1/NR2CNR1/NR2CNR1/NR2CNR1/NR2C    

    2 mM2 mM2 mM2 mM    10 mM10 mM10 mM10 mM    2 mM2 mM2 mM2 mM    10 mM10 mM10 mM10 mM    2 mM2 mM2 mM2 mM    10 mM10 mM10 mM10 mM    

NR3ANR3ANR3ANR3A    ====    ====    ------------    ------------    ====    ====    

NR3BNR3BNR3BNR3B    +++ +++ ++ +++ ====    ====    

NR3BNR3BNR3BNR3B∆24∆24∆24∆24    +++ +++ = + ====    ====    

NR3BNR3BNR3BNR3B∆45∆45∆45∆45    +++ +++ = +++ ====    ====    

NR3BNR3BNR3BNR3B∆600∆600∆600∆600    +++ +++ = +++ ====    ====    

NR3BNR3BNR3BNR3B∆1125∆1125∆1125∆1125    +++ +++ = +++ ====    ====    

 

NR3A expression relieved Mg2+ of NR1/NR2B in both concentrations (1.07±0.02, 2 mM 

Mg2+; 1.048±0.028, 10 mM Mg2+; p<0.001 compared to NR1/NR2B in the same conditions; 

figure VI-8). In the presence of 2 mM Mg2+, NR3B increased significantly Mg2+ block of 

NR1/NR2B (0.70±0.036, p<0.01) but none of the novel splice variants affected block by 

Mg2+ at this concentration (figure VI-8). In the presence of 10 mM Mg2+, 

NR1/NR2B/NR3B∆24 increased Mg2+ block compared to NR1/NR2B (0.76±0.028, p<0.05) 

but to a lesser extent compared to NR1/NR2B/NR3B (p<0.001). The other three splice 

variants increased Mg2+ block, compared to NR1/NR2B (NR1/NR2B/NR3B∆45 0.62±0.030; 

NR1/NR2B/NR3B∆600 0.45±0.028; NR1/NR2B/NR3B∆1125 0.47±0.020; p<0.001). 
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In the presence of 2 and 10 mM Mg2+, [Ca2+]i in NR1/NR2C expressing cells was 

0.60±0.058 and 0.29±0.027, respectively (figure VI-9). Neither NR3A nor any of the NR3B 

splice variants had an effect in NR1/NR2C block by Mg2+ in both of the tested concentrations 

(figure VI-9). 

VI.2.4 NR1/NR3 glycine receptors 

NR3 subunits when expressed with NR1 form excitatory glycine receptors (Chatterton et 

al, 2002). The pharmacology of these receptors is quite different from “typical” NMDA 

receptors. NR1/NR3 receptors are activated by glycine alone and are unaffected by glutamate. 

These receptors are also insensitive to Mg2+ bock and relatively impermeable to Ca2+ (Cavara et 

al, 2009; Chatterton et al, 2002). In mammalian cells, these glycinergic receptors are formed 

only when NR1 is expressed with both NR3A and NR3B (Smothers & Woodward, 2007). 

Since these receptor are poorly described in the literature I sought to express the novel NR3B 

variants and determine if they have effect on these receptors. NR3 glycine receptors have low 

permeability to Ca2+, but it is likely that they are permeable to Na2+ (Chatterton et al, 2002). 

Thus, I imaged [Na2+]i with the dye SBFI. SBFI binds to Na2+ and has similar absorption and 

excitation properties as Fura-2 so it wasn’t necessary to change microscopy or loading settings, 

and the same filters could be used.  

Following loading with SBFI cells were challenged with 10 µM glycine, 100 µM and 100 

µM glycine, and 100 µM glutamate. However, none of these stimulus evoked significant 

[Na2+]i rises in cells expressing NR1/NR3A or NR1/NR3A/NR3B variants (figure VI-10). 

Replacing the canonical NR3B with the novel splice variants also failed to produced detectable 

changes in [Na2+]i (figure VI-10). To exclude the possibility of some technical problem, cells 

expressing NR1/NR2B were challenged with 400 µM glutamate and 100 µM glycine. This 

stimulus evoked reproducible [Na2+]i rises (figure VI-10).  



Chapter VI – Physiology of NR3 Subunits  

160 
 

 

Figure VI-7: Sensitivity of NR1/NR2A to Mg2+ block in the presence of NR3 

subunits  

Representative traces of single-cell [Ca2+]i responses to 100 µM glutamate + 10 µM 

glycine in the absence and presence and of 2 mM and 10 mM Mg2+. Arrows represent 

time of stimulation 100 µM glutamate+ µM glycine (15 seconds stimulus) and lines 

represent presence of Mg2+ in the solution. (B) Responses in the presence of Mg2+ are 

plotted as percentage of maximal response to glutamate in the absence of Mg2+. Data is 

represented as mean±sem. Each data point was obtained of at least 3 independent 

transfections. Number of cells per data point is 122-163. *** p<0.001 compared to 

NR1/NR2A; # p<0.05 compared to NR1/NR2A/NR3B; ### p<0.01 compared to 

NR1/NR2A/NR3B.  



Chapter VI – Physiology of NR3 Subunits  

161 
 

(A)  

Figure VI-8: Sensitivity of NR1/NR2B to Mg2+ block in the presence of NR3 

subunits  

(A) Representative traces of single-cell [Ca2+]i responses to 100 µM glutamate + 10 µM 

glycine in the absence and presence and of 2 mM and 10 mM Mg2+. Arrows represent 

time of stimulation 100 µM glutamate+ µM glycine (15 seconds stimulus) and lines 

represent presence of Mg2+ in the solution. (B) Responses in the presence of Mg2+ are 

plotted as percentage of maximal response to glutamate in the absence of Mg2+. Data is 

represented as mean±sem. Each data point was obtained of at least 3 independent 

transfections. Number of cells per data point is 106-216. * p<0.05 compared to 

NR1/NR2B; ** p<0.01 compared to NR1/NR2B; *** p<0.001 compared to 

NR1/NR2B; ### p<0.01 compared to NR1/NR2B/NR3B. 
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Figure VI-9: Sensitivity of NR1/NR2C to Mg2+ block in the presence of NR3 

subunits.  

(A) Representative traces of single-cell [Ca2+]i responses to 100 µM glutamate + 10 µM 

glycine in the absence and presence and of 2 mM and 10 mM Mg2+. Arrows represent 

time of stimulation 100 µM glutamate+ µM glycine (15 seconds stimulus) and lines 

represent presence of Mg2+ in the solution. (B) Responses in the presence of Mg2+ are 

plotted as percentage of maximal response to glutamate in the absence of Mg2+. Data is 

represented as mean±sem. Each data point was obtained of at least 3 independent 

transfections. Number of cells per data point is 7-64. 
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Figure VI-10: Representative traces of glutamate and/or glycine-evoked [Na2+]i 

rises in Hek293cells transfected with NMDA receptors  

Hek293 cells expressing NMDA receptors were loaded with SBFI and stimulated for 15 

sec with (A) 400 µM glutamate and 100 µM glycine which evoked responses in 

NR1/NR2B transfected cells, but not in Hek293 untransfected cells. (B) Cell expressing 

different combinations of NR1 and NR3 subunits were exposed sequentially to 10 µM 

glycine, 100 µM and 100 µM glycine and 100 µM glutamate. Stimulation did not evoke 

any response. Each trace represents recordings from a single representative cell. Arrows 

indicate the time point of stimulation. Values are expressed in arbitrary units. 
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VI.3 DISCUSSION 

VI.3.1 Dominant-negative function of NR3s 

VI.3.1.1 NR3A 

The dominant-negative effect on NR1/NR2 currents and the relief of Mg2+ block is 

portrayed as the hallmark of NR3A and NR3B subunits. NR3A reduces the currents of both 

NR1/NR2A and NR1/NR2B, and Ca2+ permeability of NR1/NR2A (Ciabarra et al, 1995; 

Perez-Otano et al, 2001; Sucher et al, 1995). Here I show that NR3A coexpression with 

NR1/NR2A results in decreased [Ca2]i rises, induced by lower glutamate concentrations 

(0.1µM and 10 µM but not 1 µM, figure VI-5A). Coexpression of NR3A had no effect in 

glutamate-induced [Ca2+]i rise of NR1/NR2B. I also report for the first time the effect of 

NR3A on NR1/NR2C glutamate-induced [Ca2]i rise. Contrasting with the expected 

dominant-negative effect of NR3A, coexpression if NR3A increased NR1/NR2C [Ca2]i rises 

by more than 30%. Considering that we are overestimating NR1/NR2C [Ca2]i rises following 

stimulation, this effect might be larger. This consistent upregulation of NR3A on NR1/NR2C 

indicate a new non-dominant-negative function for NR3A.  

VI.3.1.2 NR3B 

NR3B has distinctively opposite effects on NR1/NR2A and NR1/NR2B. When 

coexpressed with NR1/NR2A, NR3B decreases glutamate-induced [Ca2+]i rises at all 

concentrations tested by about 50%. This is in accordance with previous studies which show 

that NR3B decreases NR1/NR2A currents and/or Ca2+ permeability (Matsuda et al, 2002; 

Nishi et al, 2001). In contrast, NR3B slightly increased NR1/NR2B-mediated [Ca2+]i rise, 

although this effect was only observed at 0.1 and 10 µM. In the only study that tested this 

receptor subunit composition, NR3B reduced the current amplitude of NR1/NR2B 

(Yamakura et al, 2005). However, this effect was dependent on the relative amount of plasmid 
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coding for NR3B used in the transfection. That is, as the amount of transfect NR3B increased 

(and NR1/NR2B decreased) so did the dominant effect of NR3B (Yamakura et al, 2005). 

Previously, Nishi and colleagues shown a similar NR3B transfection-dependent effect on 

NR1/NR2A which was not due a reduction in expression levels of either NR1 or NR2A 

(Nishi et al, 2001).  

Existing data on NR3B effects on NR1/NR2 currents is not completely clear. In one 

study, it was found that coexpression of NR3B decreases NR1/NR2A glutamate induced 

currents (Nishi et al, 2001). In contrast, Matsuda and colleagues (Matsuda et al, 2003; 

Matsuda et al, 2002) reported that NR1/NR2A kinetics and voltage dependency currents 

where unaffected by expression of NR3B (Matsuda et al, 2003; Matsuda et al, 2002). 

Nonetheless, the estimated Ca2+ permeability in Hek293 cells coexpressing 

NR1/NR2A/NR3B is about 50% of cells coexpressing NR1/NR2A (Matsuda et al, 2002). 

Over-expression of NR3B in hippocampal neurons decrease Ca2+ permeability (about 30% of 

control neurons), but NMDA receptor current amplitude remains unchanged (Matsuda et al, 

2003). Since these neurons express NR3B natively, the net results of NR3B overexpression 

might be masked, and the NR3B role underestimated. I also report that NR3B modifies 

glutamate potency of NR1/NR2A-C, whereas NR3A only increases glutamate EC50 of 

NR1/N2C. The results here presented cast even more doubts on the dominant-negative effect 

as a common feature of both NR3 subunits. NR3A and NR3B do not mimic each other, and 

importantly can modulate bidirectionally [Ca2+]i rises and glutamate potency depending on 

NR2 subunit identity.  

VI.3.2 Relief Mg block is not a common feature of NR3 receptors 

The ability to reduce NMDA receptors sensitivity to Mg2+ is usually described as a 

common feature of NR3 subunits, however a close inspection of the literature argues against 

it. Coexpression of NR3A relieves Mg2+ block of NR1/NR2A and NR1/NR2B (Sasaki et al, 

2002a) and in hippocampal neurons of transgenic mice overexpressing NR3A, the IC50 of 
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Mg2+ is increased compared to wild-type neurons (Tong et al, 2008). In contrast, Sucher and 

collaborators failed to see any differences in Mg2+ sensitivity of NR1/NR2B when coexpressed 

with NR3A, indicating that NR3A relieve of Mg2+-block is NR2 dependent (Sucher et al, 

1995). Furthermore, the two studies that examined NR3B role in Mg2+-block of NMDA 

receptors, showed that NR3B coexpression with either NR1/NR2A or NR1/NR2B did not 

affect the sensitivity to Mg2+-block of these receptors (Nishi et al, 2001; Yamakura et al, 2005).  

Here I show that NR3A does not affect NR1/NR2A Mg2+-block and reliefs slightly 

NR1/NR2B sensitivity to Mg2+ block. In contrast, NR3B increases sensitivity of both 

NR1/NR2A and NR1/NR2B to Mg2+ block. I am also reporting for the first time the effect of 

NR3 subunits on NR1/NR2C receptors. Neither NR3A nor NR3B affected the Mg2+ 

sensitivity of NR1/NR2C. This evidence indicates that NR3A and NR3B effect on NMDA 

receptor voltage-dependent Mg2+ block (1) is not similar for both subunits; and (2) needs to be 

reappraised to determine the reasons for discrepancies in the literature.  

VI.3.3 Comparison with previous reports 

2 mM Mg2+ produced 40% block of NR1/NR2A and NR1/NR2C receptors, and 20% 

block of NR1/NR2B; values ~2-3 fold lower than reported for recombinant receptors at -40 

mV (Medina et al, 1995; Qian et al, 2005; Sasaki et al, 2002b). In our conditions cells will 

depolarize following receptor activation and low Mg2+-block is evident in HEK293 cells held 

at -30 mV (~50% in 1 mM Mg2+ for NR1/NR2A and ~30% for NR1/NR2B) (Jin et al, 2008; 

Renard et al, 1999). Similarly, in stably transfected L(tk-) cells, Mg2+ block measured by 45Ca2+ 

influx was less effective than usually reported in electrophysiological measurements 

(Grimwood et al, 1996). These differences may be a reflection of different methodological 

approaches.  

Some inconsistencies between my results and existing literature could be explained by the 

use of different expression systems and methodologies. I measured Ca2+ changes instead of 
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electrophysiological currents. Electrophysiological recordings do have the advantage of finer 

analysis of receptor currents. However, Ca2+ imaging measures directly a second messenger 

important for cellular responses following NMDA receptor activation (Schiller et al, 1998). 

Furthermore, using this system I was able to monitor routinely more than 100 cells per 

condition, in contrast with electrophysiological recordings, which usually report as low as four 

cells per condition tested. Hek293 cell membrane is relatively depolarized (-40 mV) which 

complicates comparative analysis with results obtained in either neurons (-80 mV) or Hek293 

electrophysiological recording which are usually performed at more negative holding potentials 

(Thomas & Smart, 2005). Importantly, NMDA receptors were expressed in Hek293 cells that 

do not express natively glutamate receptors. This point seems to be largely overlooked in the 

literature. Xenopus express endogenous glutamate receptor subunits homologous to 

mammalian NR1 and NR2s that can mask or alter NMDA receptors currents (Schmidt & 

Hollmann, 2008; Soloviev et al, 1996).  

VI.3.4 Novel splice variants properties 

Four novel NR3B splice variants were expressed and their properties assessed. When 

expressed in combination with NR1 and NR2 subunits and challenged with glutamate the 

NR3B variants receptors generated robust [Ca2+]i rises. A more in-depth analysis of their 

properties also shows that they modulate NMDA receptor physiology in a NR2-dependent 

manner and in some aspects, differently from the canonical NR3B. Thus, these variants are 

expressed and modulate NMDA receptor properties. 

All variants, including the canonical NR3B, increase NR1/NR2A EC50 for glutamate to a 

similar extent. When expressed with NR1/NR2B, only NR3B, NR3B∆24 and NR3B∆45 altered 

the EC50 for glutamate. NR3B inclusion causes a 2-fold reduction in the NR1/NR2C 

glutamate EC50 and NR3B∆600 a similar, although smaller effect. In contrast, NR3B∆45 and 

NR3B∆1125 increase glutamate EC50 of NR1/NR2C. NR3B∆24 does not change NR1/NR2C 

EC50 for glutamate. Thus, NR1/NR2C seems to be the receptor more amenable to EC50 
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modulation by NR3B variants. One interesting aspect of NR3B modulation of NR2C is the 

reduction of cells with glutamate-induced [Ca2+]i above basal. An important fraction of [Ca2+]i 

following NR1/NR2C activation comes from the release of Ca2+ from intracellular stores 

(Grant et al, 1998). It is possible that NR3B variants modulate NR2C protein interactions 

that mediate this release and thus affect Ca2+ release. The reason for NR3B variant modulation 

of glutamate potency is unknown. It could be that deletions might be important for binding 

of proteins or co-factors that regulate glutamate sensitivity. Another hypothesis is that NR3B 

inclusion changes the receptor conformation and thus accessibility of glutamate binding 

pocket (Gielen et al, 2008; Mayer, 2006).  

Ca2+ influx through NMDA receptor is modified differently by NR3 variants. NR3B∆1125 

acted as a “dominant negative” variant in NR1/NR2A, diminishing influx to a similar extent 

as canonical NR3B. NR3B∆1125 is also the only NR3 that exerts any effect on NR1/NR2B 

mediated [Ca2+]i rise. One possibility to explain this effect is that changes in trafficking of 

NR3B∆1125 could regulate the availability of NMDA receptors at the cell surface. However, 

NR3B∆1125 also changed NR1/NR2A and NR1/NR2B block by Mg2+ and the glutamate 

potency of NR1/NR2C. This is not consistent with fewer receptors at the membrane. If 

NR3B∆1125 reduced cell-surface expression of NR1/NR2 receptors one would expect that 

glutamate potency and Mg2+-block would remain unchanged as measurement of these 

parameters is independent of the number of receptors at the membrane. However, this is not 

the case and NR3B∆1125 effects on NR2 receptor are more likely due to changes in receptor 

conformation, affinity to agonists or disruption of intracellular C-terminal protein 

interactions.  

It is known that NR1 splice variant modulation of NMDA receptors is dependent on the 

identity of the NR2 subunit present in the complex. NR1 splice variants modulate Zn2+ and 

H+ effects on NMDA receptor, but only when combined with certain NR2 subunits. The 

NR3B variants affect the glutamate sensitivity of the receptors, Mg2+ and [Ca2+]i influx. Since 

all the physiological properties analysis was made with NR1-1a, it will be interesting to see 
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how and if NR1 and NR3B variants change each other modulatory properties. The study was 

also focused three of the most relevant properties of NMDA receptors: glutamate sensitivity, 

Ca2+ permeability and Mg2+ block. Other properties deserve attention such as glycine 

sensitivity and C-terminal protein interactions, in particular of NR3B∆600 and NR3B∆1125. The 

shortened C-terminal of these proteins predicts that some interactions with targeting proteins 

might be affected (Perez-Otano et al, 2006).  

VI.3.5 NR1/NR3 glycine receptor 

NR1/NR3A or NR1/NR3B glycine receptors have been identified in Xenopus and native 

expression of these receptors is still controversial (Chatterton et al, 2002; Tong et al, 2008). 

NR1/NR3 excitatory glycine receptors are impermeable to Ca2+, unaffected by glutamate or 

NMDA, and inhibited by d-serine, a co-activator of conventional NMDA receptors 

(Chatterton et al, 2002). The original report of NR1/NR3 glycine receptors recorded currents 

in cerebrocortical neurons (Chatterton et al, 2002). In contrast, Tong et al (2008) failed to 

record glycine-evoked currents in hippocampal neurons over-expressing NR3A. The currents 

were recorded in NR3B-overexpressing cortical neurons, however, they were also present in 

NR1-/- cortical neurons, inconsistent with the requirement of NR1 for the formation of this 

channel (Matsuda et al, 2003). A possible explanation for the elusiveness of these receptors in 

vivo could be regional or developmental regulated expression. The currents also desensitize 

quite quickly and make recording challenging (Chatterton et al, 2002; Tong et al, 2008). This 

difficulty in recording and identifying native NR1/NR3 glycine receptors raise unanswered 

questions about their physiological importance.  

The molecular nature of NR1/NR3 glycine receptors is also controversial. They were 

initially identified following expression in Xenopus (Chatterton et al, 2002). In this system, 

either NR1/NR3A or NR1/NR3B expression was sufficient to generate inward glycine 

currents. However, this is not the case in mammalian cells. Expression of either NR1/NR3A 

or NR1/NR3B in Hek293, failed to generate functional glycine receptors which were detected 
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following expression of NR1/NR3A/NR3B (Smothers & Woodward, 2007). It should be 

noted that in Xenopus, NR1 subunits form homomeric channels. It has now been 

demonstrated that the homomeric NR1 receptors is actually a multimer of NR1 complexed 

with native Xenopus NMDA receptors (Schmidt & Hollmann, 2008; Soloviev et al, 1996). 

This could explain differences between the two different systems.  

I failed to record Na2+ currents in NR1/NR3A/NR3B receptors. Glycine-induce currents 

of NR1/NR3 receptors are characterized by fast desensitization and our system might not be 

adequate to record such rapid changes (Smothers & Woodward, 2007; Tong et al, 2008). 

Another explanation could be that NR1/NR3 receptors have low Na2+ permeability that 

cannot be detected in our system or they might be indeed permeable to other ions other than 

sodium or Ca2+. I decided to test Na2+ following the reasoning that NR1/NR3 glycine 

receptors are relatively impermeable to Ca2+. As NMDA receptors are also permeable to Na2+ it 

seemed logical to test influx of this ion through NR1/NR3 receptors (Yu & Salter, 1998). The 

lack of [Na2+]i suggest that NR1/NR3 glycine receptor may have low Na2+ permeability, or are 

permeable to other cations other than Na2+ and Ca2+.    
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Chapter VII 

Concluding remarks 
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In chapters IV and V, I described the cloning and molecular characterization of novel 

NMDA receptor splice variants. The logical sequence of this project was to (1) test if these 

variants are capable of forming functional glutamate receptors and (2) ascertain how they 

modulate NR1/NR2 receptors. To achieve these goals, NR3B splice variants were expressed in 

combination with NR1/NR2A-C subunits in Hek293 cells (devoid of native glutamate 

receptors) and [Ca2+]i was measured following stimulation with glutamate and glycine. Using 

this method, three physiological parameters of NMDA receptors activity were tested: 

glutamate potency; [Ca2+]i rises resulting from activation; and Mg2+ block. 

I have also sought to perform a comprehensive study of the effects of full-length NR3A 

and NR3B on NR1/NR2 receptors. Although NR3 modulatory effects have been studied, the 

literature available lacks consistency in both methodological approaches and in the 

combination of subunits tested (reviewed in (Cavara & Hollmann, 2008)). Here I describe 

results obtained for the combination of NR1/NR2A-C with NR3A or NR3B using one 

experimental approach throughout the work and testing the same physiological parameters. 

This approach is also intended to provide insight into the complex modulation of NMDA 

receptors. 

The finding that an NR3 subunit can increase NMDA receptor mediated Ca2+ influx is an 

interesting turnaround and defies the established dogma that NR3 subunits act only as 

dominant-negative subunits. Our results suggest that NR3A and NR3B, despite sharing high 

sequence homology and structural features, differ in the way they modulate NMDA receptors 

and that the modulation is dependent on the NR2 subunit present in the complex. For 

instance, NR3A coexpression causes a decrease in NR1/NR2A mediated [Ca2+]i rises but 

increase NR1/NR2C [Ca2+]i rises. The complex NMDA receptor pharmacology already know 

and exists at several levels: NR2s present in the receptor complex; NR1 splice variant; and 

post-translation modifications such as phosphorylation (Salter & Kalia, 2004). Our results 

point out to an extra level of complexity. Such complexity has implications in the 

development of NMDA receptor subtype tailored drugs. NMDA receptors mediate cell-
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toxicity in a variety of neurological disorders and a great deal of attention has been devoted by 

pharmaceutical companies to the development of NMDA-targeted drugs. Most drugs selective 

towards NMDA receptor subtypes target NR2B receptors and only a handful of other 

compounds have been developed that target other NR2 subtypes, but with questionable 

selectivity (Berberich et al, 2005; Kemp & McKernan, 2002). The inclusion of NR3 subunits, 

and NR3B variants, in receptor complexes complicates even further the development of 

NMDA receptor subtype antagonists.  

For some time it has been thought that the development of drugs that overactivate NR3-

containing receptors would lead to increase neuroprotection, regardless of the NR2 subunit 

present in the complex. It makes sense in view of the portrayed generic role of NR3 subunits, 

but my data, and others, argue that NR3 receptors have diverse properties (Matsuda et al, 

2002; Nishi et al, 2001; Sucher et al, 1995; Yamakura et al, 2005). Thus future drug 

development will have to take in consideration that activation of NR3A and NR3B will result 

in increased activity and possibly increased toxicity, rather than the expected neuroprotective 

effects (Nakanishi et al, 2009). But the development of NR3A and NR3B selective drugs is 

not without caveats. NR3A and NR3B sequences are homologous in the ligand-binding 

regions and form similar structural complexes with agonists (Yao et al, 2008). The practical 

implication is that ligand affinities of these subunits differ by ~four-fold, thus design of 

antagonists to discriminate between NR3A and NR3B will have to be targeted outside the 

ligand-domain (Yao et al, 2008).   

VII.1 Is NR1/NR2C/NR3A the “oligodendrocytic NMDA receptor”? 

Due to its high expression in oligodendrocytic processes NR3s are thought to have a 

major role in the physiology of oligodendrocytes and also in pathological events (Karadottir et 

al, 2005; Micu et al, 2006; Salter & Fern, 2005). Although initial evidence point out to an 

NMDA receptor complex composed of NR1/NR2C/NR3A, the precise identity of the NR3 

subunit and the NR2 subunit that compose oligodendrocytic NMDA receptors is yet to be 
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determined. Analysis of [Ca2+]i rises after application of glutamate and glycine reveals that the 

only subunit where there is a consistent increase in [Ca2+]i rises with NR3 coexpression is 

NR1/NR2C (figure V-5 and V-6). Coexpression of NR3B with NR1/NR2B also leads to 

higher [Ca2+]i but only when the receptors are stimulated with 1 or 10 µM, whereas NR3A 

consistently increases NR1/NR2C mediated [Ca2+]i influx at the several glutamate 

concentrations tested (with the exception of 0.1 µM). This is consistent with 

NR1/NR2C/NR3A as the main NMDA receptor in oligodendrocytes and could be of 

particular importance for ischaemic damage to oligodendrocyte process.  

The amount of glutamate available in periaxonal space to activate NMDA receptor 

present in oligodendrocytes processes facing axons, and preferentially targeted in ischaemic 

damage has not been determined (Salter & Fern, 2005). However, axonal glutamate release is 

possible in this space (Fields, 2008; Kukley et al, 2007; Ziskin et al, 2007). Clearance of 

glutamate in periaxonal space can be performed by oligodendrocytic and axonal glutamate 

transporters but it is unknown how efficient this process is (Arranz et al, 2008; Domercq et al, 

1999). In the synaptic cleft astrocytes play a major role in clearing glutamate; however these 

cells are not present in the periaxonal space suggesting that control of extracellular glutamate 

concentration might less efficient (Gross, 2006). It can be speculated that in the event of 

excessive glutamate release to the periaxonal space, and lack of efficient clearance, NMDA 

receptor in the myelin process will be overactivated and injury to oligodendrocytes will ensue.  

In normal physiological concentrations, glutamate concentration in the brain extracellular 

fluid is in the low micromolar range and rises sharply following ischaemia (Uchiyama-Tsuyuki 

et al, 1994; Umemura et al, 1996). In glutamate concentrations higher than the physiological 

levels, NR3A increases NR1/NR2C [Ca2+]i suggesting that activation of the latter would have 

a pathological effect following ischaemic events. Interestingly, NR1/NR2C has a smaller EC50 

for glutamate than NR1/NR2C/NR3A. Inclusion of NR3A could be a double-edged sword: at 

physiological concentrations might help glial development as part of neuron-glia 

communication and the reduced sensitivity to glutamate works as “fail-safe” mechanism to 
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avoid overactivation of the receptor in higher, but still physiological, glutamate concentrations 

(Fields, 2008; Karadottir et al, 2008; Roberts et al, 2009). But in ischaemia, the increased 

[Ca2+]i rises following activation will lead to deleterious consequences (Karadottir et al, 2005; 

Micu et al, 2006; Salter & Fern, 2005). 

If the results on Ca2+ influx through NR1/NR2C/NR3A indicate that this is the NMDA 

receptor present on oligodendrocytes, the Mg2+ block results neither support nor deny this 

claim. In oligodendrocytes, 10 mM Mg2+ blocks NMDA-evoked current to 0.25-0.35 of the 

current in the absence of Mg2+ (Karadottir et al, 2005; Micu et al, 2006; Salter & Fern, 2005). 

In our system the same Mg2+ concentration caused a similar decrease in [Ca2+]i rise for 

NR1/NR2C and inclusion of NR3A (or any other NR3 subunit) did not change the Mg2+ 

block on NR1/NR2C. This does not contradict the hypothesis that NR1/NR2C/NR3A is a 

major NMDA receptor complex in glia. Furthermore, not all glial cells express these “Mg2+-

insensitive” NMDA receptors. In NG2-glia, the most prevalent cycling progenitor cell 

population in the adult CNS, NMDA receptors currents are sensitive to Mg2+-block at resting 

membrane potential, indicating that glial NMDA receptors could be a mixed population of 

receptors (Dawson et al, 2003; Ziskin et al, 2007). Indeed, the co-existence of different 

NMDA receptor populations has been established for neurons and all NMDA receptor 

subtypes are expressed, albeit at different levels, in white matter (Al-Hallaq et al, 2002; Chazot 

et al, 1994; Dunah et al, 1998; Karadottir et al, 2005; Luo et al, 1997; Micu et al, 2006; Salter 

& Fern, 2005). I conclude that although NR1/NR2C/NR3A may play a major role in white 

matter, it is likely that other NMDA receptors are present ensuring physiological diversity to 

glutamate transmission. 

VII.2 NR3B splice variants 

VII.2.1 Expression in white and grey matter 
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The variants here reported were cloned from the whole brain and/or white matter (optic 

nerve). Although it would be tempting to associate some of the variants with either neurons or 

glia, it would not be correct to make such assumptions for two reasons: (1) variants cloned 

from only one of those tissues might still be expressed in the other. That is, failure to clone 

does not represent absence of expression. (2) White matter contains only glial mRNA but the 

whole brain is a mass of both neurons and glia. Thus, expression in the rat optic nerve 

represent faithful expression in glial cells (most likely oligodendrocytes) but expression in the 

brain does not necessarily mean expression in neurons. Further studies will be required to 

determine regional, cellular and developmental expression profiles of NR3B splice variants. At 

the moment I have designed probes for the detection of splice variant expression in native 

tissue by Northern blot and the work is currently undergoing in collaboration with Dr. 

Michael Salter (Leeds University). 

VII.2.2 Future research on NR3B splice variants 

With the cloning and functional characterization of novel NR3B splice variants a range of 

questions emerge. I have determined that NR3B splice variants modulate NR1/NR2 receptor 

properties, in particular glutamate potency and glutamate mediated [Ca2+]i. However, I did 

not probe for the structural reasons responsible for these effects. It is also quite clear that 

NR3B∆600 and NR3B∆1125 will probably differ substantially from the other variants in terms of 

protein interactions. Although no protein interactions have so far been described for NR3B 

(apart from interactions with NR1 and NR2s) it is rather unlikely that NR3B does not have 

interacting partners. The C-terminal of all other NMDA receptor subunits interacts with 

diverse proteins. For example, NR3A interacts with PACSIN1/syndapin1 which regulates the 

receptor endocytic removal from the dendritic plasma membrane thus affecting NMDA 

receptor mediated synaptic activity (Perez-Otano et al, 2006). Whether this is the case of 

NR3B, it remains to be investigated. Nonetheless, it will be likely that these variants will play 

a part in regulation of NR3B, and NMDA receptor trafficking and subcellular localization.  
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One way to investigate the role of NR3B variants in neurons and white matter, would be 

the use of primary cell cultures derived from NR3B-/- (Bradley et al, 2006; Niemann et al, 

2007). These cells are devoid of NR3B receptors, and recombinant expression of individual 

NR3B splice variants can be performed to reconstitute NR3B activity in these cells and 

analysis the differential outcomes in several parameters (Bradley et al, 2006). Using this 

strategy, it was determined that C-terminal NR1 variants have different roles in gene 

expression driven by NMDA receptor activity (Bradley et al, 2006). NR3B-/- cell cultures, or 

organotypic brain slices, can also provide many clues about NR3B role in synaptic 

transmission and/or participation in toxic events. A similar approach has already been used for 

NR3A revealing the importance of NR3A for both synaptic development and neuroprotection 

(Das et al, 1998; Ishihama & Turman, 2006). Evaluating ultrastructurally white matter tracts, 

such as the optic nerve, could also proved clear evidence for the role of NR3A and NR3B in 

white matter development. NR3B knockout mice have only recently been created and thus 

these studies are yet to be performed.  

 

Alternative splicing is a common mechanism in the CNS in particular to generate 

functional diversity neurotransmitter receptors (Grabowski & Black, 2001). The cloning of 

such a wealth of splice variants is uncommon in glutamate receptors and should warrant 

careful analysis. I find the idea that even predicted non-functional variants have a role in 

regulating the number of receptors available and thus cellular functions, intellectually 

challenging (Campusano et al, 2005; Lareau et al, 2007; Lareau et al, 2004). The possibility 

that NR3B is undergoing evolutionary pressure is also interesting and perhaps additional 

genetic association studies could provide further evident supporting or negating this view 

(Niemann et al, 2008).    
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The effect of NR3 subunits on NMDA receptors is more complex than previously 

thought. The scarce literature available indicates that NR3A and NR3B have some functional 

differences, and the cloning of functional NR3B splice variants in this study, argues that the 

differences maybe even deeper. NR3A and NR3B modulatory effects differ depending on the 

NR2 subunit present, and NR3B has functional splice variants that add an extra layer of 

complexity to this modulation. Reappraising and investigating the physiological and molecular 

properties of NR3 variants are required to the development of successful therapeutic strategies 

in the future. 
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