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ABSTRACT 
This thesis focuses on the NR3A and NR3B subunits of the excitatory glutamate 
receptor N-methyl-D-aspartate (NMDA). Functional NMDA receptors are believed to 
be tetrameric complexes with combinations of NR1 and NR2 subunits, and possible 
addition of NR3 subunits. The NR3A subunit is highly expressed throughout the 
developing brain, and declines to low levels in adulthood. NR3B expression is most 
prominent in brain stem and spinal cord motoneurons, and in contrast to NR3A, 
levels are constant during development.  
In paper I, we cloned and sequenced the human NR3A, which at the time had only 
been described in rodent. Only minor differences in homology to rat NR3A was 
found; one potential glycosylation and one phosphorylation site, plus a PXXP motif 
(SH3-binding motif). Only the short splice variant of NR3A was detected in human 
tissue. NR3A mRNA expression in the forebrain was most abundant in the 
cerebrocortical anlage, throughout the ventricular zone and cortical plate, while in the 
spinal cord, expression was highest in the dorsal half and the neuroepithelial layer 
encircling the central canal. 
In paper II, we demonstrated an extensive expression of NR3A, at both mRNA and 
protein levels, in adult human CNS. The highest levels were found in cortical regions, 
mainly in pyramidal neurons of layers II/III and V, and in pons and thalamus, lower 
levels in claustrum and the caudate nucleus, but no detectable NR3A in cerebellum. 
In the spinal cord we found the largest species difference, with very low NR3A 
expression in human tissue contrasted to the high levels in the rat. Individual human 
motoneurons had remarkably high NR3A expression. Analyzing subunit assembly we 
found that NR3A, like NR1, was present as monomers and dimers, which suggests 
there are considerable intracellular pools of un-assembled NR1 and NR3A. NR3A 
was also found in larger complexes, such as tetramers, probably representing 
functional NMDA receptors. As expected for such NMDA receptors, we found that 
NR3A was associated with NR1, NR2A and NR2B in adult human CNS. 
In paper III and IV, we identified glycine as an endogenous ligand for NR3A (paper 
III) and NR3B (paper IV). Subunit differences were identified by competitive binding 
analysis of several NR1 glycine site ligands. For both NR3A and NR3B, [3H]-glycine 
was displaced by the agonist D-serine and the partial agonist HA-966, but not by 
glutamate. Different affinity to the NR3 subunits was observed for the partial agonist 
D-cycloserine and the antagonist 7-chloro-kynurenate, which could not displace [3H]-
glycine from NR3A (paper III), but from NR3B (paper IV). We could only partially 
displace [3H]-glycine bound to NR3B with the antagonist CNQX, but not L-689.560 
(paper IV). The structure models built for the S1/S2 ligand-binding site of NR3A and 
NR3B identified potential interactions between backbone amino acids and the 
ligands. In paper IV, we used the NR3B model for screening of a chemical library. A 
selection of putative NR3B antagonist was investigated by competitive binding of 
[3H]-glycine. However, none of them showed detectable affinity for NR3B. 
The widespread distribution of NR3A in the human CNS suggests that is has 
important roles in several different functions. With our pharmacological profile of 
NR3A and NR3B we show that these differences can exploit in developing subunit 
specific substrates, which could be used to elucidate the role of NR3A and NR3B in 
the CNS. 
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INTRODUCTION 
 
Glutamate is the major neurotransmitter at excitatory synapses in the central nervous 
system (CNS). At the interface between nerve cells, the synapse, nerve impulses can 
trigger release of neurotransmitters from vesicles in the presynaptic nerve terminal, in 
this case glutamate. Glutamate released into the narrow space, or synaptic cleft, 
between two nerve cells, can bind to receptors present on the opposing, post-synaptic 
nerve cell, and stimulate them. Glutamate can mediate its action via both ionotropic 
and metabotropic receptors which are found throughout the mammalian CNS.  

 
Ionotropic glutamate receptors are identified and classified according to their 
pharmacological properties into three receptor families; the α-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) subtype, the kainate subtype and the N-
methyl-D-aspartate (NMDA) subtype. Ionotropic glutamate receptors mediate basic 
information processing in the CNS and they are involved in synapse formation and 
plasticity, as well as in learning and memory (Bliss and Collingridge, 1993). NMDA 
receptors play a central role in both synaptic plasticity under physiological conditions 
and neuronal death under certain pathological conditions. 
 
 
THE NMDA RECEPTOR 

The NMDA receptors are extensively expressed throughout the mammalian CNS, and 
play a central role in the function of excitatory synapses. At most glutamatergic 
synapses both AMPA and NMDA receptors are present. AMPA receptors mediate 
fast glutamate–gated responses with short excitatory postsynaptic currents (EPSCs), 
while NMDA receptor activation is slower, but lasts longer. The NMDA receptor is 
widely expressed throughout CNS, and for many years only thought to exist in 
neurons. However, the presence of NMDA receptors has been demonstrated also in 
brain microglia, oligondendrocytes and astrocytes (for review see (Verkhratsky and 
Kirchhoff, 2007; Wong, 2006).  
 
The NMDA receptors are suggested to be involved in several disorders of the CNS, 
such as stroke, traumatic injury and schizophrenia, and hence are potentially 
important drug target. One example is memantine, a non-competitive NMDA 
receptor antagonist, which is the only available treatment of moderate to severe 
Alzheimer’s disease (Areosa Sastre et al., 2004). Therefore, it is of great importance 
and clinical relevance to increase the knowledge of the NMDA receptor and its 
characteristics. 

 
 
Topology of the NMDA receptor 
 
When glutamate receptors were first identified, they were thought to be part of a large 
protein family, including the nicotinic acetylcholine (ACh), and gamma-aminobutyric 
acid A (GABAA) receptors, since they all have four hydrophobic segments (Gasic and 
Heinemann, 1992). This theory implies that both the N- and C-terminal have an 
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extracellular localization. The discovery of a conserved Q/R/N site within the M2 
domain, that is critical for ion permeation in ACh and GABAA receptors, (Butterfield 
and Pocernich, 2003) further supported this theory. However, a sequence of findings 
led to the currently accepted membrane topology, unique for the ionotropic glutamate 
receptors (for review see (Dingledine et al., 1999) (figure 1). This was realized upon 
the discovery that NMDA receptor subunits and the bacterial periplasmic amino acid-
binding protein, for which the three-dimensional structure was known, share amino 
acid sequence homology in the N-terminal and ligand-binding domain, and therefore 
might have similar structure (Stern-Bach et al., 1994; Wo and Oswald, 1995). The 
NMDA receptor subunits all share the same topology (figure 1). The extracellular N- 
terminus, with its membrane-near part, forms one of the lobes of the ligand-binding 
domain (S1) (Kuryatov et al., 1994), and is followed by the first transmembrane 
domain (M1). The second membrane domain (M2) is the pore-forming domain, a 
domain that does not cross the membrane, but forms a re-entrant loop. Two more 
transmembrane domains (M3 and M4) are connected by an extracellular loop 
containing amino acid residues identified to form the other lobe of the ligand-binding 
domain (S2) (Kuryatov et al., 1994). Finally, there is an intracellular C-terminus, 
which can interact with intracellular proteins (Mayer and Armstrong, 2004).  
 
 
 

 
 

 

 

Figure 1. The topology of the NMDA receptor 
subunits. The NMDA receptor subunits contain 
an extracellular N-terminus, three transmembrane 
domains, M1, M3 and M4, one pore forming 
membrane domain, M2, and an intracellular C-
terminus. S1 and S2 form the ligand-binding 
domain of the receptor subunit. 
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THE NMDA RECEPTOR SUBUNITS 

Three groups of subunits have been identified for the NMDA receptor, encoding 
seven subunits, NR1, NR2A-D and NR3A-B.  
 

The NR1 subunit 
 
The NMDA receptor subunit NR1 was the first member of the NMDA receptor 
family to be identified, first in rat (Moriyoshi et al., 1991) and soon thereafter in both 
mice (Yamazaki et al., 1992) and human (Karp et al., 1993). Glycine has been 
identified as the endogenous agonist for NR1 (Hirai et al., 1996). NR1 messenger 
RNA (mRNA) and protein is ubiquitously expressed throughout brain and spinal cord 
during development and adulthood (Moriyoshi et al., 1991). A total of eight different 
splice variants have been reported for NR1, due to alternative splicing of three exons. 
These are the N-terminal exon 5, also called splice cassette N1, the C-terminal exon 
21 or splice cassette C1, and exon 22 with splice cassette C2 and C2´. The C2 
cassette contains an alternative splice site, which results in an alternative reading 
frame. NR1-1 is the full-length and most commonly used clone, containing both C-
terminal cassettes. NR1-2 lacks C1; NR1-3 lacks the C2 part of exon 22, which will 
splice in C2´; and NR1-4 lacks C1 and C2, and therefore has C2´ (for review see 
Dingledine et al., 1999) (Table 1). When expressed alone in heterologous cells as 
homo-oligomers, the most abundant NR1 subunit, NR1-1, is not transported to the 
cell surface, while the other NR1 splice variants are (Furukawa and Gouaux, 2003; 
McIlhinney et al., 1996; Okabe et al., 1999). The NR1-1 and NR1-3 splice variants 
contain an endoplasmic retention (ER) motif, RXR, and are supposed to be retained 
in the ER unless this motif is masked either by NR2A, NR3A or NR3B (Matsuda et 
al., 2003; Perez-Otano et al., 2001). However, the NR1-3 splice variant is not retained 
in the ER, suggesting that other mechanisms can block the retention signal. 
Identification of the protein-protein binding motif PSD-95/Dlg/ZO-1 (PDZ) (Sasaki 
et al., 2002) at the C2´end, revealed that upon protein binding this would either mask 
the ER retention or act as an export protein (Standley et al., 2000). Expression of the 
NR1 splice variants differs in their regional distribution, resulting in receptors with 
divergent physiological and pharmacological properties (Dingledine et al., 1999; 
Hollmann et al., 1994; Prybylowski and Wenthold, 2004; Zukin and Bennett, 1995).  
 
 
Table 1. Alternative splice variants of the N1, C1, C2 and C2´casetts of the NMDA receptor 
subunit NR1. Nomenclature according to Hollmann and Heinemann, 1994. 
 NR1-1a NR1-1b NR1-2a NR1-2b NR1-3a NR1-3b NR1-4a NR1-4b 

Exon 5, N1 + - + - + - + - 
Exon 21, C1 + + - - + + - - 
Exon 22, C2 + + + + - - - - 
Exon 22, C2´ - - - - + + + + 
 

 



 

 4 

The NR2 subunit 
 
Four different genes encode the NR2 subunits, expressed as four isoforms, the 
NR2A-D. There is a distinct regional heterogeneity in the expression pattern of the 
NR2 subunits, combined with developmentally regulated expression, which changes 
during development (Buller et al., 1994). The appearance of NR2 subunits changes 
dramatically during the first two postnatal weeks, when NR2A gradually replaces 
NR2B as the brain matures (Petralia et al., 2005; Sans et al., 2003; Wenzel et al., 
1997). NR2B and NR2D are the main NR2 subunits in the embryonic brain, with 
NR2B expression throughout the CNS and NR2D mainly found in diencephalon and 
the brain stem. In the adult brain, NR2A is expressed in most CNS regions, while 
NR2B expression is restricted to the forebrain, and NR2C is almost exclusively found 
in cerebellum. NR2D levels are reduced with expression only in some parts of the 
thalamus, brainstem and olfactory bulb (Wenzel et al., 1997). In the spinal cord, 
NR2B, NR2C and NR2D are expressed embryonically. NR2B and NR2C then 
decline during development, and NR2A emerges, while the NR2D levels persist into 
adulthood (Akesson et al., 2000; Sundstrom et al., 1997; Wenzel et al., 1996). 
 
None of the NR2 subunits form functional receptors when expressed alone in 
heterologous cells (Monyer et al., 1992). The NR2 subunits provide the glutamate-
binding site to the functional NMDA receptor (Laube et al., 1997), and incorporation 
of different NR2 subunits changes channel properties, such as current kinetics and 
channel conductance (Monyer et al., 1992).  

 
 
The NR3A subunit 
 
In 1995, NR3A was cloned in rodents (Ciabarra et al., 1995; Sucher et al., 1995) and 
a few years later the human counterpart was cloned (Andersson et al., 2001). The 
presence of NR3A in NR1/NR2 receptor assembly reduces the receptor current and 
Ca2+ permeability (Al-Hallaq et al., 2002; Ciabarra et al., 1995; Das et al., 1998; 
Perez-Otano et al., 2001; Sasaki et al., 2002), and as expected NR3A knockout mice 
displayed increased NMDA receptor currents (Das et al., 1998). There are two splice 
variants of NR3A expressed in rat brain, NR3A-short and NR3A-long, the latter with 
a 20 amino acid insert in the intracellular C-terminus (Sun et al., 1998).  
 
NR3A mRNA expression is highest in the young rodent CNS at postnatal day (P) 8-
10, especially in the spinal cord, brainstem, hypothalamus, hippocampus, and 
amygdala, but declines dramatically after the second postnatal week (Al-Hallaq et al., 
2002; Ciabarra et al., 1995; Sucher et al., 1995; Wong et al., 2002). In the adult rat 
CNS, NR3A is mainly found in the nucleus of the olfactory tract (Sucher et al., 1995), 
in the brain stem, thalamus, hypothalamus, hippocampus (CA1), amygdala and in 
spinal cord gray matter, predominantly in dorsal horn (Ciabarra et al., 1995; Wong et 
al., 2002). NR3A can associate with NR1, NR2A or NR2B, but the fraction of NR3A 
subunits in NMDA receptor complexes decreases by half in the adult rat cortex (Al-
Hallaq et al., 2002). In macaque brain, NR3A mRNA is mainly expressed in the 
neocortex and cerebellum (Mueller and Meador-Woodruff, 2005). Less abundant 
mRNA expression was also found in specific regions of the hippocampus (CA2), 
thalamus (paraventricular and central medial nucleus), midbrain (substantia nigra, 
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pars compacta), amygdala (central and accessory basal nucleus) and hypothalamus 
(dorsomedial and ventromedial nucleus), while low NR3A mRNA levels were seen in 
the basal ganglia, claustrum, subthalamus and pons. Investigation of NR3A protein 
expression in a few selected regions of macaque brain revealed significant NR3A 
protein levels in several cortical areas, thalamus, hippocampus, putamen, claustrum, 
pons, and caudate nucleus (Mueller and Meador-Woodruff, 2005). In this study, the 
NR3A protein level was not investigated in the cerebellum. Analysis of the NR3A 
expression in human CNS showed NR3A mRNA in the developing cortex and spinal 
cord (Mueller and Meador-Woodruff, 2003) and in the dentate gyrus and neocortex of 
the adult human brain (Bendel et al., 2005).  
 
In a NR3A knock out (NR3A-/-) mice, which did not show any behavioral 
abnormalities or changes in fertility and survival (Das et al., 1998), the expression of 
the NMDA receptor subunits NR1, NR2A and NR2B were unaffected. 
Electrophysiological investigation of neurons from NR3A-/- mice revealed increased 
NMDA-induced current density (Das et al., 1998), compared to NR3A containing 
NMDA receptor assemblies. The morphology of the neurons in NR3A-/- mice showed 
no gross changes, but a more detailed investigation revealed a remarkable increase in 
the number of denritic spines (Das et al., 1998). A gender difference, has also been 
noted, with the demonstration that male, but not female, NR3A-/- mice exhibit an 
increase in prepulse inhibition (PPI) of startle response (Brody et al., 2005). The 
amplitude of startle reflects the ability of the nervous system to temporarily adapt to a 
strong sensory stimulus, when a much weaker signal is given in advance. PPI is 
widely studied in the neurobiology of psychiatric disorders since patients with 
schizophrenia exhibit PPI deficits (for review see Geyer et al., 2001). 
 
Two contradictory reports on bioinformatics prediction of the NR3A ligand-binding 
site have been published. One suggested that NR3A binds glycine (Belenikin et al., 
2003), while the other suggested that glutamate is the ligand for NR3A (Blaise et al., 
2004). The only study experimentally addressing this was performed on NR1/NR3A 
atypical excitatory glycine receptors (Chatterton et al., 2002), but it was not 
determined if binding also occurred to NR3A and not only to NR1. 
 
 

The NR3B subunit 
 
NR3B is the most recently identified, and most likely the last, NMDA receptor 
subunit (Bendel et al., 2005; Nishi et al., 2001). The rat NR3B complementary DNA 
(cDNA) consists of 1003 amino acids encoded by nine exons (Nishi et al., 2001). 
Similar to NR3A, co-expression of NR3B with NR1 and NR2A results in reduced 
receptor current and Ca2+ permeability of the receptor (Matsuda et al., 2002; Nishi et 
al., 2001).  
 
A widespread distribution of NR3B mRNA is seen in rodent brain, with high 
expression in motoneurons of the spinal cord and the brain stem, pons, midbrain and 
medulla, and low levels in the forebrain, hippocampus and the cerebellum (Bendel et 
al., 2005; Chatterton et al., 2002; Fukaya et al., 2005; Matsuda et al., 2002; Nishi et 
al., 2001). In contrast to NR3A, for which expression declines after the second 
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postnatal week, NR3B mRNA expression seems to increase from its first appearance 
at P10 until almost constant levels from P21 and into adulthood (Fukaya et al., 2005; 
Matsuda et al., 2002). Comparison of NR3B mRNA with the other NMDA receptor 
subunits in mouse spinal cord motoneurons, propose a developmental switch during 
the early postnatal period from NR2A to NR3B (Fukaya et al., 2005), since the onset 
of NR3B mRNA starts at the time when NR2A mRNA declines. NR3B protein is 
most prominent in motoneurons of the spinal cord and brainstem (Chatterton et al., 
2002; Ishihama and Turman, 2006), and the only study so far of human CNS reports 
NR3B mRNA expression in the hippocampal formation and the neocortex (Bendel et 
al., 2005).  
 
Molecular modeling of the ligand-binding domain of the NR3B subunit based on 
homology of ionotropic glutamate receptor subunits, suggest that NR3B binds 
glycine, rather than glutamate (Belenikin et al., 2003). Similar to NR3A, NR3B has 
also been shown to be present in the atypical excitatory glycine receptor. 
 
It was recently demonstrated that NR3B is highly polymorphic and that 10% of the 
European-American population lacks NR3B due to homozygous occurrence of a null 
allele in the gene (Niemann et al., 2007; Niemann et al., 2008). Development of 
NR3B-/- mice, which are viable and fertile, displayed impairment in motor learning 
and coordination, and decreased activity in their home cage (Niemann et al., 2007). 
Surprisingly, the NR3B-/- mice exhibited highly increased social interaction with 
familiar cage mates, but increased anxiety and decreased social interaction in a novel 
environment (Niemann et al., 2007). A corollary of these findings would be to 
compare emotional attribute and prevalence of psychiatric disorders in human 
individuals with or without NR3B.  
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Tabel 2. NMDA receptor subunits. Short summary of the expression pattern, effect on the NMDA 
receptor ion channel and ligand-binding to the NMDA receptor subunits. 

 

 

NMDA receptor subunit assembly 
 
The NMDA receptor subunit proteins are synthesized, and undergo folding and 
maturation in the ER, where they also interact to form heterodimers before transport 
to the cell surface, and incorporation into the plasma membrane. It is widely accepted 
that functional NMDA receptors are heteromeric tetramers composed of two NMDA 
receptor subunits (NR) 1 and two NR2 (figure 2) (Laube, 1998; Rosenmund et al., 
1998). Elecrophysiological measurement of co-expression of wild type NR1 and 
NR2B, and low-affinity mutants, NR1Q387K and NR2BE387A, revealed three 
significantly different receptor populations. These corresponded to the affinities of 
the wild type, mutant and intermediate hybrid. Further analysis of the results implies 
the presence of two glycine and two glutamate binding subunits (Laube, 1998). The 
heteromeric teramers are most likely arranged as heterodimers of dimers (Furukawa 
et al., 2005; Schorge and Colquhoun, 2003), with an NR1-NR1-NR2-NR2 
orientation. Only correctly assembled NMDA receptors are supposed to pass the ER 
quality control.  
Several regions of the subunit proteins have been shown to be important for receptor 
assembly. The N-terminal of the NMDA receptor subunits is homologous to the 
leucine/isoleucine/valine binding protein (LIVBP), and is vital for NR1/NR2A 

 

Subunit Localization in 
adult rat 

Localization in 
adult human 

Function Ligand 

NR1 Ubiquitously in CNS 
Ubiquitously in 
CNS 

Required for 
functional receptors 

Glycine 

NR2A Throughout CNS Throughout CNS 
Highly Mg2+sensitive 
and Ca2+permeable 

Glutamate 

NR2B  Restricted to forebrain 
Restricted to 
forebrain 

Highly Mg2+sensitive 
and Ca2+permeable 

Glutamate 

NR2C Limited to cerebellum 
Limited to 
cerebellum 

Low sensitivity to 
Mg2+, high 
Ca2+permeability 

Glutamate 

NR2D 
Thalamus, brainstem, 
olfactory bulb 

Thalamus, 
brainstem,  
olfactory bulb 

Low sensitivity to 
Mg2+, high 
Ca2+permeability 

Glutamate 

NR3A 
Olfactory tract and 
spinal cord 

Wide-spread, not 
cerebellum 

Not sensitive to Mg2+, 
low Ca2+permeability 

Glycine 

NR3B 
Motoneurons of 
brainstem and spinal 
cord 

Motoneurons? 
Hippocampus and 
neocortex (mRNA) 

Low sensitivity to 
Mg2+, low 
Ca2+permeability 

Glycine 
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association (Meddows et al., 2001). An NR1/NR1 inter-subunit disulfide bond within 
this homologous region was identified as essential for surface expression of 
NR1/NR2 receptors (Papadakis et al., 2004). The four amino acids, HLFY that follow 
membrane domain M4 in NR2B have been found to control the ER exit of the 
assembled receptor complex (Hawkins et al., 2004). Neither NR2A nor NR3A forms 
homo-oligomeric assemblies unless NR1 is present, and truncating the N-terminal 
domain of NR1, and over-expressing it together with NR3A or NR2A does not affect 
NR1/NR3A or NR1/NR2A subunit assembly (Madry et al., 2007b; Schuler et al., 
2008). This indicates that aggregation is not NR1 N-terminus dependent, and that 
dimerization of NR1 with either NR2 or NR3, followed by association of two dimers, 
is important in determining the correct NMDA receptor subunit assembly and 
stochiometry. 
 

 
 
Figure 2. Schematic representation of the NMDA receptor in the plasma membrane. The NMDA 
receptor is suggested to form heteromeric tetramers composed of NR1, NR2A-D and NR3A-B 
subunits. Glycine binds to the NR1 and NR3A-B subunits and glutamat binds to the NR2A-D subunits. 
Allosteric interactics can affect ligand binding to the NMDA receptor. 

 

 

NMDA receptor trafficking 
 
Transport of the NMDA receptor to the cell surface is controlled by steric masking of 
the NR1 subunit C-terminal ER retention motif (RXR), by assembly with NR2A or 
other proteins (McIlhinney et al., 1996; Okabe et al., 1999; Scott et al., 2001; 
Standley et al., 2000). NR3B contains many ER retention signal-like motifs in the C-
terminus (Matsuda et al., 2003). Both NR3A and NR3B require association to the 
NR1 subunit for the complex to exit the ER and be exported to the cell surface 
(Matsuda et al., 2003; Perez-Otano et al., 2001) and NR3A or NR3B could replace 
NR2A to permit surface transport of NR1 (Matsuda et al., 2003). Prolonged synaptic 
block results in enhanced transport of NMDA receptors from the ER, which gives an 
increased size of the available NMDA receptor pool, rate of surface delivery and total 



 

 9 

number of synaptic receptors (Mu et al., 2003). High synaptic activation leads to the 
opposite result, with decreased ER export and surface delivery of NMDA receptors 
(Mu et al., 2003). After the NMDA receptors are released from the ER, they are 
further processed in the Golgi apparatus and distributed to the trans Golgi network 
and endosomes. There are several hypotheses that NMDA receptors interact with 
PDZ proteins before they reach the synapse and that this mechanism is involved in 
synaptic delivery (Setou et al., 2000; Standley et al., 2000). Conversely, receptors 
without PDZ interacting domain can get around the exocyst interaction and still reach 
the cell surface, suggesting one delivery mechanism, which involves PDZ, and one 
that does not.  
 
 

Synaptic and extrasynaptic NMDA receptors 
 

On the cell surface there are mobile and immobile pools of NMDA receptors, which 
can exchange between extrasynaptic to synaptic sites (Groc et al., 2004; Tovar and 
Westbrook, 2002). The receptors present at the synaptic site are at a higher density, 
and they are thought to be stabilized in the plasma membrane by interactions with 
postsynaptic density (PSD) proteins (Standley et al., 2000). The membrane-associated 
guanylate kinase (MAGUK) family proteins (PSD-95, PSD-93, SAP-97 and SAP-
102) that form interactions with the NMDA receptors are a major component of the 
PSD. Together with other PSD proteins, they can form a network linking NMDA 
receptors to other glutamate receptors, and ion channels. The PSD can also interact 
with actin filaments, which form the overall structure of the spine and perhaps a 
transportation pathway for proteins to and from the postsynaptic membrane. 
 
NMDA receptors are believed to move fast between the synaptic and extrasynaptic 
site, possibly by lateral diffusion (Tovar and Westbrook, 2002), supporting the theory 
that the extrasynaptic receptors constitute a pool that can be recruited into the 
synapse. Extrasynaptic receptors might also form a distinct population of NMDA 
receptors with specific functions, since they respond differently to excitotoxic drugs 
(Sinor et al., 2000). The extrasynsaptic NMDA receptors may be activated when 
multiple release events increase the levels of extrasynaptic glutamate, which is 
proposed to be regulated by glutamate transporters (Chen and Diamond, 2002). 
Inhibitory effects, which may reduce excitation, have also been linked to 
extrasynaptic NMDA receptors (Isaacson and Murphy, 2001). Studies have shown 
that NR2A and NR2B containing NMDA receptors are trafficked to the synapse by 
subunit specific mechanisms. For example, NR1/NR2B complex are introduced into 
the synapse early during development and replaced by NR1/NR2A receptors in an 
activity-dependent manner (Barria and Malinow, 2002). Mature synapses have 
mainly NR2A containing NMDA receptor complexes. These can be transported along 
a degradative pathway to late endosomes (Scott et al., 2004). NR2B containing 
receptors on the other hand have been reportedto be more common at extrasynaptic 
sites and they are recycled through the endosome and back to the plasma membrane 
(Lavezzari et al., 2004; Stocca and Vicini, 1998; Tovar and Westbrook, 2002). 
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NMDA RECEPTOR PHARMACOLOGY 

The complexity of the NMDA receptor results from the many different modulatory 
mechanisms, such as allosteric interactions. Long term potentation (LTP) a synaptic 
model for memory, and involvement in excitotoxicity, makes the NMDA receptor an 
important potential pharmacological target (for review see Bliss and Collingridge, 
1993).  
 
 

NMDA receptor activation 
 
The NMDA receptor is unique among ligand gated ion channels in its requirement for 
two obligatory agonists, glycine and glutamate. At resting membrane potential, the 
NMDA receptor is inactive and the channel pore is blocked by a magnesium ion 
(Mg2+). Voltage-dependent depolarization of the cell membrane for example caused 
by activation of AMPA receptors by glutamate, results in release of the Mg2+-ion and 
allows the NMDA receptor ion channel to be Ca2+-permeable upon glycine and 
glutamate activation.  
 
 

The NMDA receptor ligand-binding site 
 
The structure of the ligand-binding site for NMDA receptors was established after 
realizing that glutamate receptors share sequence homology with the structurally 
defined bacterial amino acid proteins (Nakanishi et al., 1990), and by comparison 
with the crystal structure of the related AMPA receptor subunit GluR2 (Armstrong et 
al., 1998). A conserved ligand-binding pocket had been suggested for all glutamate 
receptors (figure 3) (Oh et al., 1993; Oh et al., 1994; Sun et al., 1998). According to 
this model the ligand-binding pocket is created by two globular domains, formed by a 
stretch of amino acids of the extracellular N-terminus, called S1, and amino acids in 
the extracellular loop between M3 and M4, called S2 (figure 1 and 3). The S2 half of 
the agonist-binding core is similar to the bacterial leucine/arginine/ornithine binding 
protein (LAOBP), again pointing at the conserved structure in this region (Kuryatov 
et al., 1994). The S1 and S2 lobes of the ligand-binding domain can adapt open and 
closed states. Binding of the ligand stabilizes the closed form of the ligand-binding 
site, which results in a conformation change of the ion pore and opening of the 
channel. During antagonist binding, conversely, the ligand-binding site clamshell 
structure retains in an open state of and has therefore a closed channel.  
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S1  
                *                                                           
hNR3A  -HLRVVTLIE HPFVFTREVD DEG-LCPAGQ L--------- ------CLDP MTNDSSTLDS 556 
hNR3B  -KLRVVTLLE HPFVFARDPD EDG-QCPAGQ L--------- ------CLDP GTNDSATLDA 458 
hNR1   TRLKIVTIHQ EPFVYVKPTL SDG-TCK---- -EEFTVNGD PVKKVICTGP NDTSPGSPRH 449 
hNR2A  -HLSIVTLEE APFVIVEDID PLTETCVRNT VP-------- ------CRKF VKINNSTN-- 447 
 
 
                                                            *          
hNR3A  LFSSLHSSND TVPIKFKKCC YGYCIDLLEK IAEDMNFDFD LYIVGDGKYG AWK------N 610 
hNR3B  LFAAL—-ANG SAPRALRKCC YGYCIDLLER LAEDTPFDFE LYLVGDGKYG ALR------D 510 
hNR1   T--------- -----VPQCC YGFCIDLLIK LARTMNFTYE VHLVADGKFG TQERVNNSNK 495 
hNR2A  ---------- -EGMNVKKCC KGFCIDILKK LSRTVKFTYD LYLVTNGKHG KKV------N 490 

 
                             * *    *  
hNR3A  GHWTGLVGDL LRGTAHMAVT SFSINTARSQ VIDFTSPFFS TSLGILVRTR  660 
hNR3B  GRWTGLVGDL LAGRAHMAVT SFSINSARSQ VVDFTSPFFS TSLGIMVRAR  560 
hNR1   KEWNGMMGEL LSGQADMIVA PLTINNERAQ YIEFSKPFKY QGLTILVKKE  545 
hNR2A  NVWNGMIGEV VYQRAVMAVG SLTINEERSE VVDFSVPFVE TGISVMVSRS  540 
 
 
S2  
                   M2                                 M3 
hNR3A  SKVFSFSSAL NICYALLFGR TVAIKPPKCW TGRFLMNLWA IFCMFCLSTY TANLAAVMVG 770 
hNR3B  STVFSYSSAL NLCYAILFRR TVSSKTPKCP TGRLLMNLWA IFCLLVLSSY TANLAAVMVG 670 
hNR1   EDALTLSSAM WFSWGVLLNS GIGEGAPRSF SARILGMVWA GFAMIIVASY TANLAAFLVL 658 
hNR2A  GPSFTIGKAI WLLWGLVFNN SVPVQNPKGT TSKIMVSVWA FFAVIFLASY TANLAAFMIQ 665 
 
                                       *   *  
hNR3A  EKIYEELSGI HDPKLHHPSQ ----GFRFGTV RESSAEDYVR QS—-FPEMHE YMRRYNVPAT 825 
hNR3B  DKTFEELSGI HDPKLHHPAQ ----GFRFGTV WESSAEAYIK KS—-FPDMHA HMRRHASPTT 725 
hNR1   DRPEER ITG INDPRLRNPS D---KFIYATV KQSSVDIYFR RQVELSTMYR HMEKHNYESA 721 
hNR2A  EEFVDQ VTG LSDKKFQRPH DYSPPFRFGTV PNGSTERNIR NN—-YPYMHQ YMTKFNQKGV 714 
 
                  * 
hNR3A  PDGVEYL KNDPEK-LDA FIMDKALLDY EVSIDADCKL LTVGK--PFA IEGYGIGLPP NSPL 883 
hNR3B  PRGVAML TSDPPK-LNA FIMDKSLLDY EVSIDADCKL LTVGK—-PFA IEGYGIGLPQ NSPL 783 
hNR1   AEAIQAV RDN--K-LHA FIWDSAVLEF EASQ--KCDL VTTGE--LFF RSGFGIGMRK DSPW 774 
hNR2A  EDALVSL KTG--K-LDA FIYDAAVLNY KAGRDEGCKL VTIGSGYIFA TTGYGIALQK GSPW 771 
 
                                                              M4 
hNR3A  TANISE LISQYKSHGF MDMLHDKWYR VVPCGKRSFAV TETLQMGIKH FSGLFVLLCI 940 
hNR3B  TSNLSE FISRYKSSGF IDLLHDKWYK MVPCGKRVFAV TETLQMSIYH FAGLFVLLCL 840 
hNR1   KQNVSL SILKSHENGF MEDLDKTWVR YQECDSRSNAP AT---LTFEN MAGVFMLVAG 821 
hNR2A  KRQIDL ALLQFVGDGE MEELETLWLT GICHNEKNEVM SS—-QLDIDN MAGVFYMLAA 826 
 
hNR3A  GFGLSILTTI GE 952 
hNR3B  GLGSALLSSL GE 852 
hNR1   GIVAGIFLIF IE 834 
hNR2A  AMALSLITFI WE 838 
 
 
Figure 3. Sequence alignment of hNR3A, hNR3B , hNR1 and hNR2A. Amino acid sequences 
illustrating the S1 and M3-S2-M4 domains.  identifies mutated amino acids in paper III. Identical 
residues are marked with light gray, and the SYTANLAA residues are red.  
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The NR1 glycine binding site  
 
By solving the crystal structure of the rat NR1 protein (Furukawa and Gouaux, 2003) 
it was showed that folding of NR1 S1/S2 is similar to that of GluR2 (Armstrong et 
al., 1998), despite only 27% amino acid sequence homology. Eight amino acids of the 
NR1 S1/S2 domain establish direct contact with the bound glycine molecule through 
hydrogen bonds and electrostatic interactions (Furukawa and Gouaux, 2003). 
Nevertheless, a striking difference between NR1 and other iGluR subtypes is the high 
affinity of NR1 for glycine and not L-glutamate (Miyazaki et al., 1999), even though 
the residues in the binding sites of NR1 and NR2A are identical, or conservative 
substitutions. There are however two important differences. First, residue 655 in 
GluR2 is a threonine (Thr655), the hydroxyl group of which forms a hydrogen bond 
to glutamate, while in NR1 the equivalent residue at position 689 is a valine, lacking 
a hydroxyl group, and therefore unable to form the corresponding interaction. 
Second, leucine 704 in GluR2 correspond to tryptophan 731 in NR1, which has an 
indole ring that faces the binding pocket and would clash with glutamate and prevent 
binding (Furukawa and Gouaux, 2003).  
 
The interaction of different NR2 subunits and NR1 will control the glycine-affinity to 
NR1. Presence of NR2B in the NMDA receptor complex will increase the affinity for 
glycine and glycine antagonists compared to NR2A and NR2C containing receptors 
(Benke et al., 1999).  
 
 

The NR2 glutamate binding site 
 
The crystal structure of the glutamate ligand-binding core of the NR2A subunits was 
reported in 2005 (Furukawa et al., 2005) and several homology studies with the 
GluR2 and the NR1 crystal structures as template have been described (Blaise et al., 
2004; Hansen et al., 2005; Kinarsky et al., 2005; Laube et al., 2004; Tikhonova et al., 
2002). Several amino acids residues of the NR2A S1/S2 ligand-binding domain form 
identical ligand-binding interactions as residues in other glutamate-binding subunits 
(Furukawa et al., 2005).  
 

The NMDA receptor ion channel 
 
The ion pore of the NMDA receptor is formed by the M2 re-entrant loop, the external 
first part of M1, the C-terminal part of M3 (M3c) and the N-terminal part of M4 
(figure 1) (Beck et al., 1999; Kashiwagi et al., 2002; Wollmuth et al., 1996). The M3c 
domain includes a conserved amino acid sequence, SYTANLAAF, found in all GluR 
subunits. Introduction of several different single amino acid mutations in this region 
result in constitutively open channels (Kashiwagi et al., 2002; Sobolevsky et al., 
2007; Zuo et al., 1993), and the M3c domain shows conformational changes at gating, 
indicating an important role in activation-deactivation of the receptor (Sobolevsky et 
al., 2002a; Sobolevsky et al., 2002b; Sobolevsky et al., 2007). A recent study 
identified the amino acids A652 in NR1 and A651 in NR2B, which correspond to A7 
in the M3c sequence SYTANLAAF, to play a key role in the activation-deactivation 
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gating mechanism of the NMDA receptor (Chang and Kuo, 2008). These amino acids 
are situated at the corners that forms the narrowest part of the ion pore between the 
receptor subunits. Site directed mutation to more bulkier amino acids results in 
greater distance between the M3c helices. Mutation of all four residues gives a 
disproportional increase in the open probability, while mutations of two residues 
cause a much smaller effect (Chang and Kuo, 2008). Binding of agonist to all 
subunits would pull all four outwards and open the pore, indicating that all four M3c 
are required. 
 
Non-homologous asparagine (N) residues in NR1 and NR2 subunits is thought to 
form a narrow constriction of the NMDA receptor (Wollmuth et al., 1996), which is 
present approximately in the middle of the membrane. The asymmetry of these 
hydrophilic residues may provide a mechanism for channels to interact with divalent 
cations, and cause a selectivity filter (Wollmuth et al., 1996). All GluRs are nearly 
equally permeable to sodium (Na+) and potassium (K+). However, NMDA receptors 
are more permeable to Ca2+ than AMPA receptors (McBain and Mayer, 1994), due to 
RNA editing. Enzymatically modifications of the nucleotides in the mRNA sequence, 
when transcribed from the gene results in changes of the amino acids in the final 
protein. Alteration in amino acid in a specific site, Q/R in the M2 region controls Ca2+ 
permeability (Burnashev et al., 1992). AMPA receptors that lack the GluR2 subunit, 
which has near complete editing to arginine (R), result in channels permeable to Ca2+ 
(Hollmann et al., 1991; Hume et al., 1991).   
 
Different theories concerning the opening of the NMDA receptor ion channel upon 
activation have been proposed. One study suggests that for activation, all four 
subunits in the receptor complex must bind a ligand before opening of the channel, 
and that antagonist binding to either site of the receptor would block the channel 
(Lester and Jahr, 1992). In a later study the authors suggest that all subunits in a 
receptor complex will contribute to the channel opening, giving rise to various 
degrees of channel opening (Banke and Traynelis, 2003). 
 
 

The NR1/NR3 excitatory glycine receptor 
 
From electrophysiological studies in Xenopus oocytes, the existence of an atypical 
excitatory glycine-activated receptor containing an NR1/NR3 subunit assembly was 
proposed (Chatterton et al., 2002). Electrophysiological investigation of the 
NR1/NR3 receptor complex identified a pronounced Mg2+ insensitivity and an ion 
channel less permeable to Ca2+ and Cl- (Chatterton et al., 2002). The glycine-evoked 
currents through this receptor could be inhibited by the NR1 glycine site agonists D-
serine, D-cycloserine (DCS), D-alanine and 1-aminocyclopropanecarboxylic acid 
(ACPC), as well as by the antagonists 5,7-dichlorokynurenic acid (5,7-DCK), 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX) (Chatterton et al., 2002; Madry et al., 
2007a). In contrast, the NR1 glycine site antagonist MDL-29951 and L-689.560 
strongly potentiated the glycine-activated currents of the NR1/NR3 receptors (Madry 
et al., 2007a). Quite surprisingly, agonist binding to NR3 alone could be enough to 
activate NR1/NR3 receptors (Awobuluyi et al., 2003). These results concur with the 
idea that all subunits in the receptor complex contribute to channel opening (Banke 
and Traynelis, 2003).  
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In human embryonic kidney (HEK) 293 cells, the assembly of functional NR1/NR3 
excitatory glycine receptors required co-expression of both NR3A and NR3B 
together with NR1. These glycine-activated receptors were partially activated by D-
serine and inhibited by 5,7-CK. In contrast, the NR1 glycine site partial agonist 3-
amino-1-hydroxypyrrolid-2-one (HA-966) and antagonist 7-CK potentiated the 
glycine-activated currents (Smothers and Woodward, 2007). Importantly, 
investigation of wild type and transgenic mouse hippocampal neurons over-
expressing NR3A failed to demonstrate any glycine-evoked currents (Tong et al., 
2008). These results suggest that the atypical NR1/NR3 glycine-activated receptor is 
not expressed endogenously, and therefore contradicts the first study of the atypical 
glycine receptor, presented by the same group (Chatterton et al., 2002).  
 
Although unlikely, one explanation for the conflicting results could be the origin of 
the tissue used for the cell cultures. In the first study, cerebrocortical neurons were 
used (Chatterton et al., 2002), while hippocampal neurons were used in the more 
recent study (Tong et al., 2008). It is possible that the subunit composition differs 
between the cerebrocortical and hippocampal regions, resulting in diverging 
conclusions about the atypical excitatory glycine receptor. Thus, whether or not this 
type receptor exist remains to be proven.  
 
 

Allosteric Interactions 
 
There are several different allosteric sites present on the NMDA receptor subunits, 
which can modulate the ligand-binding parameters (figure 2).  
 
The NMDA receptor is tonically inhibited by protons under normal conditions, 
controlled by N1 insert in NR1 splice variants (for review see Yamakura and Shimoji, 
1999). However, NR1/NR2C receptor assemblies, regardless of presence of N1, are 
remarkably insensitive to protons, with IC50 values of pH 6.2 (Traynelis et al., 1995). 
 
Polyamines can act on NMDA receptors to generate both inhibitory and stimulatory 
effects, by several mechanisms. Potentiating effects are divided into glycine-
dependent or glycine–independent. The glycine-dependent effect results from an 
increase in glycine-affinity of the receptor and are found in homomeric NR1 
channels, and heteromeric NR1/NR2A or NR1/NR2B assemblies (Durand et al., 
1992; Williams, 1994a; Williams et al., 1995; Zhang et al., 1994). In the glycine–
independent mechanism the channel open frequency is increased and the onset rate 
for desensitization of the receptor is decreased at saturating glycine levels (Lerma, 
1992; Rock and Macdonald, 1992). This mechanism requires presence of NR1 splice 
variants lacking the N1 insert, while appearance of stimulatory effect is NR2B-
dependent (Williams, 1994b; Williams et al., 1995; Zhang et al., 1994). The 
inhibitory outcome is either voltage- or ligand affinity dependent. The voltage-
dependent, due to high concentration of polyamines at hyperpolarized membranes 
potentials arise at heteromeric NR1/NR2A or NR1/NR2B channels (Durand et al., 
1993; Williams, 1994b; Williams et al., 1995). At the presence of low agonist 
concentration, the reduced affinity for the agonists is enough to prevent the 
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stimulatory effect of spermine, resulting in modest net effect of spermine. This is only 
observed for NR1/NR2B receptor complex (Williams, 1994a).  
 
NMDA receptors with NR2B subunits present are inhibited by ifenprodil, a non-
competitive antagonist (Williams, 1993). Desensitization of NMDA receptor by 
ifenprodil is suggested to act through an allosteric interaction between the N-terminus 
and the ligand-binding domain of NR2B. Ifenprodil is thought to bind to a cleft in the 
N-terminal thus preventing cleft closure (Malherbe et al., 2003; Perin-Dureau et al., 
2002). 
 
Zink (Zn2+) can accumulate at the nerve terminals in specific brain regions and 
through a Ca2+ dependent manner be released into the synaptic cleft (Smart et al., 
1994). Zn 2+ binding can cause both voltage-dependent and independent inhibitory 
effect on the NMDA receptor, depending on subunit composition. Zn2+ binds to an N-
terminal site on the NR2A subunit, and with extensively reduced affinity to NR2B, 
but not to NR2C and NR2D (Chen and Lipton, 1997).  
 
Reducing agents can potentiate NMDA receptors channels, while oxidizing agents are 
inhibitory (Aizenman et al., 1989; Reynolds and Miller, 1990; Sucher et al., 1996). 
Cystein residues in the NMDA receptor subunits are therefore suggested to exist in 
equilibrium between the fully reduced with a thiol group (R-SH), or in the fully 
oxidized state with a disulphide bond (R-S-S-R) or possibly a sulphenic acid (R-
SOH) (Lipton et al., 1996; Sundstrom and Mo, 2001). 
 
Binding by one off the ligands, glycine or glutamate to NR1 and NR2 respectively, 
can also affect binding of the co-agonist. Several studies have investigated the affinity 
for binding of either ligand in presence of agonists or antagonist at the opposite site, 
resulting in either increased or reduced affinity (Grimwood et al., 1994; Grimwood et 
al., 1995; Hood et al., 1990; Lester et al., 1993; Mugnaini et al., 1993; Oblin and 
Schoemaker, 1994). One suggestion is a mutual regulation in affinity for the ligands 
due to conformational changes when a partial agonist binds to one of the sites, which 
would result in accelerated off-rate of the co-agonist (Priestley and Kemp, 1994). 
There are no data published on allosteric interactions between glutamated and glycing 
binding sites in NR3-containing heteromeric assemblies. 
 
 

NMDA receptors and neurodegeneration 
 
For a number of neurodegenerative diseases neuronal death have been proposed to be 
due to excessive stimulation of glutamate receptors in a process called glutamate 
toxicity or excitotoxicity. During excitotoxicity, the combined effect of increased 
release and leakage of glutamate, and impaired glutamate uptake, leading to elevated 
and sustained, synaptic and extrasynaptic glutamate concentrations (Drejer et al., 
1985; Ikeda et al., 1989; Rubio et al., 1991; Sundstrom and Mo, 2002; Szatkowski et 
al., 1990). Neurons become over-excited including a prolonged over-activation of the 
NMDA receptor, which leads to high influx of Ca2+, and through several downstream 
mechanisms to neuronal death (figure 4) (Lipton and Rosenberg, 1994). The initiating 
event in excitotoxicity can be of various origins, such as vascular or ischemic, 
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genetic, or immunologic. There are also several models of excitotoxicity involving 
AMPA receptors (Brorson et al., 1994), NMDA receptors (Tymianski et al., 1993) or 
both. However, even when excitotoxicity are mediated through NMDA receptors, it 
can give rise to several diverse processes, such as calpain activation, production of 
reactive oxygen species and nitric oxide (NO) synthesis, which may lead to cell death 
(Ayata et al., 1997; Brorson et al., 1994). Further complexity of excitotoxicity is 
demonstrated by the role of apoptosis rather than necrosis in some procedures (Zhang 
et al., 1998).  
 
Second messenger systems can affect various receptors, including the NMDA 
receptor, and either block or increase the excitotoxicity process. One example is 
protein phosphatase C (PKC), which modulates NMDA receptors resulting in 
potentiation or suppression of Ca2+-fluxes, depending on the subunits involved (Grant 
et al., 1998).  
 
The vulnerability of cells to excitotoxicity may depend on the presence of specific 
receptor subtypes. The redox modulatory site has been identified to result in subunits 
specific response. One redox modulatory site is present on the NR1 subunit and one 
on the NR2A, where NR1 affects the open frequency and NR2A alters the open well 
time. Investigation of theses sites demonstrate that the NR1 redox site is not involved 
in redox modulation of NR1/NR2A, while present in NR1/NR2C receptors it is 
(Brimecombe et al., 1999). This suggests that the NR2A redox site is the necessary 
and enough to induce redox sensitivity in NR1/NR2A receptors. It is also known that 
NR2A subunits have high affinity for glutamatergic antagonist, while NR2C show 
low affinity (for review see (Lynch et al., 1994). NR2C is predominantly expressed in 
the cerebellum and might therefore explain the low sensitivity for glutamate 
antagonist in this region. The dissimilarity in the NR2 subunit response to several 
allosteric agents could be possible targets in a subtype-specific approach to prevent 
excitotoxicity. Presence of the NR3A or NR3B in functional NMDA receptors results 
in lower whole cell currents and may therefore result in lower sensitivity to 
glutamate-mediated excitotoxicity. 
 

 
Figure 4. Schematic model of excitotoxicity. Glutamate activates a diverse number of receptor 
systems, such as NMDA, AMPA and G-protein coupled receptors. Large amounts of Ca2+ enter the 
cell and result in a wide range of downstream mechanisms, which may be toxic to the cell and give rise 
to cell death. 
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THE NMDA RECEPTOR: DISORDERS AND TREATMENT 

As mentioned, NMDA receptors may be involved in a broad spectrum of disorders; 
hypoxia, ischemia, epilepsy, Parkinson’s disease, Huntington’s disease, HIV 
dementia, schizophrenia, Alzheimer’s disease (AD), hypoglycemia, 
hyperammonemia, hyperglycemia, diabetic retinopathy and Creutzfeldt-Jakob disease 
(for review see Waxman and Lynch, 2005). Consequently, the NMDA receptor is an 
important target for drug development. So far, most drugs investigated in clinical 
trials are limited in their therapeutical use due to severe side effects, such as 
psychosis, memory impairment, nausea, vomiting, autonomic instability and neuronal 
injury (Ikonomidou et al., 1999; Lipton and Rosenberg, 1994). However, memantine, 
a non-competitive NMDA receptor antagonist, which has been used in certain 
countries to treat Parkinson’s disease, is now approved for treatment of moderate to 
severe AD (Areosa Sastre et al., 2004; Scarpini et al., 2003). This antagonist exhibit 
moderate affinity, and reduces pathological activation without affecting physiological 
NMDA receptor activity (Scarpini et al., 2003). It is unclear how NMDA receptor 
block improve symptoms of AD. Expression of NR1/NR2B receptors declines as the 
disease progresses (Mishizen-Eberz et al., 2004), but whether this is a primary or 
secondary effect is unknown. Memantine is presently under investigation for clinical 
use in other disorders, such as HIV-dementia, depression, glaucoma and severe 
naturopathic pain (Lipton, 2007). 
 
NMDA receptors are thought to be involved in schizophrenia (for review see Olney et 
al., 1999), and changes in both mRNA and protein expression in schizophrenia of the 
NMDA receptor subunits varies in different regions (for review see Kristiansen et al., 
2007). A dramatic decrease in the amount of the NR1 subunit in animals gives 
symptoms characteristic of schizophrenia (Mohn et al., 1999). In cases with 
schizophrenia, NR3A mRNA was found to be abnormally expressed in dorsolateral 
prefrontal cortex (DLPFC) and inferior temporal cortex, in comparison of controls 
without record of any psychiatric disorders (Mueller and Meador-Woodruff, 2004). In 
contrast, a recent investigation reports no difference in NR1 and NR3A protein levels 
in DLPFC between schizophrenic patients and control group (Henson et al., 2008). It 
is intriguing that glycine and D-cycloserine have shown effects on negative 
symptoms in schizophrenic patients (Javitt, 2006) Whatever is correct, the role of 
NMDA in Schizophrenia remains unclear. 
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AIM OF THE THESIS 
 
The general aim of this thesis was to clarify the role of NR3A in human CNS. 
Specific aims included to clone the human NR3A and determine the regional 
expression of NR3A in both fetal and adult human CNS, to demonstrate the cellular 
and molecular distribution of NR3A and characterize the pharmacology of the 
NMDA receptor subunits NR3A and NR3B. Further knowledge about the NMDA 
receptor, its spatial and temporal distribution, and function may lead to development 
of subunit specific drugs, which may be used for treatment of different neurological 
and psychiatric disorders.  
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RESULTS & DISCUSSION 
 

PAPER I – Cloning and expression of the human N-methyl-D-aspartate 
receptor subunit NR3A 

 
When this study was initiated, the human NR3A (hNR3A) had not been cloned, and 
the knowledge regarding the NR3A subunit was limited. We showed that the hNR3A 
protein is encoded by 1115 amino acids, with a calculated molecular weight of 125.5 
kDa, and sequence analysis revealed 93% amino acid homology to rat NR3A 
(rNR3A). The homology investigation proposed highest homology in the membrane 
domains and in the ligand-binding S2 domain, in accordance with the conserved 
topology among iGluR subunits. 
 
Ten out of the eleven predicted glycosylation sites found in rNR3A were also found 
in hNR3A, while the Ca2+/calmodulin-dependent protein kinase II consensus 
sequence in rNR3A was not found in hNR3A. Furthermore, there are three potential 
protein kinase C (PKC) phosphorylation sites, in both rat and human NR3A. It is 
unclear whether these variations in potential glycosylation and phosphorylation sites 
have a specific function, and so far NR3A seems not to contain any modifications. 
However, sites important for function and regulation are expected to be conserved 
between species. 
 
In situ hybridization study of the human fetal CNS show that hNR3A mRNA is 
abundantly expressed in the cerebrocortical anlage, throughout the ventricular zone 
and cortical plate, and in the developing spinal cord, in the dorsal half and the 
neuroepithelial layer surrounding the central canal. Previous studies have 
demonstrated that adult hippocampal stem cells are regulated through NMDA 
receptors (Deisseroth et al., 2004). NR3A-containing NMDA receptors might be 
constitutively expressed in neural progenitor cells before differentiation and may 
therefore be a critical player during differentiation to neurons (Kitayama et al., 2004). 
For that reason these areas would be of interest to investigate since they are known to 
host the somatic stem cells. NR1, on the other hand, displayed a different expression 
pattern in the spinal cord. It was most abundant in the ventral spinal cord while low 
levels were seen in the neuroepithelial layer, which suggests that NMDA receptors in 
these cells contain more NR3A at the expense of NR1.  
 
Two NR3A splice variants are identified in rat (Sun et al., 1998). The longer form, 
NR3A-l, has a 20 amino acid insert in the C-terminal part, which is absent in the short 
form, NR3A-s. Total RNA from five human fetal brain regions, as well as one adult 
and one fetal whole brain library were investigated by PCR, and revealed that only 
the short variant was present in human tissue. These results demonstrate a species 
differnece between rat and humans, of which we at the present do not know the 
consequences. 
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PAPER II – Analysis of NR3A receptor subunits in human native NMDA 
receptors 

 
In paper II, we investigated mRNA and protein expression of NR3A in adult human 
CNS, as well as the solubility of the subunit and its interactions with other NMDA 
receptor subunits.  
 
It has previously been shown that NR3A expression levels dramatically decrease after 
the second postnatal week, with little mRNA remaining in adult rodent brain 
(Ciabarra et al., 1995; Sucher et al., 1995). However, there are suggestions that there 
is a different picture in adult non-human brain (Andersson et al., 2001; Mueller and 
Meador-Woodruff, 2003; Mueller and Meador-Woodruff, 2005). In this study, we 
have identified several dissimilarities in the expression pattern between NR3A in 
rodent and human/primate CNS. 
 
The mRNA expression of NR3A in human CNS was investigated using RT-PCR and 
in situ hybridization, with the highest levels found in the cerebral cortex. Lower 
expression was demonstrated in thalamus, the caudate nucleus, the spinal cord and 
claustrum. In situ hybridization showed that pyramidal neuron-like cells, 
predominantly in layer II/III and layer V, in the cerebral cortex were stained with the 
NR3A probe, while no labeling was seen in layer I, or subcortical white matter. 
NR3A labeling was detected in α-motoneurons of the spinal cord, ventral horn of the 
grey matter. A few scattered neurons in the striatum were also observed.  
 
We examined NR3A protein in the different CNS regions and found similar regional 
distribution as for mRNA expression, with the highest levels in frontal cortex = 
temporal cortex = parietal cortex > pons superior > thalamus > occipital cortex >> 
claustrum > caudate nucleus >> cerebellum. The NR3A mRNA and protein 
expression was compared in rat and human spinal cord. The results demonstrated 
expression in both postnatal and adult rat and in human embryonic spinal cord, but 
only low levels in adult human spinal cord. Our previous finding that only the short 
form of NR3A was found in human embryonic CNS (Eriksson et al., 2002) were 
confirmed in the adult tissue. Due to technical problems with the human tissue, we 
performed immunohistochemistry in the prefrontal cortex and caudate nucleus of 
macaque monkey. Our results revealed specific staining of pyramidal neurons in layer 
II/III and V of prefrontal cortex, with no immunoreactivity in layer I. NR3A 
immunoreactivity in the cerebral cortex was detected both in cell bodies, apical and 
basal dendrites, and in punctate structures, most likely representing dendritic spines. 
These results correspond to in situ hybridization results, and suggest that NR3A has 
synaptic or perisynaptic localization. These results correspond to in situ hybridization 
results, and suggest that NR3A has synaptic or perisynaptic localization. We also 
found NR3A immunoreactivity in a few larger scattered neurons in caudate nucleus, 
which might correspond to interneurons, which constitute 2-3% of the cell population 
in this region. Our results for NR3A in human CNS may suggest a different role for 
NR3A in human, due to the contrast to rat brain, where a decline of NR3A mRNA is 
found after postnatal week two, to low levels in adult rat cerebral cortex (Ciabarra et 
al., 1995; Sucher et al., 1995).  



 

 21 

 
The solubility of NR3A was investigated and compared to that of NR1 and NR2A 
subunits. We found that NR3A from human brain was most efficiently extracted with 
DOC, but also milder detergents such as Triton X-100, NP-40 and Chapso extracted 
significant amounts of NR3A. For efficient extraction of NR1 and NR2A, DOC was 
required and small amounts of NR1 and negligible amounts of NR2A was extracted 
with other detergents. No significant difference was observed between rat and human 
subunits. 
 
We analyzed NMDA receptor assemblies from human cortical membranes by size 
exclusion chromatography followed by detection with spot blot. The results indicated 
that NR1, NR2A and NR3A are present in fractions corresponding to tetramers and 
high molecular weight complexes of tetramers bound to other proteins. Chapso could 
solubilize almost all NR1 and NR3A present in dimeric and monomeric fractions, but 
not NR2A. A small amount of NR3A dimers and monomers could then be further 
extracted with DOC from the unsolubilized material. We performed 
immunoprceipitation experiments to investigate whether NR3A assembles with the 
other NMDA receptor subunits. These results demonstrate that NR1, NR2A and 
NR2B, but not GluR2, associated with NR3A in adult human CNS.  
 
The results show that NR3A is widely expressed in human CNS both as mRNA and 
protein. The most prominent difference between rat and human was seen in spinal 
cord, with high mRNA concentrations in ventral motoneurons, but low total mRNA 
and protein levels in homogenates of human tissue. In contrast, NR3A mRNA and 
protein levels in rat spinal cord was high. Since NR3A can associate with the other 
NMDA receptors and like NR1 appears to exist as an intracellular pool, like NR1. It 
may be so that NR3A can replace one NR1 subunit or possibly one NR2 subunit in 
the functional NMDA receptor complex. 
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PAPER III - Characterization of the human NMDA receptor subunit NR3A 
glycine binding site 

 
Two contradictory reports on bioinformatic prediction of the NR3A ligand-binding 
site have been published. One suggested binding of glycine to NR3A (Belenikin et 
al., 2003), and the other suggested that glutamate is the endogenous NR3A ligand 
(Blaise et al., 2004). Electrophysiological studies showed that glycine could activate 
NR1-NR3A or NR1-NR3B assemblies, termed atypical excitatory glycine receptors 
but it was unclear if glycine actually bound to the NR3 subunits (Chatterton et al., 
2002). Finally, in another study published during the completion of ours, Yao et al. 
(2006) studied soluble NR3A S1S2 fusion proteins to analyze the binding site. For a 
more extensive study of NR3A, we decided to study human full-lenght NR3A.  
 
We performed saturation binding experiment with [3H]-glycine on NR3A or NR1 
cDNA transfected HEK 293cells. Our results showed that hNR3A binds glycine with 
an affinity (KD= 535 nM) not significantly different from the affinity of glycine to 
hNR1 (KD = 336 nM) or rat cerebral cortex (KD = 304 nM). Saturation binding with 
[3H]-glutamate revealed no specific binding to NR3A, suggesting that glycine is 
indeed the endogenous ligand for NR3A. 
 
To identify the S1S2 amino acids interacting with NR3A, ten different site-directed 
mutations of eight amino acid residues in the human NR3A ligand-binding domain 
were introduced, and all mutations were verified by DNA sequencing. The chosen 
amino acids had previously been identified as ligand interacting residues for NR1 and 
NR2 ligand-binding (Paas et al., 2000). HEK293 cells were cultured and transfected 
with either wt or mutated hNR3A cDNA, and compared to hNR1 expressing cells, as 
a control. The protein expression levels were verified with western blot after each 
harvest, and all hNR3A variants were found to be expressed at similar levels. Seven 
of the amino acid mutations gave a complete loss of binding, while for three of the 
mutations a very low level of binding was detected, which was to low for calculating 
binding parameters. These experiments verified that all of the amino acids studied are 
critically involved in NR3A ligand binding.  
 
To further compare NR1 and NR3A ligand-binding, displacement of [3H]-glycine by 
a series of NMDA receptor NR1 glycine site ligands was studied. [3H]-glycine could 
be displaced by the NR1agonists glycine and D-serine and by the partial agonist HA-
966, while the partial agonist D-cycloserine (DCS) and the antagonist 7-chloro-
kynurenic acid (7-CK) did not. Since we confirmed in experiments these results 
demonstrate a difference in the pharmacological features of NR3A and NR1.  
 
Finally, we created a computer model of the NR3A S1S2 ligand-binding domain and 
investigated how docking of the ligands used in the experimental study could explain 
our results. Glide score is an estimation of the binding energy of the ligand to the 
binding site, in which each interaction between the backbone and ligand contribute to 
docking score. The Glide score for the ligands docked into the model would imply 
that all substances would bind to NR3A, in contradiction to our data. A closer look at 
the docking of the ligands in the model of the NR3A ligand-binding core, suggested 
glycine to be the natural ligand for NR3A. Glycine forms multiple hydrogen bonds to 
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the protein backbone, and charges in the ligand could be stabilized by surrounding 
amino acids. Conversely, attempting to fit glutamate in the binding site generated a 
clash between the ligand and the hydrophobic environment. By comparing the 
glutamate binding subunit GluR2 to NR3A, we saw that GluR2 has an existing 
hydrogen bond in the GluR2 ligand-binding which missing in NR3A, due to an amino 
acid substitution. Both D-serine and HA-966 fit in the ligand-binding pocket and 
forms multiple hydrogen bonds to backbone amides. Comparing the NR3A and the 
NR1 S1S2 site shows that NR3A creates a different ligand-binding environment. The 
NR1 S1S2 domain contains bulkier residues than NR3A and these forms van der 
Waals interactions with the ligand. A possible explanation for the lack of binding of 
7-CK to NR3A is the repulsion of a π-electron in the ligand towards a few negatively 
charged amino acids in the S1S2 domain of NR3A. Differences between NR3A and 
NR1 may suggest that the generated model could be used for further studies of the 
pharmacology of NR3A. 
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PAPER IV – Analysis of the human NMDA receptor subunit NR3B ligand 
binding site 

 
Electrophysiological studies have shown that NR3B has a unique pharmacology 
(Madry et al., 2007a; Smothers and Woodward, 2007), but none of them identifies 
specific binding to NR3B. In this study we investigated the ligand binding to NR3B 
and propose a model for the ligand-binding site. 
 
We investigated the ligand-binding domain of human NR3B by competitive 
radioligand binding of [3H]-glycine by a series of known NMDA receptor NR1 
glycine site ligands. Unlabelled glycine, but not glutamate, monophasically displaced 
[3H]-glycine in the NR3B binding pocket with a Ki = 1.6 µM, identical to the affinity 
for NR1, Ki = 1.6 µM, implying that glycine is an endogenous ligand for NR3B. The 
NMDA receptor NR1 agonist D-serine, the partial agonists DCS and HA-966, and the 
antagonist 7-CK were also able to displace [3H]-glycine bound to NR3B, while 
CNQX only partially displaced [3H]-glycine. In contrast, the NR1 glycine site 
antagonist L-689.560 could not displace [3H]-glycine binding to NR3B even at 
millimolar concentrations. As expected, NR1 bound [3H]-glycine could be displaced 
by all substances tested.  
 
Homology modeling was used to generate a model of the NR3B S1/S2 domain, 
which indicated high homology to the NR3A binding site. Data for binding modes 
were predicted for the substances. However, the calculated values of the Glide score 
did not correspond to experimental binding energies, which suggest dissimilarity 
between the NR3A and NR3B binding-sites. Refinement of the model with docked 
ligand explained some of the predictions concluded from the Glide scores.  
 
Glycine and D-serine form several hydrogen bonds to the NR3B amino acid 
backbone, but glutamate clashes with Met744, Asp745 and Ser700 in the S1S2-
domain. (+)HA-966 establishes two salt bridges and two hydrogen bonds, which may 
stabilize the ligand-binding. DCS, on the other hand is not a zwitter ion and form only 
one salt bridge and one hydrogen bond. CNQX interacts by a π-π stacking with 
Tyr505, and a salt bridge to Arg538, and 7-CK is predicted to have the same binding 
modes. Since 7-CK is unable to bind to NR3A we created a two-model system to 
elucidate this discrepancy. We found that NR3B forms an additional hydrogen bond 
compared to NR3A, and this might neutralize the adverse interaction with the 
aromatic ring of 7-CK, explaining the difference for NR3A and NR3B. L-689.560 is 
a bulkier substance and a non-planar amide bond indicates strong internal strain, 
which may describe its incapability to displace [3H]-glycine bound to NR3B. 
 
The NR3B model was used to screen a chemical library for possible NR3B antagonist 
candidates. Five suggested candidates was chosen and examined for NR3B binding. 
However, none of them managed to displace [3H]-glycine in the competitive binding 
model. These results illustrate the difficulties of identifying of new subunit specific 
substances, and suggest that much more extensive screening is needed.  
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Taking together the results from paper III and IV, we suggest that although the NR3A 
and NR3B ligand-binding sites are homologous in their ability to bind glycine and 
possibly D-serine as a ligand, there are significant differences between them. Both 
NR3A and NR3B may therefore be potential targets in the search for NMDA receptor 
subunit-specific agonists and antagonists.  
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CONCLUSION AND FUTURE PERSPECTIVE  
 
The amino acid homology between human and rat NR3A cDNA is high, 93%, and 
most glycosylation and phosphorylation sites are conserved. Out of the two splice 
variants found in rat, only the short form is present in human tissue, at both 
embryonic and adulthood. The longer splice variant found in rat has its 20 amino acid 
residues insert in the C-terminal part, which is known to form postsynaptic protein 
interactions. A previous study demonstrated that NR3A is more easily extracted from 
rat brain driven plasma membranes, than other NMDA receptor subunits (Perez-
Otano et al., 2006). The lack of this splice variant in human CNS, and in combination 
of the solubilization results for NR3A, might propose a less firm anchoring of the 
NR3A subunit to the plasma membrane and perhaps with a higher degree of extra 
synaptic location. Excitotoxicity have been shown to be mediated by extrasynaptic 
receptors to a higher grade than by synaptic receptors (for review see Hardinghamn 
and Bading, 2003). This could be analyzed in rat tissue, if splice variant-specific 
NR3A antibodies were available. Alternatively, solubility of the different splice 
variants could be analyzed using mass spectrometry, since the difference in molecular 
weights between the two splice variants is to small to be resolved in western blot. 
 
With regard to the other differences between human and rat protein, it is difficult to 
conclude what importance the potential glycosylation and phosphorylation site may 
have. First, it is not known if these predicted sites are indeed glycolsylated and 
phosphorylated. Second, if they are, we don’t know in what situations this occur, and 
the biological significance of this. The same holds true for the P-X-X-P site in the N-
terminus. This is a potential site of interaction with SH3-domains in other proteins 
(Wientjes and Segal, 2003), but if such an interaction occurs, and if so what the 
functional consequences may be, are not known.  
 
Although the spatial and temporal expression of NR3A is highly conserved in 
mammals, there are a few dissimilarities. In adult rat, the NR3A mRNA levels were 
reported to be very high in the spinal cord while non-detectable in larger parts of the 
brain (Al-Hallaq et al., 2002; Ciabarra et al., 1995; Sucher et al., 1995; Wong et al., 
2002). In later reports, NR3A protein levels were shown to display less dramatic 
differences, and we found comparable protein levels in the spinal cord and cerebral 
cortex. The pattern in adult human tissue differs in that NR3A is still abundant in 
cortical regions, but very low in the spinal cord. However, investigation of NR3A 
mRNA revealed strong labeling of spinal cord motoneurons, indicating that NR3A 
may have a specific role in these cells. The spinal cord is responsible for movement 
of the limbs, so one possibility explanation for the divergent expression of NR3A in 
rat and human might lay in the different movement pattern between rodents and 
primates. 
The expression of NR3A in human ventral motoneurons may be highly relevant to the 
question of the existence of atypical excitatory glycine receptors. As mentioned 
previously, in rodents, NR3B is mainly expressed in brainstem and spinal cord 
motoneurons. Should this also be true for primates, we would have a population of 
neurons with high expression of both NR3A and NR3B, possibly main candidates for 
neurons expressing the excitatory glycine receptors. However, considering the 
observation that these receptors could not be detected even in mice over-expressing 
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NR3A (Tong et al., 2008), it is of course possible that NR1-NR3 heteromeric 
excitatory glycine receptors only are artefacts, and not present in the vertebrate CNS. 
 
In postnatal rats NR3A expression peaks around day 8-10, and we show intense 
NR3A expression in the human embryonic cerebrocortical anlage and in 
neuroepitehlial layers surrounding the central canal of the spinal cord. These areas are 
for the location of neurogenesis, migration and differentiation during early CNS 
development (Nacher and McEwen, 2006). The presence of NR3A subunits in the 
NMDA receptor would result in Mg2+ insensitivity. Upon stimulation these NR3A 
containing NMDA receptors will have an open channel, even without a 
depolarization of the plasma membrane by AMPA receptors. Thus, NMDA receptors 
in these cells would not serve the purpose of coincidence detectors, but just function 
as low-Ca permeability ionotropic glutamate receptors with slower kinetics than 
AMPA receptors. The Mg2+ block, which becomes critical during LTP and long-term 
depression (LTD) would later in development gradually become more important. 
However, in many neurons, the Mg2+ insensitive NMDA receptors will continue to be 
expressed, suggesting that NR3A has specific roles in many other neuronal 
mechanisms. Considering the possible role of NR3 subunits in neurogenesis, it would 
also be of interest to investigate the areas known to be important for neurogenesis in 
adult human brain with regard to NR3A or NR3B expression.  
 
NR3A appear mainly to share features with NR1, rather than NR2 subunits. We 
found that NR3A, just as NR1, are present as monomers and dimers, but also 
included into tetrameric receptor complexes. NR1 has been shown to be present in 
both functional NMDA receptors a the cell surface and as an intracellular pool of 
unassembled monomers (Huh and Wenthold, 1999). The distribution for the NR1 
subunit is estimated to be 60% in the intracellular pool and 40% in surface receptors, 
and over-expressing NR1 does not result in an increased number of synaptic NMDA 
receptors (Prybylowski et al., 2002). NR2A and NR2B subunits, on the other hand, 
has only 10% of their populations in the intracellular pool, and over-expression of 
these subunits resulted in increased numbers of NMDA receptors at the synapse 
(Prybylowski et al., 2002). Our results suggest that NR3A, like NR1 exist as an 
intracellular pool of unassembled monomers, which can assemble with NR1 and NR2 
subunits for incorporation to the plasma membrane. Our data is in accordance with 
the observation that although most of the NR3A is associated with NR1 during 
development, only about 40% is bound to NR1 in the adult rat (Al-Hallaq et al., 
2002). Biotinylation of surface receptors, followed by immunoprecipitation and 
detection with subunit specific antibodies can be used to study the pattern for NR3A 
in these different compartments. 
Also the ligand-binding properties for NR3A resembles the NR1 subunit more than 
NR2 subunits, with glycine as an endogenous ligand. As mentioned, the excitatory 
glycine activated NR1/NR3 receptor has not yet been demonstrated to exist 
endogenously (Tong et al., 2008). I therefore suggest that it is likely that one of the 
NR1 subunits can be replaced by NR3A in a sub-population of functional NMDA 
receptor assemblies, particularly during development when NR3A levels are high. 
The response after activation of NMDA receptors, with or without NR3A present in 
the receptor complex will certainly differ. Several NR1 glycine site agonists have 
been shown to inhibit glycine-evoked currents in NR1/NR3 receptors (Chatterton et 
al., 2002; Madry et al., 2007a), and NR1 glycine site antagonists MDL-29951 and L-
689.560 strongly potentiates the NR1/NR3 receptor current (Smothers and 
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Woodward, 2007). One model for channel opening suggests that ligand-binding to all 
subunits in the receptor complex contributes to various degrees of channel opening 
(Banke and Traynelis, 2003). Irrespective of its existence in vivo, the results from the 
excitatory glycine activated NR1/NR3 receptor showing potentiation of the receptor 
response when NR1 is blocked, agrees with this model. It has been demonstrated that 
neither the NR2 nor the NR3A subunits can homo-oligomerize when over-expressed, 
unless NR1 is co-assembled (Madry et al., 2007a; Schuler et al., 2008). Together, 
these results indicate that it is possible that NR1 inhibits the receptor, since blocking 
the NR1 subunit potentiates the receptor response, thus mediated by glycine binding 
to NR3. Even though these NR1/NR3 channels may not exist endogenously, these 
effects may be true also for NR1/NR2/NR3 assemblies. If so, selectively blocking the 
NR1 subunit would potentiate the receptor response while blocking the NR3 subunit 
would result in a reduction of the NMDA receptor response. Binding of ligand to 
NR1 or NR2 subunits are known to allosterically affect the binding of co-agonists 
(Grimwood et al., 1995; Hood et al., 1990; Lester et al., 1993; Mugnaini et al., 1993; 
Oblin and Schoemaker, 1994). It is possible that similar allosteric interaction can 
affect glycine binding to either of the NR1 or NR3 subunit, which indicates 
difference response whether you block NR1 or any of the NR3 subunits. A future 
study addressing this question would be to study NMDA receptor complex with 
NR1/NR2/NR3 subunits, and investigate if block of NR1 would result in potentiation 
of this receptor type. To do this type of experiment one would need a specific NR3 
antagonist to reduce the effect from NR3 containing receptors, or recombinant 
receptor assemblies including NR1 subunits with mutated ligand binding sites to 
exclude the participation of this ligand interaction.  
 
Whether or not the atypical excitatory glycine activated NR1/NR3 receptor exists in 
human tissue still has to be proven. If they exist, a likely region would be the spinal 
cord, where both NR3A and NR3B are expressed in motoneurons at embryonic age. 
As mentioned before, a massive neurogenesis occurs at the time when NR3A and 
NR3B are expressed. The glycinergic interneurons are a prominent cell type in the 
spinal cord, and large amounts of glycine can be released. Presence of the NR3 
subunits in a receptor complex reduces the Ca2+ influx through the channel. Thus, 
neurons relying on the activation of NR3-containing NMDA receptors, which lack 
the Mg2+ block and therefore are permeable for long times, still will not be exposed to 
high Ca2+ levels. In contrast to NR3A, NR3B has been shown to be expressed at a 
more constant level during development (Fukaya et al., 2005; Matsuda et al., 2002). 
The NR3B subunit is most prominent in motoneurons of the spinal cord and brain 
stem in rat CNS (Bendel et al., 2005; Chatterton et al., 2002; Fukaya et al., 2005; 
Matsuda et al., 2002; Nishi et al., 2001). If the same pattern is present in human CNS 
NR3B might have a prominent role in NMDA receptors of the spinal cord 
motoneurons. A more extensive study of the NR3B expression of human CNS could 
be done on mRNA level by RT-PCR and by in situ hybridization, with NR3B specific 
primer and probes respectively. For investigation of NR3B protein levels, we would 
benefit from the development of a human NR3B specific antibody. Western blot on 
membrane homogenate from specific brain regions, immunohistochemistry for 
cellular localization, as well as investigation of the association to other NMDA 
receptor subunits by immunoprecipitations are a few methods that could be 
performed with such a tool. 
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The ligand-binding models for NR3A and NR3B will be most useful in combination 
with high throughput screening of large compound libraries, resulting in enhanced 
probability to find substances with the required specificity and selectivity. Identifying 
agonists and antagonists which can discriminate between the glycine-binding subunits 
NR1, NR3A and NR3B would be extremely useful for experimental studies on the 
possible functions of NR3-containing receptors, as well as for developing drugs 
which in the future could be used to treat neurological and psychiatric disorders 
linked to NR3 subunits. 
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MATERIAL & METHODS 
 

Human tissue 

Human embryonic tissue was collected at routine first trimester abortions, after 
permission from the pregnant women. The CNS tissue was used for RT-PCR and in 
situ hybridization (paper I), and for reverse transcription polymerase chain reaction 
(RT-PCR) and western blot (paper II).  
Adult human post mortem tissue, from individuals without any record of neurological 
or psychiatric disorder, was provided by Netherlands Brain Bank and by Huddinge 
Brain Bank, Sweden (paper II). The adult tissue was used for in situ hybridization, 
western blot, RT-PCR, solubilization of receptor subunits and size exclusion 
chromatography (SEC) (paper II). The use of human tissue was performed in 
accordance with Dutch and Swedish law and approved by the Regional Ethical 
Committee of Stockholm. 
 

Animal tissue 

Eight day-old Sprague-Dawley rats were decapitated and CNS tissue dissected and 
used for RT-PCR (paper I and II), for western blot and solubilization (paper II). Adult 
rats were anesthetized, decapitated and CNS tissue dissected and used for RT-PCR 
(paper I and II), for western blot (paper II), and receptor binding studies (paper III 
and IV). All the procedures were approved by the Ethical Committee on Animal 
Research in Southern Stockholm.  
 
Female macaque monkeys ranging from 6 months to 13 years of age were used for 
immunohistochemistry (paper II). The care of the animals and all anesthesia and 
euthanasia procedures in this study were performed according to the National 
Institutes for Health Guide for the Care and Use of Laboratory Animals, and were 
approved by the Institutional Animal Care and Use Committees at Emory University. 
 

Cell cultures 

HEK 293 cells were stably transfected with hNR1, hNR3A wt or mutated cDNA, 
using FuGENE (paper III), and with hNR1 and hNR2A, NR3A or NR3B cDNA 
(paper IV), and stable selected cells selected with the appropriate reagent. Cells were 
passaged when confluent, and collected cells were either lysed on ice with Tris-
buffered saline, with 2% Triton X-100 and 2% NP40, and used for western blot 
(paper III and IV), or dissolved in D-PBS and used for ligand binding (paper III and 
IV). 
 

cDNA libraries and cloning 

A fragment of hNR3A was amplified by PCR, using degenerative primers, from a 
human adult hippocampus cDNA library (paper I). The amplified fragment showed 
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87% homology to rat NR3A and was used as a template to synthesize an hNR3A-
specific DIG labeled probe. A human fetal brain λDR2 cDNA library was screened 
with the NR3A digoxigenin (DIG) probe, positive plaques isolated, and the cDNA 
sequenced. Even with repeated screening, all of the NR3A cDNA was not found and 
the full-length human NR3A cDNA was instead amplified by RT-PCR from human 
subcortical forebrain total RNA, and the nucleotide sequence determined.  
 

Reverse transcriptase chain reaction (RT-PCR) 

Total RNA was prepared from human and rat CNS tissue, with either RNeasy Mini 
Kit (paper I) or RNeasy Lipid Tissue Mini Kit (both from Qiagene) (paper II) and 
reverse transcribed to obtain complimentary DNA (cDNA), using NR3A gene-
specific primers. The full-length human NR3A cDNA was obtained by RT-PCR and 
sequenced (paper I). In paper I, and II RT-PCR was used to to investigate the NR3A 
splice variants, NR3A-l and NR3A-s. In paper II we also used RT-PCR to investigate 
the mRNA expression of NR3A in different human CNS regions.  
 

In situ hybridization 

To investigate the mRNA expression of NR3A in human embryonic tissue (paper I), 
we performed in situ hybridization with a 3´-[35S]-labeled oligonucleotide probe, 
specific for the human NR3A bp 2773-2817, on 14 µm thick sections. A NR1 (bp 
2361-2405) oligonucleotide probe with previously identified specificity (Meoni et al., 
1998) was used as a control for tissue quality. As negative control, we used sections 
hybridized to the probe in the presence of a 100-fold excess of unlabeled probe.  
In paper II, we used in situ hybridization to study the NR3A mRNA expression in 
several regions of adult human CNS. A full-length rat NR3A (rNR3A) [35S]-
riboprobe was first used and the results verified with a mixture of two 3´-[35S]-labeled 
oligonucleotide probes specific for the human NR3A (bp 694-738 and 2755-2799). 
The sense-riboprobe was used as negative control for the full-length probe, and a 
100-fold excess of unlabeled probe was used for the oligonucleotide probe.  
 
In both studies (paper I, and II), the radioactive probe was hybridized to tissue 
sections in a moist chamber at 42 °C over night. Thereafter they were repeatedly 
washed to remove the surplus of unbound probes and reduce background staining, 
before exposed to β-max X-ray film for 7-25 days, depending on signal strength, and 
developed. Sections were finally emulsion dipped to visualize the NR3A mRNA 
directly on the sections, in combination with a week counterstaining using cresyl 
violet to visualize the cells.  

 
Tissue preparation and western blot 

Human and animal tissue was homogenized on ice in 50 mM Tris-HCl, 2mM EDTA, 
0.1% SDS and 1% trition X-100, and total protein concentration determined using the 
BCA protein assay (Pierce) (paper II, III and IV). In paper III and IV, a small fraction 
of the stably transfected cells were lysed with Triton X-100 and NP40, after each 
harvesting occasion to verify constant protein expression levels, before use in 
receptor binding studies. All protein samples were separated on 7% SDS-
polyacrylamid gels, electrotransfered to nitrocellulose membranes. The membrane 
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were blocked and incubated with the primary antibody over night followed by the 
secondary antibody and detected with either on film or using a CCD-camera. 
 

Immunohistochemistry 

To investigate the protein expression of NR3A in non-human primates, (paper II), we 
performed immunohistochemical staining, using a NR3A specific antibody on 
coronal sections, 50 µm thick, from female macaque monkey. The NR3A stained 
sections were then biotinylated incubated with goat anti-rabbit IgG, rinsed and 
visualized using 3,3'-diaminobenzidine (DAB) as chromogen. Control sections, 
processed as above except for the omission of the primary antibody, did not contain 
DAB label. 
 

Solubilization 

Frozen adult human or adult rat brain tissue was homogenized and centrifuged 
repeatedly to obtain membrane fractionation (P2) (paper II). To investigate the 
solubility of NR3A, against that of NMDA receptor subunits NR1 and NR2A, we 
incubated the P2 fraction with several different detergents (Triton X-100, NP-40, 
Chapso and sodiumdodecylsulfate (DOC)), ranging in strength, and concentration. 
Unsolubilized material was removed by centrifugation before the membrane fractions 
were analyzed by western blot. To avoid that solubility of other cellular proteins 
would affect our results, the same volume fraction of each supernatant sample, rather 
than a fixed amount of total solubilized protein, were loaded on SDS-polyacrylamide 
gels. This will more accurately allow a comparison of solubility. 
 

Size exclusion chromatography and spot blot 

To further investigate the solubilization of NMDA receptor subunits, we used seize 
exclusion chromatography and spot blot to analyze the molecular weight of different 
subunit assemblies (paper II). Human cortical tissue was solubilized with either 
Chapso alone, or Chapso, with further extraction on the resulting pellet, with DOC. 
For chromatographic separation equal amounts of each sample was loaded on a 
Suprose 6 column at a flow rate of 500 µl/min, with a buffer containing the same 
detergents as used for solubilization, and one minutes fractions were collected. A 
standard set of known proteins was used to identify the molecular weights of proteins 
in the different fractions. Equal amount of fractions from the seize exclusion 
chromatography were filtered through a nitrocellulose membrane using low vacuum. 
Membranes were incubated with NMDA receptor subunits specific primary-
antibodies, thereafter with HRP-linked secondary antibody, and detected with a CCD-
camera. 
 

Immunoprecipitation 

In paper II we investigate if NR3A associates with the other NMDA receptor 
subunits. A P2 pellet was prepared from adult human cerebrocortical and spinal cord 
tissue, as described previously, and solubilized in DOC at pH 9.0. Samples were 
dialyzed over night to remove excess detergent and the resulting supernatants were 
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diluted 10 times. Samples precleared with dynabeads were first incubated with NR3A 
antibody over night, and then precipitated with dynabeads before finally analyzing 
the proteins by western blot. 
 

Site-directed mutagenesis and sequencing 

Mutations of nucleotides coding for eight different amino acids residues, 
corresponding to residues suggested to participate in glycine- and glutamate-binding 
of NR1 and NR2 respectively were introduced into the S1S2 domain of the hNR3A 
(paper III). The full-length human NR3A cDNA, (paper I), and all site-directed 
mutations, (paper III) were confirmed by sequence analysis.  
 

Receptor ligand binding 

Receptor radioligand binding (paper III and IV) was performed on membrane 
preparations of rat cerebral cortex or transfected HEK 293 cells. Cells were harvested 
and to remove endogenous glycine and glutamate, the pellet was repeatedly washed. 
On the day of the receptor-binding assay the membrane preparation was washed three 
more times. 
 
Saturation binding was done by incubating 130–250 µg of protein with increasing 
concentrations of [3H]-glycine or [3H]-glutamate, (paper III). The protein-ligand 
complex was co-incubated with 1 mM D-serine or glutamate to define non-specific 
binding of the two respective ligands.  
 
For drug displacement experiments, membrane preparations and [3H]-glycine (300 
nM) was incubated with increasing concentrations, (0.1–3000 µM) of known NMDA 
receptor NR1 glycine site ligands (paper III and IV).  
 
Data analysis for both receptor-binding methods was performed using Prism 3.0 
(GraphPad Software Inc.). Saturation binding curves were fitted to a one-site binding 
model and the dissociation constant (Kd) was calculated. Displacement binding curves 
for [3H]-glycine was fitted to a homologous competitive binding curve, with one class 
of binding sites, and the dissociation constant (Kd) were calculated. Competition of 
[3H]-glycine by the NR1-binding substances tested was fitted to a one-site 
competition-binding model. Kd values from the saturation binding experiments were 
used to calculate the inhibitor constant (Ki), from the IC50 values for each ligand. 
 

Ligand binding mode 

A model of the S1S2 ligand-binding core of hNR3A and hNR3B was built based on 
the active crystal structures of rat NR1 and rat GluR2 using modeling software (MOE 
2003, paper III and Prime 1.6, paper IV). Initially, a structural alignment was 
generated between the two template structures. The human NR1, NR2A, NR3A and 
NR3B sequences, with a glycine-threonine linker introduced between the S1 and S2 
domains, were then aligned to the structural alignment. The final model was acquired 
after several iterative rounds of adjustments of sequence alignments and model 
constructions. The same procedure was repeated to generate the model of NR3A 
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ligand binding core in antagonist bound conformations using the inactive 
conformation of rNR1 and rGluR2 structures as templates.  
 
In order to acquire ligand-binding modes in the models, docking simulations were 
carried out with modeling software. The protein model structures were prepared using 
Protein Preparation protocol, which adds hydrogen atoms, assigns formal charges on 
ionizable residues and finally performs iterative tethered minimization until RMS 
deviation of non-hydrogen atom falls below 0.3 Å. The ligands were docked flexibly 
to the corresponding models. To compare the NR3 models with NR1 ligand binding, 
the rNR1 templates were analyzed similarly and the ligands were subsequently 
docked. 
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