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Pharmacological characterization of recombinant
NR1/NR2A NMDA receptors with truncated and
deleted carboxy termini expressed in Xenopus laevis
oocytes
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Background and purpose: The carboxy terminal domain (CTD) of NR2 N-methyl-D-aspartate receptor (NMDAR) subunits
interacts with numerous scaffolding and signal transduction proteins. Mutations of this region affect trafficking and down-
stream signalling of NMDARs. This study determines to what extent characteristic pharmacological properties of NR2A-
containing NMDARs are influenced by this key functional domain.
Experimental approach: Using recombinant receptor expression in Xenopus laevis oocytes and two electrode voltage clamp
recordings we characterized pharmacological properties of rat NR1/NR2A NMDARs with altered CTDs. We assessed the effects
of truncating [at residue Iso1098; NR2A(trunC)] and deleting [from residue Phe822; NR2A(delC)] the CTD of NR2A NMDAR
subunits on agonist potencies, channel block by Mg2+ and memantine and potentiation of NMDAR-mediated responses by
chelating contaminating divalent cations.
Key results: Truncation or deletion of the CTD of NR2A NMDAR subunits did not affect glutamate potency
[EC50 = 2.2 mmol·L-1, NR2A(trunC); 2.7 mmol·L-1, NR2A(delC) compared with 3.3 mmol·L-1, NR2A(WT)] but did significantly
increase glycine potency [EC50 = 500 nmol·L-1, NR2A(trunC); 900 nmol·L-1, NR2A(delC) compared with 1.3 mmol·L-1,
NR2A(WT)]. Voltage-dependent Mg2+ block of NR2A(WT)- and NR2A(trunC)-containing NMDARs was similar but low con-
centrations of Mg2+ (1 mmol·L-1) potentiated NR1/NR2A(delC) NMDARs. Memantine block was not affected by changes to the
structure of the NR2A CTD. EDTA-induced potentiation was similar at each of the three NMDAR constructs.
Conclusions and implications: Of the parameters studied only minor influences of the CTD were observed; these are unlikely
to compromise interpretation of studies that make use of CTD-mutated recombinant receptors or transgenic mice in
investigations of the role of the CTD in NMDAR signalling.
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Introduction

N-methyl-D-aspartate receptors (NMDARs) are subtypes of
ionotropic glutamate receptors expressed abundantly
throughout the central nervous system. These heterotet-
rameric proteins are thought to form a dimer-of-dimers

assembly (Furukawa et al., 2005) of two glycine-binding NR1
subunits and two glutamate-binding NR2 subunits (reviewed
in Chen and Wyllie, 2006). In addition to ligand binding,
NMDARs require the relief of a voltage-dependent block by
extracellular Mg2+ for ion permeation through the channel
pore to occur. Combined with its high permeability to Ca2+,
these properties have implicated NMDARs in a number of
inter- and intra-cellular processes such as synaptogenesis, pro-
death and pro-survival signalling and long-term potentiation
in addition to their primary role in ‘fast’ glutamatergic syn-
aptic transmission (Dingledine et al., 1999).

The NR1 subunits are encoded by one gene (which gener-
ates eight splice variants) while NR2 subunits are encoded by
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four different genes giving rise to four distinct subunits A–D
(Monyer et al., 1992). The NR2 subtype contained within any
given receptor defines the majority of its biophysical and
pharmacological properties (Monyer et al., 1994; reviewed in
Cull-Candy et al., 2001; Erreger et al., 2004). Both NR1 and
NR2 possess four well-defined functional domains (see
Figure 1a). These are an extracellular amino terminal domain
(ATD) and ligand binding domain (LBD) formed by regions
D1 and D2, three membrane spanning domains (M1, M3 and
M4) together with a re-entrant loop (M2) which form the
channel pore and an intracellularly located carboxy terminal
domain (CTD) which interacts with numerous membrane
scaffolding and signalling proteins. The contribution of the
ligand binding and membrane spanning domains to the func-
tional properties of the receptor was recently investigated
using chimeric NR2 constructs (Chen et al., 2008; Wrighton
et al., 2008) which showed that regions outwith those nor-
mally associated with particular functions could influence
agonist potency and ion permeation. For example, the LBD
can influence the potency of voltage-dependent Mg2+ block
(Wrighton et al., 2008) and protein–protein interactions at
the interface of NR1 and NR2 NMDAR subunits determine
aspects of channel gating (Chen et al., 2008). This suggests the
functional domains of NMDAR subunits have more wide-

spread influences on receptor-channel function and that it
was of merit to investigate whether the intracellularly located
CTD of NR2A subunits played a role in either determining
agonist potency at, or influencing voltage-dependent Mg2+

block of NMDARs
Previous studies into the role of the CTD in physiology and

pathology of neurons have shown that either disrupting the
NR2A CTD interactions with intracellular proteins of the
postsynaptic density or truncating the CTD alters a number of
cellular functions. These include synaptogenesis and traffick-
ing of new NMDARs to synapses (Steigerwald et al., 2000;
Rossi et al., 2002) associated with learning and memory
(Migaud et al., 1998; Sprengel et al., 1998), and pathological
processes involved in excitotoxicity and chronic pain (Garry
et al., 2003). Nevertheless, basic pharmacological character-
ization of NMDARs containing NR2A subunits with altered
carboxy termini is lacking. Moreover, a number of previous
studies have suggested that the CTD may influence agonist
sensitivity in recombinant NMDARs through the interactions
of CTD associated intracellular signalling proteins such as the
PDZ-containing proteins, PSD-95 and MALS-2 (Yamada et al.,
1999; Rutter and Stephenson 2000; Rutter et al., 2002;
Iwamoto et al., 2004). Although the extent to which endog-
enous scaffolding proteins for the NMDAR subunits are

Figure 1 Representation of the NR2A NMDAR subunits used in this study. (A) Cartoon representation of an NMDAR subunit showing the
proposed membrane topology of three membrane spanning domains (M1, M3 and M4) and a re-entrant loop (M2) and the location of the
amino terminal domain (ATD) and carboxy terminal domain (CTD). The ligand binding domains (denoted D1 and D2) are formed by the S1
and S2 regions of the protein which come together to form a hinged clamshell-like structure. (B) Amino acid sequence of part of the NR2A
NMDAR subunit. The letters shown in bold indicate the M4 region while each of the residues labelled as i, ii and iii indicate the last amino acid
contained within each of the subunits studied. The full-length NR2A(WT) subunit contains 1145 residues and ends at Val1445 (i); the
NR2A(trunC) NMDAR subunit ends at Iso1098 (ii) while the NR2A(delC) NMDAR subunit contains only four residues of the carboxy terminal
and ends at Phe822 (iii). (C) Cartoon depiction and linear representation of the structure of each of the three NR2A NMDAR subunits
investigated in this study.
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present in recombinant expression systems remains to be
established, a number of studies have used Xenopus oocytes
to assess the effect of recombinantly expressed cytoskeletal
proteins on NMDAR function (Yamada et al., 1999; Iwamoto
et al., 2004; Lin et al., 2004; 2006). Thus, by studying NMDAR
pharmacology in a recombinant system, where the signalling
and scaffolding proteins that the CTD normally interacts with
are most likely absent, it is possible to determine what addi-
tional functional roles this domain might play in basic
NMDAR pharmacology.

Methods

Plasmid constructs, cRNA synthesis and receptor expression
in oocytes
The pSP64T-derived expression plasmids for rat NR1-1a
(excluding exon 5, including exons 21 and 22, which we will
refer to as ‘NR1’) and wild-type NR2A NMDA receptor subunits
have been described previously (Chen et al., 2005). Truncated
and deleted NR2A NMDAR subunits constructs were generated
from wild-type NR2A cDNAs with cleavage sites at Isoleucine
1098 and Phenylalanine 822, respectively, as depicted in
Figure 1B. We refer to these subunits as NR2A(trunC) and
NR2A(delC). The NR2A(trunC) subunit lacks the sequence
motifs for a number of cytoskeletal proteins that are known to
associate with the NR2 subunit (e.g. PSD-95 and CaMKII)
(Kornau et al., 1995; Gardoni et al., 2001; Ryan et al., 2008)
while the NR2A(delC) construct contains only four amino acid
residues C-terminal of the M4 region. Each of these NR2A
C-terminal mutants contains the three amino acid residues
(FHL) located immediately after M4 which are necessary for
export from the endoplasm (Hawkins et al., 2004). Cartoon
depictions of these together with wild-type NR2A NMDAR
subunits are illustrated in Figure 1C. cRNA was synthesized as
runoff transcripts from Mlu I linearized plasmid DNA using the
SP6 polymerase RiboMax RNA synthesis kit. Reactions were
supplemented with 0.75 mmol·L-1 capping nucleotide,
m7G(5′)ppp(5′)G in the presence of 1.6 mmol·L-1 GTP. Integ-
rity and yield of each synthesized cRNA was verified by fluo-
rescence intensity in ethidium bromide-stained agarose gels.
For recombinant NMDA receptor expression, NR1 and one of
either the NR2A(WT), NR2A(trunC) or NR2A(delC) cRNAs
were mixed at a nominal ratio of 1:1 and diluted with nuclease-
free water to 5 ng·mL-1, prior to injection. The NMDAR subunits
which we refer to as ‘NR1’ and ‘NR2A’ are now recommended
by the NC-IUPHAR to be called GluN1, GluN2A and GluN2B,
respectively (see Alexander et al., 2008), but for consistency
with our previous publications we shall continue to use the
older nomenclature in this study.

Stage V–VI oocytes were obtained from Xenopus laevis that
had been anaesthetized by immersion in a solution of
3-amino-benzoic acid ethylester (0.5%) and then killed by
injection of an overdose solution of pentobarbital (0.4 mL of
20% solution) followed by decapitation and exsanguation
after the confirmation of loss of cardiac output. All procedures
were carried out in accordance with current UK Home Office.
Prior to injection with cRNA mixtures of interest, the follicu-
lar membranes of the oocytes were removed. After injection
oocytes were placed in separate wells of 24-well plates con-

taining a modified Barth’s solution with composition (in
mmol·L-1): NaCl 88, KCl 1, NaHCO3 2.4, MgCl2 0.82, CaCl2

0.77, Tris-Cl 15, adjusted to pH 7.35 with NaOH. This solution
was supplemented with 50 IU·mL-1 penicillin and 50 mg·mL-1

streptomycin. Oocytes were placed in an incubator (19°C) for
24–48 h to allow for receptor expression and then stored at
4°C until required for electrophysiological measurements.

Electrophysiological recordings and solutions
Two electrode voltage clamp (TEVC) recordings were made
using a GeneClamp 500 from oocytes that were placed in a
solution that contained (in mmol·L-1): NaCl 115, KCl 2.5,
HEPES 10, BaCl2 1.8, EDTA 0.01; pH 7.3 with NaOH (20°C).
EDTA (10 mmol·L-1) was added to chelate contaminant extra-
cellular divalent ions, including trace amounts of Zn2+.
Current and voltage electrodes were made from thin-walled
borosilicate glass using a PP-830 electrode puller and when
filled with 3 mol·L-1 KCl possessed resistances of between 0.5
and 1.5 MW. Oocytes were voltage-clamped at -40, -60 or
-80 mV. For L-glutamate concentration-response measure-
ments, the recording solution was further supplemented with
glycine (50 mmol·L-1) and for glycine dose-response measure-
ments this solution was supplemented with glutamate
(100 mmol·L-1). Application of solutions was controlled manu-
ally and data were filtered at 10 Hz and digitized at 100 Hz via
a Digidata 1200 A/D interface using WinEDR software. Test
solutions were applied for 20–60 s or until a plateau to the
agonist-evoked response had been achieved. NR2A(WT)-,
NR2A(trunC)- and NR2A(delC)-containing NMDARs gave
similar levels of expression as judged by the range of current
amplitudes recorded.

Agonist concentration-response curves
For agonist concentration-response curves glutamate or
glycine (0.1–300 mmol·L-1) were applied cumulatively on a
background of a saturating solution of glycine (50 mmol·L-1)
or glutamate (100 mmol·L-1), respectively, and agonist-evoked
currents recorded. Individual concentration-response curves
were fitted with the Hill equation:

I I A EC ,max 50
nH= + [ ]( )( )1

where I = current response to agonist concentration [A],
Imax = predicted maximum response, EC50 = concentration of
agonist that gives a half-maximal response and nH = Hill coef-
ficient. To give an overall mean EC50 value, data points were
normalized to the predicted maximum, pooled and re-fitted
with the Hill equation, with the maximum and minimum for
each curve being constrained to asymptote to 1 and 0, respec-
tively (see Frizelle et al., 2006; Wyllie and Chen, 2007)

Mg2+, memantine and Zn2+ inhibition
Inhibition by Mg2+ and memantine was expressed as a per-
centage inhibition of the glutamate/glycine-evoked current
recorded in the absence of these channel blockers. To estimate
the extent of inhibition caused by contaminant levels of Zn2+

in the external solution, glutamate/glycine-evoked currents
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were recorded in an external solution containing a lower
concentration of BaCl2 (0.18 mmol·L-1); this solution con-
tained no EDTA. Once a steady-state response was achieved a
solution containing EDTA (10 mmol·L-1) was added and the
increase in the current expressed as a percentage of the
current initially recorded.

Materials
SP6 polymerase RiboMax RNA synthesis kit and
m7G(5′)ppp(5′)G were obtained from Promega (Madison, WI,
USA); penicillin and streptomycin, Invitrogen (Paisley, UK).
The GeneClamp 500 was from Molecular Devices (Union
City, CA, USA); the thin-walled borosilicate glass (GC150TF-
7.5) was from Harvard Apparatus (Kent, UK) and the PP-830
electrode puller from Narashige Instruments (Japan). The
Digidata 1200 was from Molecular Devices (Union City, CA,
USA) and WinEDR software was Strathclyde Electrophysiol-
ogy Software (Strathclyde University, UK). All chemicals were
purchased from Sigma-Aldrich (Poole, UK) with the exception
of the memantine (Tocris Bioscience, Bristol, UK).

Statistical analysis
Results are presented as mean � SEM and statistical compari-
son between data sets was assessed using either Student’s t-test
(paired where appropriate) or two-way ANOVA tests (GraphPad
Prism v5.0) to determine whether differences were significant
(P < 0.05). Microcal Origin v6.0 software was used for graphi-
cal presentation.

Results

Concentration-response curves for NR1/NR2A(trunC) and NR1/
NR2A(delC) NMDARs
We assessed first whether truncating or deleting the carboxy
terminal of NR2A NMDAR subunits affected the potency of
either glutamate or glycine. Figure 2A shows a typical TEVC
current recording from an oocyte expressing NR1/NR2A(delC)
NMDARs where cumulative increases in the concentration of
glutamate (in the presence of glycine, 50 mmol·L-1) were
applied to determine its EC50. Mean glutamate concentration-
response curves obtained for NR1/NR2A(trunC) and NR1/
NR2A(delC) NMDARs are illustrated in Figure 2B,C and gave
mean EC50 values of 2.2 � 0.2 mmol·L-1 (n = 8) and
2.7 � 0.3 mmol·L-1 (n = 10) respectively. These values are not
significantly different for those we obtained previously for
glutamate acting at NR1/NR2A NMDARs (Chen et al., 2005;
2008; Erreger et al., 2007). Figure 2D shows a typical TEVC
current recording from an oocyte expressing NR1/NR2A(delC)
NMDARs where cumulative increases in the concentration of
glycine, on a background of glutamate (100 mmol·L-1), were
applied to determine its EC50. The mean EC50 values for
glycine (Figure 2E,F) acting at NR2A(trunC)- and NR2A(delC)-
containing NMDARs were 0.50 � 0.1 mmol·L-1 (n = 6) and
0.9 � 0.1 mmol·L-1 (n = 6) respectively. Thus, glycine displays
significantly (P < 0.05) higher potency at both of these NR2A
constructs compared with NR2A(WT)-containing NMDARs
(EC50 = 1.3 mmol·L-1; Chen et al., 2008). In each of the panels

the dashed line shows data obtained previously (Erreger et al.,
2007; Chen et al., 2008) for concentration-response curves for
both agonists recorded under similar recording conditions but
acting at NR1/NR2A(WT) NMDARs.

Mg2+ and memantine block of NR1/NR2A(WT), NR1/
NR2A(trunC) and NR1/NR2A(delC) NMDARs
NMDARs are blocked in a voltage-dependent manner by Mg2+

(Mayer et al., 1984; Nowak et al., 1984). While the major
determinants of the properties of this block reside in the M2
region of NMDAR subunits, in particular the QRN site (Bur-
nashev et al. 1992) and the N+1 site (Wollmuth et al. 1998),
other parts of the protein outwith the pore-forming regions
contribute to the potency of Mg2+ block (e.g. see Kuner and
Schoepfer, 1996; Wrighton et al., 2008). No studies to date
have quantified the effect of removing the carboxy terminal
on this characteristic property of NMDARs. Figure 3 shows the
effects of Mg2+ (1 mmol·L-1–1 mmol·L-1) on glutamate/glycine-
evoked currents at each of the three constructs investigated
in this study. For NR1/NR2A(WT) (Figure 3A) and NR1/
NR2A(trunC) (Figure 3B) NMDARs, typical voltage-dependent
inhibition by Mg2+ was observed. The extent of the inhibition
at each of the potentials examined was similar to that recently
reported (Wrighton et al., 2008) and no significant differences
in Mg2+ block between NR1/NR2A(WT) and NR1/
NR2A(trunC) NMDARs were observed (Figure 3D–F; P > 0.05,
one-way ANOVA). For NR1/NR2A(delC) NMDARs, however, we
consistently observed potentiation of glutamate/glycine-
evoked currents in the presence of low (1 mmol·L-1) concen-
trations of Mg2+. The TEVC trace in Figure 3C shows a typical
recording from an oocyte expressing NR1/NR2A(delC)
NMDARs recorded at a holding potential of -40 mV. The
mean potentiation observed at -40 mV with Mg2+ (1 mmol·L-1)
was 17 � 5% (n = 8). Indeed at this depolarized holding
potential net potentiation was observed with both 1 and
10 mmol·L-1 Mg2+. For the lowest Mg2+ concentration used, we
also observed potentiation at -60 and -80 mV (Figure 3D–F).
At higher concentrations Mg2+ (100 mmol·L-1 and 1 mmol·L-1)
blocked NR1/NR2A(delC) NMDARs to a similar extent to that
seen for NR1/NR2A(WT) and NR1/NR2A(trunC) NMDARs.

We were intrigued to assess whether the potentiation of
NR1/NR2A(delC) NMDAR-mediated currents extended to
other channel blockers. Memantine is a potent blocker of
NMDAR-mediated responses (Parsons et al., 1999; Chen and
Lipton, 2005; Dravid et al., 2007; Wrighton et al., 2008)
binding to both low and high affinity sites within the channel
pore; the asparagine residue of the QRN site being a major
determinant of the latter of these two sites. Figure 4A–C
shows typical TEVC traces for each of the NMDAR constructs
and the effects of memantine (0.1–30 mmol·L-1) on the
glutamate/glycine-evoked currents. Quantification of the
extent of the memantine block (Figure 4D–F) reveals, and in
contrast to Mg2+ block, that there were no differences in the
magnitude of the memantine block at any of the concentra-
tions or the holding potentials examined.

EDTA potentiation of NR1/NR2A(WT), NR1/NR2A(trunC) and
NR1/NR2A(delC) NMDARs
NR2A-containing NMDARs are inhibited by low
(<100 nmol·L-1) extracellular concentrations of Zn2+ (Paoletti
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et al., 1997; Traynelis et al., 1998). This high affinity site for
Zn2+ is located in the ATD and sufficient levels of Zn2+ are
found as a ‘contaminant’ in the external solution used for
electrophysiological recordings to result in a significant inhi-
bition of NR2A-containing NMDARs. Indeed for this reason
we added EDTA (10 mmol·L-1) to chelate this and other diva-
lent cations. The voltage-independent block by low concen-
trations of Zn2+ can be reduced by the actions of Src, a tyrosine
kinase (Zheng et al., 1998). Moreover, point mutation of any

of three tyrosine residues, Y1086, Y1248 and Y1368 (number-
ing as used in Figure 1B) prevents the ability of Src to poten-
tiate NR1/NR2A NMDAR-mediated currents. These data
suggest that interactions between the intracellular CTD and
extracellular ATD exist. We therefore considered whether
mutations to the CTD would manifest themselves as a change
in the receptor’s sensitivity to these low levels of contaminat-
ing Zn2+. Figure 5A–C shows typical TEVC traces recorded
from oocytes expressing NR1/NR2A(WT), NR1/NR2A(trunC)

Figure 2 Concentration-response curves for NR1/NR2A(trunC) and NR1/NR2A(delC) NMDARs. (A) Example of a TEVC current recording
obtained from an oocyte expressing NR1/NR2A(delC) NMDARs. In the presence of glycine (50 mmol·L-1), increasing concentrations of
glutamate (100 nmol·L-1–300 mmol·L-1) were applied cumulatively. (B) Mean concentration-response curve for glutamate-evoked currents
recorded from oocytes expressing NR1/NR2A(trunC) NMDARs. The data points are fitted with the Hill equation, which gives an EC50 value of
2.5 mmol·L-1 (n = 8). (C) Mean concentration-response curve for glutamate-evoked currents recorded from oocytes expressing NR1/
NR2A(delC) NMDARs, the EC50 is 3.2 mmol·L-1 (n = 12). (D) As in (A) but showing a TEVC current trace obtained in the presence of glutamate
(100 mmol·L-1) and the cumulative addition of increasing concentrations of glycine (100 nmol·L-1–300 mmol·L-1). (E) Mean concentration-
response curve for glycine acting at NR1/NR2A(trunC) NMDARs, the estimated EC50 value is 0.46 mmol·L-1 (n = 6). (F) Mean concentration-
response curve for glycine-evoked currents recorded from oocytes expressing NR1/NR2(delC) NMDARs, the EC50 is 1.4 mmol·L-1 (n = 6). The
mean maximal currents recorded for glutamate concentration-response curves were 3.1 � 1.0 mA and 7.9 � 0.7 mA and for glycine
concentration-response curves were 5.0 � 0.7 mA and 5.1 � 0.7 mA for oocytes expressing NR1/NR2A(trunC) and NR1/NR2A(delC) NMDARs
respectively. The dashed lines in each of the panels indicate the mean concentration-response curves for glutamate or glycine acting at
NR1/NR2A(WT) NMDARs. Data originally presented in Erreger et al. (2007) for (B) and (C) and in Chen et al. (2008) for (E) and (F).
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and NR1/NR2A(delC) NMDARs respectively. Following the
application of a saturating glutamate/glycine-containing
solution and the establishment of a steady-state response, the
solution was switched to one containing EDTA (10 mmol·L-1).
Currents recorded from each of the NMDAR constructs
showed potentiation. The quantification of this poten-
tiation is illustrated in Figure 5D. Mean potentiation for
NR1/NR2A(WT), NR1/NR2A(trunC) and NR1/NR2A(delC)
NMDARs was 29 � 4% (n = 8), 23 � 3% (n = 7) and 29 � 9%
(n = 9) respectively. These values are not significantly different
(P > 0.05; one-way ANOVA).

Discussion

The aim of this study was to assess the contribution of the
CTD of the NR2A subunit to basic pharmacological properties
of NMDARs. While the CTD comprises around a third of the
total NR2A NMDAR subunit and plays a pivotal role in inter-
acting with scaffolding proteins and the NMDAR signalling

complex, it is not required for functional channel expression,
as assayed in our recombinant expression system. Moreover,
examination of the CTD amino acid residues from the four
different NR2 subunits reveals a lower degree of sequence
identity than the highly conserved amino terminal and mem-
brane spanning regions (Ryan et al., 2008). Previous studies
have shown, however, that mice expressing NR2A NMDARs
lacking their CTDs while still being able to participate in
synaptic transmission (albeit at lower expression levels),
display impaired contextual memory and reduced long-term
potentiation (Sprengel et al., 1998). Furthermore, mice
expressing NR2A and NR2C NMDAR subunits each with trun-
cated CTDs give rise to NMDARs with impaired activation and
reduced open probability (Rossi et al., 2002). This latter study
indicates that the intracellularly located CTD may interact
with other regions of the NMDAR controlling its activation
properties and highlights the importance of inter-domain
interactions in controlling NMDAR function (see also Chen
et al., 2008; Wrighton et al., 2008). The use of recombinant
expression systems to study NMDAR function allows us to

Figure 3 Mg2+ inhibition of NR1/NR2A(WT), NR1/NR2A(trunC) and NR1/NR2A(delC) NMDARs. (A) TEVC current trace, at -80 mV, of
glutamate-evoked current recorded from an oocyte expressing NR1/NR2A(WT) NMDARs. NMDAR-mediated currents are shown in the absence
(control) and presence of increasing concentrations of Mg2+ (1 mmol·L-1–1 mmol·L-1). (B) As (A) but obtained from an oocyte expressing
NR1/NR2A(trunC) NMDARs. (C) TEVC trace, recorded at -40 mV, illustrating the novel finding of Mg2+-induced potentiation, at low Mg2+

concentrations, of NR1/NR2A(delC) NMDAR-mediated currents. (D–F) Histograms showing the mean percentage inhibition of glutamate-
evoked currents by Mg2+ for oocytes voltage-clamped at -80, -60 and -40 mV.
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identify clearly how these ‘functional’ domains may influence
NMDAR properties. In such systems, however, we do not
know to what extent endogenous proteins interact with the
recombinant protein to alter its activity.

Glutamate potency was not affected by truncation or dele-
tion of the CTD whereas for both NR2A(trunC)- and
NR2A(delC)-containing NMDARs we observed a significant
increase in the potency of the co-agonist, glycine. We have
recently described the ability of the NR2 LBD to influence
glycine potency (Chen et al., 2008). The effect appears to
be due to protein–protein interactions between residues
outwith the binding pocket but located in the S2 region of
the NR2 NMDAR subunits and residues in the S2 region
of the NR1 NMDAR subunit. The data presented here add to
the notion of protein–protein interactions between NR1 and
NR2 NMDAR subunits; however, further investigation is
required to determine whether this modulation of glycine
potency is brought about simply because of aberrant
assembly/altered protein folding of the NMDAR complex
due to the loss of the NR2A CTD or loss of specific CTD

interactions between NR1 and NR2 NMDAR subunits. An
intriguing observation in our characterization of CTD-
mutant NR1/NR2A NMDARs was the finding that low
extracellular Mg2+ concentrations (1 mmol·L-1) caused a small
potentiation of NR1/NR2A(delC) NMDAR-mediated re-
sponses. This potentiating action of Mg2+ was voltage-
independent. However, at higher concentrations of Mg2+

(100 mmol·L-1 or 1 mmol·L-1) a characteristic voltage-
dependent block was observed that was not different from
that seen for either NR2/NR2A(trunC) or NR1/NR2A(WT)
NMDARs. Potentiation of NMDAR-mediated currents has
been reported previously. Extracellular Mg2+ can potentiate
NR1/NR2B (but not NR1/NR2A) NMDAR-mediated currents
(Paoletti et al., 1995; also see Wang and MacDonald, 1995).
However, the potentiation at NR2B-containing NMDARs is
greater than we observed here for potentiation of NR1/
NR2A(delC) NMDARs, is seen with millimolar concentra-
tions of Mg2+ and occurs at positive potentials where voltage-
dependent block is absent. This NR2B-dependent
potentiation is thought to result from an interaction of Mg2+

Figure 4 Memantine inhibition of NR1/NR2A(WT), NR1/NR2A(trunC) and NR1/NR2A(delC) NMDARs. (A) TEVC current trace, at -80 mV, of
glutamate-evoked current recorded from an oocyte expressing NR1/NR2A(WT) NMDARs. NMDAR-mediated currents are shown in the absence
(control) and presence of increasing concentrations of memantine (0.1–30 mmol·L-1). (B and C) As in (A) but obtained from oocytes expressing
NR1/NR2A(trunC) NMDARs (B) or NR1/NR2A(delC) NMDARs (C). (D–F) Histograms showing the mean percentage inhibition of glutamate-
evoked currents by memantine for oocytes voltage-clamped at -80, -60 and -40 mV.
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with the extracellular binding site for polyamines (Williams
et al., 1994; Zhang et al., 1994), since it only occurs in
NMDARs containing the NR1-1a (exon 5-lacking) NMDAR
subunit splice variant and is absent in receptors expressing
the NR1-1b (exon 5-containing) NMDAR subunit splice
variant. While the NR1-1a splice variant was also used in our
study and the potentiation, like that of the Paoletti et al.
(1995) study, occurred at saturating glutamate/glycine con-
centration, it differs in that the potentiation we observed
occurred at NR2A-containing NMDARs and at negative
holding potentials. It remains to be determined whether
there are similarities between the Mg2+ potentiation of NR2B-
containing NMDARs (Paoletti et al., 1995) and the potentia-
tion we have seen with NR2A(delC)-containing NMDARs.
Further experiments using the NR1-1b NMDAR subunit
together with NR2B NMDAR subunits with mutated CTDs, as
well as determining the extent of potentiation at positive
holding potentials are required to characterize further this
action of low concentrations of Mg2+. Nevertheless, since this
potentiating effect of Mg2+ is only seen at low concentrations
it is unlikely to compromise any interpretation of studies
that have investigated CTD-mutant NR2A NMDAR subunits
(which have used solutions where Mg2+ levels are generally
�1 mmol·L-1). Memantine, like Mg2+, is a channel blocker of
NMDARs, albeit that it exhibits less voltage dependence (e.g.
see Wrighton et al., 2008) although there is some overlap in

the sites to which memantine and Mg2+ exert their blocking
effects. Unlike with Mg2+, however, no potentiation of NR1/
NR2A(delC) NMDAR-mediated currents was observed with
memantine and indeed the levels of inhibition seen at the
three voltages studied with the range of memantine concen-
trations used were similar for each of the three NMDAR com-
binations we investigated.

The NR2A NMDAR subunit contains many phosphoryla-
tion sites (e.g. see Trinidad et al., 2008), and phosphoryla-
tion of three tyrosine residues in the CTD of NR2A NMDAR
subunits by the tyrosine kinase Src relieves high affinity
inhibition by Zn2+ (Zheng et al., 1998). We postulated that
there might be some differences in the extent of the block,
at each of the NMDAR constructs, by the contaminant levels
of low concentrations of Zn2+ present in our external record-
ing solutions. However, the EDTA-induced potentiation of
receptors containing either NR2A(WT), NR2A(trunC) or
NR2A(delC) NMDAR subunits was similar. This indicates
that while phosphorylation of residues in the CTD results in
‘long-range’ communication between an intracellularly
located and an extracellularly located domain, there does
not appear to be a ‘tonic’ interaction between these
domains in the absence of Src phosphorylation. Protein–
protein interactions at the CTD may also influence these
properties, as intracellular CTD associated proteins such as
PSD-95 have been shown to reduce Zn2+ inhibition and

Figure 5 EDTA-induced potentiation of NR1/NR2A(WT), NR1/NR2A(trunC) and NR1/NR2A(delC) NMDARs. (A) TEVC current trace, at
-40 mV, of glutamate-evoked current recorded in a low BaCl2 (0.18 mmol·L-1) external solution. Once a steady-steady response was obtained,
the solution was switched to one containing EDTA (10 mmol·L-1). This resulted in an increase in the level of current recorded due to the
chelation of contaminant levels of certain divalent cations (mainly Zn2+). (B and C) As (A) but illustrating TEVC traces obtained from oocytes
expressing NR1/NR2A(trunC) NMDARs (B) or NR1/NR2A(delC) NMDARs (C). (D) Histogram showing the mean potentiation of glutamate-
evoked currents by EDTA. No significant differences in the levels of potentiation were observed between each of the three NR2A constructs.
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eliminate Src dependent potentiation of NMDAR currents
(Yamada et al., 2002).

Conclusion

It is recognized that NMDARs contain four ‘functional
domains’ which determine in a semi-autonomous manner
pharmacological properties concerning by way of example:
modulation by pH, polyamines, Zn2+ (the ATD), agonist and
(competitive) antagonist binding (the LBD), ion permeation
and block (membrane-associated domains) and interactions
with scaffolding and intracellular signalling complexes (the
CTD). Nevertheless, critical interactions between these
domains also exist and this prompted us to investigate in our
study whether the CTD could influence certain pharmaco-
logical properties of NMDARs. Our data show that of the
parameters we studied there were only minor influences of
the CTD – there was a small increase in glycine potency and
an intriguing potentiation by low concentrations of Mg2+ of
responses mediated by NMDARs lacking the NR2A CTD.
However, these small effects are unlikely to compromise inter-
pretation of studies that make use of CTD-mutated recombi-
nant receptors or transgenic mice in investigations of the role
of the CTD in NMDAR signalling.
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