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Mg2* and memantine block of rat recombinant NMDA
receptors containing chimeric NR2A/2D subunits expressed

in Xenopus laevis oocytes

David C. Wrighton, Edward J. Baker, Philip E. Chen and David J. A. Wyllie

Centre for Neuroscience Research, Hugh Robson Building, University of Edinburgh, George Square, Edinburgh EH8 9XD, UK

N-methyl-p-aspartate receptors (NMDARs) display differences in their sensitivity to the channel
blockers Mg?* and memantine that are dependent on the identity of the NR2 subunit present
in the receptor—channel complex. This study used two-electrode voltage-clamp recordings from
Xenopus laevis oocytes expressing recombinant NMDARs to investigate the actions of Mg?* and
memantine at the two NMDARSs displaying the largest differences in sensitivity to these blockers,
namely NR1/NR2A and NR1/NR2D NMDAR:s. In addition, NR2A/2D chimeric subunits have
been employed to examine the effects of pore-forming elements and ligand-binding domains
(LBD) on the potency of the block produced by each of these inhibitors. Our results show that,
as previously documented, NR2D-containing NMDARSs are less sensitive to voltage-dependent
Mg** block than their NR2A-containing counterparts. The reduced sensitivity is determined by
the M1M2M3 membrane-associated regions, as replacing these regions in NR2A subunits with
those found in NR2D subunits results in a ~10-fold reduction in Mg** potency. Intriguingly,
replacing the NR2A LBD with that from NR2D subunits results in a ~2-fold increase in Mg>**
potency. Moreover, when responses mediated by NR1/NR2A NMDARs are evoked by the partial
agonist homoquinolinate, rather than glutamate, Mg?* also displays an increased potency.
Memantine block of glutamate-evoked currents is most potent at NR1/NR2D NMDARs, but
no differences are observed in its ability to inhibit NR2A-containing or NR2A/2D chimeric
NMDARs. We suggest that the potency of block of NMDARs by Mg?* is influenced not only
by pore-forming regions but also the LBD and the resulting conformational changes that occur

following agonist binding.
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N-methyl-p-aspartate receptors (NMDARs) possess two
key features that allow them to play pivotal roles in
physiological and pathophysiological functions in the
mammalian central nervous system (CNS). The first
of these is their high permeability to Ca®* ions. Flow
of Ca’™ ions through NMDARs is a trigger for the
activation of biochemical cascades that mediate processes
such as synaptogenesis, excitotoxicity, synaptic plasticity
and learning and memory (for a review see Dingledine
et al. 1999). The second is their sensitivity to Mg**
ions which block the ion channel pore of NMDARs
in a voltage-dependent manner (Mayer et al. 1984;
Nowak et al. 1984). The voltage dependence of this block
allows NMDARs to act as ‘coincidence detectors’ (Bliss
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& Collingridge, 1993) whereby they mediate ion flow
when the membrane potential of the cell is sufficiently
depolarized to relieve the channel blocking effects of Mg**
ions.

The majority of NMDARs in the CNS are composed
of two NR1 and two NR2 subunits. The NR1 subunit
can exist in eight splice isoforms, contains the binding site
for the coagonist, glycine, whose presence in the NMDAR
complex is essential for a functional receptor—channel
to be formed. NR2 subunits are derived from four
separate gene products (NR2A-D) and contain the
binding site for glutamate (for reviews see Dingledine
et al. 1999; Cull-Candy et al. 2001; Erreger et al. 2004;
Chen & Wyllie, 2006). The expression of NR2 subunits
is regulated both developmentally and temporally
(Monyer et al. 1994) and the inclusion of particular
NR2 subunits in NMDARs imparts the majority of the
pharmacological and biophysical properties associated
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with each of the various NMDAR subtypes (Monyer et al.
1992, 1994; Ishii et al. 1993; Vicini et al. 1998; Wyllie et al.
1998).

Of particular interest to this present study are the
differences in potency of Mg?* block at each of the
recombinant NMDAR subtypes (Monyer et al. 1992;
Kuner & Schoepfer, 1996). Indeed differences in the
ability of Mg?* to block NMDARs found in different
brain regions and/or at different developmental stages
have also been observed (Kleckner & Dingledine, 1991;
Kato & Yoshimura, 1993; Nabekura et al. 1994). Thus,
NR2A-and NR2B-containing NMDARs are more sensitive
to Mg*™ block than NMDARs that contain NR2C or
NR2D subunits. Nevertheless all four NMDAR subunits
possess an asparagine (N) residue at the so-called ‘QRN
site’ (Burnashev et al. 1992; Mori et al. 1992; Sakurada
et al. 1993) and at the N,; site (Wollmuth er al
1998) indicating that additional structural elements are
required to determine the overall sensitivity of an NMDAR
subtype to block by Mg**. Using a chimeric approach to
produce an NR1/NR2C NMDAR with the Mg*" sensitivity
of an NR1/NR2B NMDAR, Kuner & Schoepfer (1996)
identified three additional regions that when taken from
NR2B subunits and substituted into NR2C subunits

A C

NRZAWT)

NR2A(2D-5152)

D. C. Wrighton and others

J Physiol 586.1

produced an NR1/NR2B/2C chimeric NMDAR with a
Mg** sensitivity similar to that seen with NR1/NR2B
NMDAR:s. These segments were the M1 domain, M2-M3
linker and M4 domain. They concluded that these three
elements, together with the M2 region itself were the
determinants of the nature of the Mg?" block seen at
various NMDAR subtypes.

NMDARs can be considered to contain a series of
functional domains (Dingledine et al. 1999; Mayer &
Armstrong, 2004; Chen & Wyllie, 2006; Mayer, 2006;
Fig. 1A. These can be defined as the following: the
extracellularly located amino terminal domain (ATD),
which contains sites of action of several allosteric
modulators of NMDAR function; the ligand binding
domain (LBD), which is created by two regions termed S1
and S2 that come together to form a bi-lobar structure;
the membrane-associated regions (M1-M4); and the
intracellularly located carboxy terminal domain (CTD),
which interacts with a large number of proteins to initiate
biochemical cascades following NMDAR activation. In the
present study we have examined the influence of both the
LBD and membrane-associated domain on the channel
block produced by Mg?* when NMDARSs are activated by
glutamate itself and by homoquinolinate, a partial agonist
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Figure 1. Cartoon illustration of an NMDAR subunit and the various chimeric constructs examined

A, cartoon sketch of an ionotropic glutamate receptor 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, linear
representation of the various NMDAR constructs investigated and the nomenclature used in this study. Regions
originating from the NR2A subunit are shown in grey, while those originating from the NR2D subunit are shown in
white. C, cartoon representation of these constructs showing how the various functional domains from the NR2D

subunit are incorporated into the three chimeric subunits.
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at NR2A-containing NMDARs (Erreger et al. 2005). The
effects of memantine, another NMDAR channel blocker,
used therapeutically in the treatment of dementia, have
also been investigated (Parsons et al. 1993, 1999b; Chen &
Lipton, 2005; Lipton, 2006). In addition we have created
chimeric subunits where we have swapped LBDs and
membrane-associated domains found in NR2A subunits
with the equivalent regions present in NR2D subunits to
investigate the effects these structural elements have on the
block produced by these two channel blockers.

In agreement with previous studies (Monyer et al. 1992;
Kuner & Schoepfer, 1996) our results indicate that Mg**
is less potent at blocking NR1/NR2D NMDAR-mediated
responses than those mediated by NR1/NR2A NMDARs
and that this reduced sensitivity to Mg*" is determined by
pore-forming elements of the receptor—channel. However
two additional findings concerning Mg?* block are
reported. First, Mg?" gives a more potent block of
NMDAR-mediated currents when these responses are
evoked by the partial agonist homoquinolinate, and
second, inclusion of the NR2D LBD in NR2A subunits
also leads to an increase in Mg®" potency. Channel block
by memantine is most potentat NR1/NR2D NMDARs, but
substituting either the LBD or the membrane-associated
regions of NR2D subunits into NR2A subunits does not
give rise to a receptor—channel displaying ‘NR2D-like’
memantine block. The results presented in this study
complement those in our accompanying paper (Chen et al.
2007) and together provide evidence that the LBD of
NR2 subunits influences two characteristic properties of
NMDARs, namely coagonist binding/potency (Chen et al.
2007) and voltage-dependent Mg** block (this study).

Methods

Plasmid constructs, cRNA synthesis and receptor
expression in oocytes

The amino acid numbering system we use here is
consistent with our previous publications investigating
structure—function  relationships in  recombinant
NMDARs and refers to the position of residues in the
mature protein (i.e. the signal peptide is excluded).
The wild-type pSP64T-derived expression plasmids for
rodent NR1 and NR2 NMDA receptor subunits were as
previously described (Chen et al. 2005; Wyllie et al. 2006).
In this study we coexpressed NR2A, NR2D and chimeric
NR2A/D NMDAR subunits with the NR1-1a (exon 5
lacking, exon 21, 22 containing) subunit (Hollmann
et al. 1993), which we will refer to as ‘NRI1’. Chimeras
of NR2A and NR2D subunits were generated using a
PCR-based strategy (Chen et al. 2007; Erreger et al.
2007). The NR2A(2D-S1S2) chimera was generated
by replacing Val370-Val518 in the NR2A subunit with
Leu389-Val539 from the NR2D subunit and by replacing
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Glu638-Ile795 in the NR2A subunit with Glu659-I1e816
from the NR2D subunit. In addition to this ‘binding site’
chimera, we also generated a chimera in which the NR2A
M1, M2 and M3 membrane associated regions (residues
Ser519-Glu638) were replaced by those found in the
NR2D subunit (Arg541-Glu658) We refer to this chimera
as NR2A(2D-M1M2M3). The NR2A(2D-SIM1M2M3S2)
chimera replaced both the NR2A ligand-binding domain
and first three membrane-associated regions with those
found in the NR2D subunit. Linear representations
and cartoon depictions of these constructs are shown
in Fig.1B and C. All inserted PCR-generated DNA
segments and subcloning sites were confirmed by
DNA sequencing. ¢cRNA was synthesized as runoff
transcripts from restriction endonuclease (Mlu I or
Not I) linearized plasmid DNA using the Promega
RiboMax RNA synthesis kit (Promega, Madison, WI,
USA) or mMessage Machine (Ambion, Warrington, UK).
Reactions were supplemented with 0.75mm capping
nucleotide m’G(5")ppp(5')G (Promega) in the presence of
1.6 mM GTP. cRNA amounts and integrity were estimated
by intensity of fluorescence in ethidium bromide-stained
agarose gels. NR1 and NR2 cRNAs were mixed at a
nominal ratio ranging between 1:1 and 1:9, with the
NRI1 content being 5 ng.

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 a 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 regulations. Prior to injection
with cRNA mixtures of interest, the follicular membranes
of the oocytes were removed. After injection oocytes were
placed in separate wells of 24-well plates containing a
modified Barth’s solution with composition (mm): NaCl
88, KCl 1, NaHCOs; 2.4, MgCl, 0.82, CaCl, 0.77, Tris-Cl
15, adjusted to pH 7.35 with NaOH. This solution was
supplemented with 50 IU ml~! penicillin and 50 p¢g ml™!
streptomycin (Invitrogen, Paisley, UK). 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 amplifier (Molecular
Devices, Union City, CA, USA), from oocytes that were
placed in a solution that contained (mm): NaCl 115, KCI
2.5, Hepes 10, BaCl, 1.8, EDTA 0.01; pH 7.3 with NaOH
(20°C) (Sigma-Aldrich, Poole, UK). EDTA (10 um) was
added to chelate contaminant extracellular divalent ions,
including trace amounts of Zn**. Current and voltage
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electrodes were made from thin-walled borosilicate glass
(GC150TF-7.5, Harvard Apparatus, Edenbridge, UK)
using a PP-830 electrode puller (Narashige Instruments,
Japan) and when filled with 3 M KCI possessed resistances
of between 0.5 and 1.5 M. Oocytes were voltage-clamped
at potentials between —80 and +10mV in increments
of 10mV for the generation of current—voltage plots
and at —40, —60 and —80 mV when investigating the
inhibition of NMDAR-mediated responses by Mg”*
ions or memantine. Glycine (50 um) was added to all
glutamate- or homoquinolinate-containing solutions to
ensure that the glycine binding site located on the NR1
NMDAR subunit was saturated. Thus, when we refer to
glutamate- or homoquinolinate-evoked responses below,
we should be taken to mean that these solutions contained,
in addition to the NR2 agonist, glycine (50 um). For
most experiments the glutamate concentration was set
to be equal to the ECsy for this agonist at NR1/NR2A
NMDARs (3 um), while homoquinolinate was used
at a concentration of 10 um. These concentrations,
while producing robust responses in oocytes expressing
recombinant NMDARSs, give more stable responses than
do higher concentrations which normally lead to ‘sag’
in the NMDAR-mediated response over the prolonged
recording periods required to generate a series of inhibition
curves at three different holding potentials. Application
of solutions was controlled manually and agonist-evoked
currents were filtered at 10 Hz and digitized at 100 Hz via
CED 1401-plus (CED, Cambridge, UK) or Digidata 1200
(Molecular Devices, Union City, CA, USA) A/D interfaces
using WinEDR software (Strathclyde Electrophysiology
Software, Strathclyde University, UK). Solutions were
applied for 20-60s or until a plateau to the response
had been achieved. All chemicals were purchased from
Sigma-Aldrich (Poole, UK) with the exception of homo-
quinolinic acid and memantine (Tocris Bioscience, Bristol,
UK).

Analysis of concentration and voltage dependence
of Mg?* and memantine block of NMDAR-mediated
currents

Individual concentration—response (inhibition) curves
for Mg’ and memantine block of NMDAR-mediated
responses obtained at holding potentials of —40, —60 and
—80 mV were fitted with the following equation:

I = I/ (1 + ([B]/ICs0)"™), (1)

where ny is the Hill coefficient, I, is the predicted
maximum current (in the absence of blocker), [B] is the
concentration of blocker, and ICs, is the concentration
of the blocker that produces a half-maximum inhibition
of the agonist-evoked response. Each data point was
then normalized to the predicted fitted maximum of the

J Physiol 586.1

concentration—response curve. These normalized values
were then pooled and averaged for each construct and
fitted again with the above equation, with the maximum
constrained to asymptote to 1. The minimum was not
constrained, unless a negative value was predicted from
the fit, when, under such circumstances, the data were
re-fitted with the minimum constrained to asymptote to
0 (Frizelle et al. 2006).

The voltage dependence of Mg’* and memantine
block of NMDAR-mediated responses was determined by
calculating values of §, the fraction of the electric field
that the blocker experiences, from the estimates of ICs,
values obtained at —40, —60 and —80 mV according to
the Woodhull equation (Woodhull, 1973):

Kgy = Kd,Omve(Z‘WF/RT), (2)

where z is valency of the blocker (+2 for Mg*™ and +1
for memantine), V is membrane potential, R is the gas
constant, T is absolute temperature and F is Faraday’s
constant. The relationship between the equilibrium
constant, Ky, for a blocker and its ICs, value is model
dependent and it is not necessarily the case that these two
parameters will be equal (Wyllie & Chen, 2007). While it
has been reported that for Mg** block these two values
are similar (Qian et al. 2002), which suggests that Mg**
ions do not alter channel gating, we have used eqn (2) to
estimate only § values for each NMDAR construct. Such
values can be estimated if we assume that the relationship
between ICsy and Ky values is independent of voltage,
and receptor activation itself is not voltage dependent.
We did not, however, obtain estimates of the K4 omv
for Mg** or memantine by substituting for K4y values
the corresponding ICs, values obtained at the respective
voltages.

Statistical analysis

Two-way ANOVA and Student’s ¢ test (GraphPad Prism
v4.0, GraphPad Software Inc., San Diego, CA, USA)
were used to determine whether significant differences
(P < 0.05) existed between ICs; and § values for Mg*™ and
memantine at each of the NMDAR constructs examined.
The mean values and errors we report are those estimated
from the fitting of the mean pooled datasets (Origin v6.0;
OriginLab Corp., Northampton, MA, USA).

Results

Voltage-dependent block of glutamate- and
homoquinolinate-evoked currents by Mg?* ions

Throughout this study we have investigated
voltage-dependent Mg*™ block of NMDAR-mediated
currents at three holding potentials, namely —80, —60
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and —40 mV. Figure 2A shows a typical series of TEVC
traces recorded from an oocyte expressing NR1/NR2A
NMDARs where application of glutamate (3 um) evokes
inward currents that are blocked, reversibly, when the
bathing solution contains Mg** (100 um). As exemplified
in Fig. 2B, where the initial steady-state currents evoked

A glutamate (3 uM)
Mg?* (100 uM)
- —
—40 mV
=60 mV
—80 mVv
B glutamate (3 pM)
Mg?* (100 pM)
8O mV-4-----mmmm-c
s e
|
\
—40 mV- A~ --- ==

40s
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at the holding potentials of —60 and —40 mV have been
scaled to that obtained at —80mV, the extent of the
block by Mg*" decreases as the membrane potential is
depolarized.

To determine the concentration of Mg?* required
to block wild-type and chimeric NMDAR-mediated

C
[ E— ]
Mg?* [mM] 3 W
=1 v
40 mV
-80 mV/
D
[ |
Mg?* [mM] 3
0.003 0.01
-40 mV Y v

40 s

Figure 2. TEVC current recordings illustrating voltage and concentration dependence of Mg?* block in

wild-type and chimeric NMDARs

A, example TEVC traces recorded from an oocyte expressing NR1/NR2A NMDARs The glutamate-evoked currents
recorded at each of the membrane potentials indicated are reversibly inhibited by coapplication of Mg2* (100 zum)
at the point indicated by the bar. B, same traces as illustrated in A but with the glutamate-evoked current recorded
in the absence of Mg+ at —60 mV and —40 mV scaled to equal the steady-state current recorded at —80 mV.
The extent of the inhibition decreases at more depolarized membrane potentials. C, TEVC traces recorded from an
oocyte expressing NR1/NR2A NMDARs and voltage-clamped at either —80 mV or —40 mV. The black bar at the
top of the trace in this panel and panels D and £ below indicates the duration of the bath application of glutamate
(3 M), while the shaded bar in this panel (and those below) indicates the coapplication of MgZt. Increasing
concentrations of Mg2+* were applied, cumulatively, as indicated by the arrowheads. D, TEVC traces recorded from
an oocyte expressing NR1/NR2D NMDARs and voltage-clamped at either —80 mV or —40 mV illustrating the block
of the glutamate-evoked current by increasing concentrations of Mg?+*. Note that NR1/NR2D NMDAR-mediated
currents are less sensitive to block by Mg?* compared to responses mediated by NR1/NR2A NMDARs. E, TEVC
traces recorded from an oocyte expressing NR1/NR2A(2D-5152) NMDARs and voltage-clamped at either —80 mV
or —40 mV illustrating the block of the glutamate-evoked current by increasing concentrations of Mg?*+. Note
that NR1/NR2A(2D-5152) NMDAR-mediated currents are more sensitive to block by Mg+ compared to responses

mediated by NR1/NR2A NMDARs.
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responses by 50% (ICsy) we constructed inhibition
curves by applying increasing concentrations of Mg**
to glutamate- and homogquinolinate-evoked currents.
Figure 2C—E shows a series of TEVC traces recorded at
—80 and —40 mV for NR1/NR2A (Fig. 2C), NR1/NR2D
(Fig. 2D) and NR1/NR2A(2D-S182) (Fig. 2E) NMDARs
and the inhibition of these responses by increasing
concentrations of Mgt (3um to 10mm). From
the traces illustrated it is apparent that NR1/NR2D
NMDAR-mediated responses are inhibited to a lesser
extent (at equivalent concentrations of Mg?") than
responses mediated by NR1/NR2A NMDARs. This finding
is in agreement with previously published data (Monyer
et al. 1992; Kuner & Schoepfer, 1996; Qian et al. 2005).
However, responses mediated by the chimeric NMDAR
construct, NR1/NR2A(2D-S1S2), are more potently
inhibited by Mg?* compared to responses mediated by
wild-type NR2A-containing NMDARs.

J Physiol 586.1

Figure 3 shows the mean inhibition curves obtained
for Mg** block of glutamate-evoked responses at
each of the NMDAR constructs investigated in this
study. Figure 4 shows the equivalent data for inhibition
by Mg*™ of homoquinolinate-evoked responses at
wild-type and chimeric NMDARs. Table 1 gives the
mean ICs, values for each receptor combination at
the three holding potentials we have investigated; for
the inhibition of glutamate-evoked NR1/NR2A and
NR1/NR2D NMDAR-mediated responses, the values are
in good agreement with previously published studies
examining these two NMDAR subtypes (Wyllie et al. 1996;
Qian et al. 2005).

Aside from the clear dependence of the IC5, values on
the holding potential for each construct, we can see that for
both glutamate- and homoquinolinate-evoked responses,
Mg*" potency at NR2A-containing NMDARSs is greater
(lower ICsy values) than that seen at NR2D-containing
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Figure 3. Mean inhibition curves for Mg?* block of glutamate-evoked currents mediated by wild-type

and chimeric NMDARs

A, mean inhibition curves for Mg?* block of glutamate-evoked NR1/NR2A NMDAR-mediated currents. Inhibition
curves were constructed at —80 mV (m), —60 mV (@) and —40 mV (A) and fitted with the Hill equation (see
Methods). B, mean inhibition curves for Mg?* block of NR1/NR2D NMDAR-mediated currents. C, mean inhibition
curves for Mg2* block of NR1/NR2A(2D-5152) NMDAR-mediated currents. D, mean inhibition curves for Mg+
block of NR1/NR2A(2D-M1M2M3) NMDAR-mediated currents. £, mean inhibition curves for Mg+ block of
NR1/NR2A(2D-STM1M2M352) NMDAR-mediated currents. Mean ICsg values determined at each holding potential

for each construct are given in Table 1.
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NMDARs (Figs3A and B, and 4A and B). As is
suggested from the TEVC traces shown in Fig.?2,
inclusion of the NR2D subunit LBD in NR2A subunits
results in an approximately 2-fold increase in Mg*"
potency at each of the holding potentials examined
(P < 0.05; Figs 3C and 4C). As the potency of glutamate
acting at NR1/NR2A(2D-S1S2) NMDARs is greater
than that seen at NR1/NR2A NMDARs (Erreger et al.
2007) we confirmed that the increase in Mg?" potency
seen at NR2A(2D-S1S2)-containing NMDARs was not
the result of determining ICs, values at equivalent,
but non-equipotent, glutamate concentrations (3 um;
equivalent to the ECsy for NR1/NR2A NMDARs). Thus,
we determined ICsy values for Mg®* using a glutamate
concentration equal to its ECsy value at this construct
(500 nm; Erreger et al. 2007). Mean 1Cs, values for Mg>™
when this lower concentration of glutamate was used

Channel block in chimeric NMDARs 217

were 13+ 1 um (—80mV, n=7), 72+t 11 um (—60 mV,
n=38)and 340 & 54 um (—40 mV, n = 7). These values (at
a given holding potential) are not significantly different
from those obtained when glutamate was used at the
higher concentration (3 um; P > 0.05, for each two-tailed
t test). Inclusion of the M1IM2M3 region of the NR2D
subunit in NR2A subunits results in a rightward-shift
in the inhibition curves for both glutamate- and
homoquinolinate-evoked responses (decrease in Mg**
potency) compared to NR1/NR2A NMDARs (Figs 3D
and 4D). Given that this region contains key elements
that determine Mg’* potency (Kuner & Schoepfer, 1996;
Wollmuth et al. 1998) a reduction in potency is to
be expected although the extent of the shift is greater
than that seen when comparing wild-type NR2A- and
NR2D-containing NMDARs. However, when the S1S2
region from NR2D was included together with the
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Figure 4. Mean inhibition curves for Mg?™ block of homoquinolinate-evoked currents mediated by

wild-type and chimeric NMDARs

A, mean inhibition curves for Mg+ block of homoquinolinate-evoked NR1/NR2A NMDAR-mediated currents.
Inhibition curves were constructed at —80 mV (m), —60 mV (®) and —40 mV (A) and fitted with the Hill equation
(see Methods). B, mean inhibition curves for l\/IgZ+ block of NR1/NR2D NMDAR-mediated currents. C, mean
inhibition curves for Mg2* block of NR1/NR2A(2D-5152) NMDAR-mediated currents. D, mean inhibition curves for
Mg2* block of NR1/NR2A(2D-M1M2M3) NMDAR-mediated currents. £, mean inhibition curves for Mg+ block of
NR1/NR2A(2D-STM1M2M352) NMDAR-mediated currents. Mean ICsg values determined at each holding potential

for each construct are given in Table 1.
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Table 1. ICsp concentrations of Mg?™ and memantine required to inhibit glutamate- or
homoquinolinate-evoked currents

ICs50(—80 mv)

1Cs0(-60 mv)

1Cs50(-40 mv)

Mg?*, glutamate
NR2A(WT)
NR2D(WT)
NR2A(2D-5152)

NR2A(2D-M1M2M3)
NR2A(2D-S1TM1M2M352)

Mg?*, homoquinolinate

NR2A(WT)
NR2D(WT)
NR2A(2D-51S2)

NR2A(2D-M1M2M3)
NR2A(2D-S1M1M2M3S2)

Memantine, glutamate

NR2A(WT)
NR2D(WT)
NR2A(2D-51S2)

NR2A(2D-M1M2M3)
NR2A(2D-S1M1M2M3S2)

34+ 4 um (15)
91+ 13 um (13)
19+ 1 um (32)
335+ 27 um (11)
197 £ 31 um (15)

13+ 2 um (18)
74 4+ 16 um (8)
5.7 + 0.8 um (16)
68 & 7 yum (15)
83+ 6 um (13)

0.86 + 0.08 ;M (12)
0.29 + 0.04 um (6)
1.0 + 0.09 ;M (8)
0.76 + 0.09 um (6)
0.83 £ 0.08 ;M (6)

157 + 24 um (15)
375 4+ 52 um (13)
78 £ 6 um (32)
1.3£0.2mm(11)
548 £ 90 um (15)

58 + 9 ;um (17)
263 £ 29 ;m (9)

28 £ 5 um (15)
349 + 26 ;M (15)
346 + 37 um (18)

1.7+£02um(11)
0.42 £ 0.03 uum (6)
1.6 + 0.2 uM (6)
1.5+ 0.1 uM (6)
1.6 + 0.2 uM (6)

701 + 84 M (15)
1.6+ 0.1 mm (13)
335+ 21 um (31)
4.7 £0.5mm (11)
1.7 £ 0.4 mm (15)

277 + 57 um (16)
1.4+ 0.1 mm (10)
172 £33 um (14)
934 + 123 um (12)
1.2+0.1 mm (14)

3.24£0.5 um (9)
0.74 £ 0.06 ;M (6)
2.3£0.3 um (6)
2.0£0.2 um (6)
2.7+0.7 um (6)

Values are given as means, with the errors taken from the standard error estimated from the non-linear
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curve fit of the data to eqn (1). Numbers in parentheses indicate the number of oocytes studied.

M1M2M3 region this resulted in a reduction in Mg** ICs
values for the inhibition of glutamate-evoked currents,
compared to the values determined for the chimera
containing the NR2D M1M2M3 region alone (Fig. 3E).
This is analogous to the effect seen when the NR2D
S1S2 region replaced the corresponding region in NR2A
subunits. This effect of the NR2D S1S2 region in increasing
Mg”* potency at NMDARs containing NR2A subunits
with the NR2D MIM2M3 region, however, was not
seen when currents were evoked by homoquinolinate
(Fig. 4E).

Another feature of the calculated ICs, values is the
fact that Mg*™ more potently inhibits currents mediated
by NR1/NR2A NMDARs evoked by homoquinolinate
(10 um) than those evoked by glutamate. We confirmed
that using homoquinolinate at its ECsy (25 um; Erreger
et al. 2005) value also gave ICsy values for Mg** that
were similarly more potent that those obtained when
the equipotent concentration of glutamate (3 M) evoked
responses at this receptor combination. Mean ICs, values
for Mg*™ when homoquinolinate at its ECsy concentration
was used were 12+ 3 um (—80mV, n=28), 42 £ 15 um
(=60mV, n=28) and 155£58 um (—40mV, n=3_).
These ICs, values (at a given holding potential) are not
significantly different from those obtained with the lower
(10 um) concentration of homoquinolinate (P > 0.1; for
each two-tailed ¢ test). This effect of homoquinolinate
on increasing Mg”" block is not observed at NR1/NR2D
NMDARs where the ICs, values of glutamate- and
homoquinolinate-evoked responses are not significantly
different.

Voltage-dependent block of glutamate-evoked
currents by memantine

Memantine is another example of an NMDAR channel
blocker; however, unlike Mg** its potency at NR1/NR2D
NMDARs is greater than that at NRI/NR2A NMDARs
(Parsons et al. 1999a; Dravid et al. 2007). Figure 5 shows
a series of TEVC traces illustrating features of the block of
NMDAR-mediated currents by memantine. Memantine,
like Mg**, is a reversible blocker of NMDAR-mediated
currents. Figure5A shows a typical response from
an oocyte expressing NR1/NR2A NMDARs following
application of glutamate (3 um). Addition of memantine
(100 nm) reduces the magnitude of the current recorded
and increasing the concentration (10 pm) of this blocker
results in further inhibition of the response. When the
concentration of memantine is reduced, the response
recovers to the level seen when the blocker was applied
for the first time. Thus, the reversibility and recovery of
responses allows us to construct cumulative inhibition
curves to determine ICs, values for this channel blocker.
Figure 5B shows the effect of increasing concentrations
of memantine (10 nM to 100 uM) on a glutamate-evoked
NR1/NR2A NMDAR-mediated current recorded at —80
and —40mV. Figure 5C shows corresponding TEVC
traces obtained from an oocyte expressing NR1/NR2D
NMDARSs. These traces illustrate (and in agreement with
previous work) that memantine is more potent at blocking
NR1/NR2D NMDAR-mediated responses than those
mediated by NR1/NR2A NMDARSs (Parsons et al. 1999a).
Figure 6 shows the mean inhibition curves obtained for
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memantine block of glutamate-evoked responses at each
of the NMDAR constructs investigated in this study,
while the mean ICs, values obtained from the analysis of
this dataset are given in Table 1. Inspection of the ICs,
values indicates that memantine is a more potent blocker
of NMDAR-mediated response for each of the receptor
constructs examined. As is the case with Mg?*" block, the
extent of memantine block decreases as the membrane
potential is voltage-clamped at more depolarized levels.
However, the relative shift in 1Csy values is less than that
observed for Mg?* block of currents mediated by the same
NMDAR construct (see below). While memantine was
significantly (P < 0.01) more potent at NR2D-containing
NMDARs compared with their NR2A-containing counter-
parts at all potentials examined, in contrast with our
observations concerning Mg*™ block described above,
none of the chimeric NMDAR constructs displayed
significant differences in their ICs, values compared to
the parent NR2A-containing NMDARs (P > 0.05).

Figure 5. TEVC current recordings illustrating block
by memantine of glutamate-evoked responses

mediated by NR2A- and NR2D-containing NMDARs B

A, TEVC trace recorded from an oocyte expressing
NR1/NR2A NMDARs and voltage-clamped at —80 mV.
The black bar at the top of the trace in this panel and
panels B and C below indicates the duration of the bath
application of glutamate (3 um). The reversibility of
memantine block is illustrated by coapplying with
glutamate, memantine at two concentrations (100 nm
or 10 uM). Switching the memantine concentration
from 10 um to 100 nM results in a recovery of the
glutamate-evoked current to the level seen when
memantine was first applied. B, TEVC traces recorded
from an oocyte expressing NR1/NR2A NMDARs and
voltage-clamped at either —80 mV or —40 mV. The

shaded bar in this panel (and in panel C below) C

indicates the coapplication memantine. Increasing
concentrations of memantine were applied,
cumulatively, as indicated by the arrowheads. C, TEVC
traces recorded from an oocyte expressing NR1/NR2D
NMDARs and voltage-clamped at either —80 mV or
—40 mV illustrating the block of the glutamate-evoked
current by increasing concentrations of memantine.
Note that NR1/NR2D NMDAR-mediated currents are
more sensitive to block by memantine compared to
responses mediated by NR1/NR2A NMDARs.
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Current-voltage plots of NMDAR-mediated currents
in the presence of Mg?* and memantine and voltage
dependence of block

For each of the NMDAR constructs characterized in
this study we generated current—voltage plots in the
absenceand presence of either Mg?* (1 mm) or memantine
(10 um) and the mean plots are illustrated in the
online supplemental material, Supplemental Fig. 1. As
is to be expected, each of the NMDAR constructs
shows a linear current—voltage relationship in the
absence of blocker. A small amount of rectification
is apparent in the plot for NR2A(2D-S1S2)-containing
NMDARs (Supplemental Fig. 1C) perhaps reflecting the
fact that these receptor—channels are the most sensitive
to block by Mg?* and the presence of small amounts
of ‘contaminating’ Mg’ from our salt solutions may
lead to deviations from linearity at hyperpolarized
membrane potentials. Each NMDAR construct gave a
current—voltage plot, in the presence of Mg*", with a
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typical J-shaped profile. As would be expected from the
ICsy values described above, the current—voltage plot
for NR2A(2D-S1S52)-containing NMDARs showed the
greatest levels of inhibition, while the least inhibition was
seen with NR2A(2D-M1M2M3)-containing NMDARs
(Supplemental Fig. 1C and D, respectively). In contrast
to the current-voltage plots for Mg**, those for
memantine displayed less-pronounced regions of ‘negative
slope conductance’ with the overall profile of the
current—voltage plot being similar to that described for
native NMDARs (Parsons et al. 1993).

We compared the voltage dependence of Mg?* and
memantine block by plotting the measured ICs, values
against the membrane potential at which they had
been determined (Fig. 7). For each NMDAR construct
examined, the fitted line describing the voltage dependence
of memantine block is shallower than that describing Mg**

D. C. Wrighton and others
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block of NMDAR-mediated responses. This decreased
slope corresponds to lower estimates of § (the fraction
of the electric field experienced by the blocker) for
memantine block compared to Mg*t block of the
corresponding NMDAR-mediated current. Comparison
of the mean § values for the inhibition by Mg*" of
glutamate- and homoquinolinate-evoked currents and for
the inhibition by memantine of glutamate-evoked currents
isillustrated in Fig. 7F—H. Overall, § values for memantine
are less than those for Mg?t at each of the constructs
studied confirming the weaker voltage dependence of
memantine block.

Discussion

Comparisons of NR2A- and NR2D-containing NMDARs
have shown that, in general, these two NMDAR
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Figure 6. Mean inhibition curves for memantine block of glutamate-evoked currents mediated by

wild-type and chimeric NMDARs

A, mean inhibition curves for memantine block of glutamate-evoked NR1/NR2A NMDAR-mediated currents.
Inhibition curves were constructed at —80 mV (m), —60 mV (®) and —40 mV (A) and fitted with the Hill equation
(see Methods). B, mean inhibition curves for I\/Ig2+ block of NR1/NR2D NMDAR-mediated currents. C, mean
inhibition curves for Mg2* block of NR1/NR2A(2D-5152) NMDAR-mediated currents. D, mean inhibition curves for
Mg2* block of NR1/NR2A(2D-M1M2M3) NMDAR-mediated currents. £, mean inhibition curves for Mg+ block of
NR1/NR2A(2D-STM1M2M352) NMDAR-mediated currents. Mean ICsg values determined at each holding potential

for each construct are given in Table 1.
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subtypes show the greatest differences in their biophysical
and pharmacological properties (for example see Monyer
et al. 1992, 1994; Kuner & Schoepfer, 1996; Wyllie et al.
1996, 1998; Buller & Monaghan, 1997; Vicini et al. 1998;
Parsons et al. 1999a; Qian et al. 2005; Erreger et al.
2007). Indeed such differences have been exploited to
identify unambiguously NR2D-containing NMDARs in
native neurones (Momiyama et al. 1996; Misra et al.
2000a,b; Brickley et al. 2003). In this present study, in
addition to characterizing the channel block produced by
Mg** and memantine at these two NMDAR subtypes, we
have adopted the strategy of creating chimeric receptors
to allow us to probe how the ‘functional domains’ within
these NMDAR subtypes influence the actions of these
two channel blockers. Notwithstanding the differences

Channel block in chimeric NMDARs
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in the sensitivities of NR2A- and NR2D-containing
NMDARSs to the two channel blockers investigated here,
three well-characterized differences in NR1/NR2A and
NR1/NR2D NMDAR properties are (1) the fact that
most NMDAR agonists are considerably more potent at
NR2D- than NR2A-containing NMDARs (Erreger et al.
2007), (2) the very slow deactivation of NR2D-containing
NMDARs compared with the more rapid deactivation of
NR2A-containing NMDARs (Monyer et al. 1992, 1994;
Vicini et al. 1998; Wyllie et al. 1998), and (3) the lower
single-channel conductance and transition asymmetry of
NR2D- compared to NR2A-containing NMDARs (Wyllie
et al. 1996, 1998). Given that the potency with which
an agonist interacts with its receptor will influence
(but not completely determine) the deactivation of its
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Figure 7. Voltage dependence of ICsy values for Mg2™ and memantine block of wild-type and chimeric
NMDAR-mediated responses and comparison of § values

A-E, plots of the voltage dependence of the mean ICsq value for Mg?t block of glutamate-evoked (o) or
homogquinolinate-evoked (0) currents and memantine block of glutamate-evoked currents (A) in oocytes expressing
NR1/NR2A NMDARs (A), NR1/NR2D NMDARs (B), NR1/NR2A(2D-5152) NMDARs (C), NR1/NR2A(2D-M1M2M3)
NMDARs (D) or NR1/NR2A(2DSTM1M2M352) NMDARs (E). Note that for each plot the slope of the line describing
memantine block of the currents is shallower than that seen for MgZ+ block of the same NMDAR-mediated current,
though the potency of memantine is greater than that of Mg2*. F=H, bar graphs showing § values determined
from analysis of Mg2* block of glutamate-evoked currents (F), Mg2* block of homogquinolinate-evoked currents
(G) and memantine block of glutamate-evoked currents (H). Mean § values for each of the blockers are indicated.
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response and similarly factors that influence channel
gating are contained (although not exclusively) within
pore-forming regions of the receptor led us to determine
to what extent the LBD (‘potency-determining’) and the
MIM2M3 (‘gating-determining’) membrane-associated
regions influenced the channel block produced by
Mg*" and memantine. In addition by using homo-
quinolinate (a partial agonist at NR2A-containing
receptors) we could determine whether the nature of the
ligand-binding—gating interaction also had an impact on
the potency of channel block.

Mg?* block of wild-type and chimeric NMDARs

In agreement with previous studies (Monyer et al. 1992,
1994; Kuner & Schoepfer, 1996; Qian et al. 2005) we find
that Mg?" is a more potent blocker of NR2A- compared
with NR2D-containing NMDARs. In addition, we also
observed a lack of dependence of ICs, for Mg”* block
on the agonist concentration used. Such a result is also
consistent with the observation that Mg”* itself does
not alter channel gating in the sense that the durations
of ‘bursts’ of channel openings do not change in the
presence of Mg?" (Ascher & Nowak, 1988). However,
while we checked that the IC5, values we obtained were
independent of the agonist concentration used, differences
in the individual single-channel P, values between
NR1/NR2A and NR1/NR2D NMDARs (Wyllie et al. 1998)
are also likely to influence the ability of Mg?* to block
these receptor subtypes. The values we determined for the
ICsy for Mg”* block of both wild-type NMDARSs are in
good agreement with a previously published study (Qian
et al. 2005) but are somewhat higher (implying lower
Mg potency in our study) than other studies that have
expressed recombinant NMDARSs in oocytes (for example
Kawajiri & Dingledine, 1993; Sakurada et al. 1993; Kuner
& Schoepfer, 1996; Kupper et al. 1996). Indeed the large
range of ICs values thathave been reported for NR1/NR2A
and NR1/NR2D NMDARs hasbeen highlighted previously
(Qian etal. 2005). It remains unclear what factors might be
responsible for these wide ranges; however, given that the
nature of the permeant ions influences both the potency
of Mg** block and estimates of § values (Antonov &
Johnson, 1999; Zhu & Auerbach, 2001a,b; Qian et al.
2002; Qian & Johnson, 2006) the use, in this study, of
BaCl, (1.8 mm) in the external recording solution may
contribute to the lower potency of Mg*t we report here
for wild-type NR2A- and NR2D-containing NMDARs.
While there is therefore a wide-range of potencies that have
been reported for block by Mg?* of various NMDARs the
experiments described here have been conducted using the
same ionic composition of solutions and have made several
additional findings concerning Mg*" block of NMDARs
that are discussed below.
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Our data show that inclusion of the NR2D S§1S2
region in the NR2A subunit leads to an increase in
the potency with which Mg?* inhibits both glutamate-
and homoquinolinate-evoked responses. We confirmed
that the ~2-fold increase in Mg potency observed was
not due to differences in agonist potencies at NR2A-
and NR2A(2D-S1S2)-containing NMDARs which might
influence the extent of Mg*" block observed. We suggest
that elements within the NR2D LBD linking ligand
binding to channel gating interact differently compared
to the NR2A LBD and this leads ultimately to a channel
conformation that is more potently inhibited by Mg**.
Nevertheless, such a conformation does not alter the
fraction of the electric field experienced by Mg**. This
indicates that while the binding potency of Mg*" has
been affected, the location of the block site in the
pore remains constant (Fig. 7). It is interesting to note
that a recent report (Gee et al. 2007) has provided
evidence that the ability of functional domains out with
pore-forming regions to influence channel properties may
not be restricted to NMDARs. In their study of chimeric
5HT;4-a7 nicotinic acetylcholine receptors, inclusion of
the o7 amino-terminal region in certain 5HT;, receptor
constructs resulted in a 3-fold increase in single-channel
conductance. Thus in members of the nicotinic super-
family of ion channels, ligand-binding regions may also
influence ion permeation and pore characteristics.

Intriguingly, homoquinolinate-evoked  responses
mediated by NR1/NR2A NMDARs are more potently
inhibited by Mg”* than responses evoked by glutamate.
Again we ensured that this change in potency was
not a consequence of using non-equivalent agonist
concentrations by determining Mg ICs, values at the
respective ECsy concentrations of glutamate (3 um)
and homogquinolinate (25 um). This effect of homo-
quinolinate was not observed at NR2D-containing
NMDARSs, at which, it is perhaps worth noting, it is a
near full agonist and is also an example of one of the few
ligands that does not show increased potency at NR2D-
compared to NR2A-containing NMDARs (Erreger et al.
2007). It has been proposed that the nature of the
interaction of homogquinolinate with its binding site in
the NR2A subunit causes differences in the position of
Helix F that may account for aspects of its partial agonist
action (Erreger ef al. 2005). Thus, while the present study
does not identify how these interactions lead ultimately to
a change in sensitivity to Mg** block they do support the
notion that different agonists give rise to subtly different
receptor—channel conformations.

Finally, NR1/NR2D NMDARs have been shown to
have a faster apparent unblocking rate (k_,p,) for Mg**
relative to NMDARs containing NR2A subunits (Qian et al.
2005). Therefore since the NR1/NR2A(2D-M1M2M3)
chimeric construct places a ‘NR2D-like’ pore region
into an NR2A subunit it is perhaps not surprising that
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we observed a considerably reduced Mg®* potency at
this chimera compared to NR2A-containing NMDAR:s.
However, the extent of the shift (~10-fold decrease) is
greater than might be expected from the experimentally
derived values for k-,,, which display only around
a 3-fold difference for NR2A- and NR2D-containing
NMDARs (Qian et al. 2005). Indeed ICs, values for the
NR1/NR2A(2D-M1M2M3) chimeric construct show that
Mg”" is less potent at this subunit combination than it is
at NR2D-containing NMDARs. As an explanation as to
why simply replacing the major part of the pore-forming
region of NR2A subunits with that from NR2D subunits
does not give an overall ‘NR2D-like’ Mg?" sensitivity,
we propose that the sensitivity of NR2D-containing
NMDARs is influenced not only by the pore-forming
regions, but also by a contribution from the NR2D
LBD. Inclusion of both these structural elements in
the chimera, NR2A(2D-SIM1M2M3S2), gives rise to an
NMDAR that is more potently blocked by Mg?* compared
to the NR2A(2D-M1M2M3) chimera and also adds to
the evidence that the nature of the LBD influences the
properties of voltage-dependent Mg** block. In a previous
study Kuner & Schoepfer (1996) demonstrated that an
NR1/NR2B NMDAR sensitivity to Mg*™ ions could be
reproduced in a chimeric NR1I/NR2C NMDAR that
contained the four membrane associated regions found
in NR2B NMDAR subunits. Our study has not examined
the role of M4 and therefore we cannot rule out the
possibility that, as is the case for NR2B and NR2CNMDAR
subunits, this region would influence Mg*" potency
in NR2A/2D chimeras. Nonetheless, our observations
show that the nature of the LBD, and in the case of
NR1/NR2A NMDARs, the nature of the ligand used,
influences the potency of Mg*" block. While the precise
mechanism by which this occurs is unclear, we suggest
that the different conformations adopted by the LBD and
subsequent channel-gating are contributing factors.

Memantine block of wild-type and chimeric NMDARs

In agreement with previously published data (Parsons
et al. 1999a; Chen & Lipton, 2005; Dravid et al. 2007),
memantine is a potent blocker of NMDAR-mediated
responses being more potent at NR2D-containing than
NR2A-containing NMDARSs. Indeed, our estimates of the
ICs, for memantine block of NR1/NR2A and NR1/NR2D
NMDARs are in excellent agreement with previously
published values (Parsons et al. 1999a; Chen & Lipton,
2005; Dravid et al. 2007) and those observed for native
NMDARs (Gilling et al. 2007). In addition, block by
memantine is less voltage dependent than that seen with
Mg**, asis indicated by the decreased slopes in the plots of
ICsg versus membrane potential (Fig. 7). Our estimates of
8 for memantine block are lower than the corresponding
values for Mg”* block, indicating that while there may be
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overlap in the binding sites for these two blockers, they are
also distinct (Kashiwagi et al. 2002; Chen & Lipton, 2005).
It is known that memantine binds to both a high- and
low-affinity site in the NMDAR pore (Blanpied et al. 1997;
Chen & Lipton, 2005) with the asparagine residue of the
QRN-site in the M2 region of the NR1 NMDAR subunit
being a major contributor to the high-affinity site. Since
the NR1 subunit is common to, and not altered in, each
of the wild-type and chimeric NMDARs we have studied,
this might be a contributing factor to explain why we did
not transfer ‘NR2D-like’ potency to NR2A subunits when
they contained the NR2D M1M2M3 region. Moreover
chimeras expressing the NR2D LBD did not influence the
potency of memantine block. Therefore the contribution
of the NR2D LBD in affecting Mg*" potency does not
extend to memantine. A recent study (Gilling et al. 2007)
has demonstrated that the potency of memantine block at
equilibrium is not affected by the agonist concentration
used to activate the NMDA receptor—channel. This
finding indicates that although glutamate potencies at
the wild-type and chimeric NMDARs investigated in the
present study vary, this is unlikely to influence the 1Cs,
values we have obtained for each of the constructs.
Thus, our data suggest that the elements that give rise
to more potent block of NR2D-containing compared to
NR2A-containing NMDARs by memantine are out with
both the LBD and M1M2M3 regions.

Conclusion

Voltage-dependent channel block of NMDARs is one of
the defining characteristics of this family of ligand-gated
ion channels. While the major determinants of this block
reside in the M2 region of both NR1 and NR2 NMDAR
subunits, other elements contained within the M1 domain,
M2-M3 linker and M4 domain also contribute to
the potency of voltage-dependent block. Our data are
consistent with this notion. Nevertheless, this study shows
that in addition to these regions, the LBD of NMDARs also
contributes to the potency of Mg?* block. Thus, not only
does the LBD of NMDARs determine agonist potency at
these receptor—channels (Laube et al. 1997; Anson et al.
1998, 2000; Chen et al. 2004, 2005; Erreger et al. 2007)
but it is emerging that this region also plays a role in
influencing glycine (coagonist) potency (Chen et al. 2007)
and voltage-dependent Mg** block.
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