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David Stroebel,1,2,3* Stéphanie Carvalho,1,2,3* Teddy Grand,1,2,3 Shujia Zhu,1,2,3 and Pierre Paoletti1,2,3
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Ligand-gated ion channels (LGICs) mediate fast synaptic transmission in the CNS. Typically, these membrane proteins are multimeric
complexes associating several homologous subunits around a central pore. Because of the large repertoire of subunits within each family,
LGICs exist in vivo as multiple subtypes that differ in subunit composition and functional properties. Establishing the specific properties
of individual receptor subtypes remains a major goal in the field of neuroscience and molecular pharmacology. However, isolating
specific receptor subtype in recombinant systems can be problematic because of the mixture of receptor populations. This is the case for
NMDA receptors (NMDARs), a large family of tetrameric glutamate-gated ion channels that play key roles in brain physiology and
pathology. A significant fraction of native NMDARs are triheteromers composed of two GluN1 subunits and two different GluN2 subunits
(GluN2A-D). We developed a method based on dual retention signals adapted from G-protein-coupled GABA-B receptors allowing
exclusive cell surface expression of triheteromeric rat NMDARs while coexpressed diheteromeric receptors (which contain a single type
of GluN2 subunit) are retained intracellularly. Using this approach, we determined the functional properties of GluN1/GluN2A/GluN2B
triheteromers, one of the most abundant NMDAR subtypes in the adult forebrain, revealing their unique gating and pharmacological
attributes. We envision applicability of the retention signal approach for the study of a variety of heteromeric glutamate-gated ion
channel receptors with defined subunit composition.
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Introduction
Glutamate receptor ion channels (iGluRs) mediate excitatory
transmission and synaptic plasticity in the brain (Traynelis et al.,
2010). iGluRs exist as three main classes, AMPA, kainate, and
NMDA, with receptors assembling from four homologous sub-
units among a large repertoire. In vivo iGluRs occur predomi-
nantly as heteromers of different subunit types and isoforms. The
combinatorial association of individual subunits yields a large
number of receptor subtypes, thus diversifying their func-
tional and signaling properties. This is exemplified by NMDA
receptors (NMDARs), obligate heteromers typically associat-
ing two GluN1and two GluN2 subunits. The GluN1 subunit is
encoded by a single gene but occurs as eight distinct splicing
isoforms (GluN1-1a/b to GluN1-4a/b). Separate genes give rise
to four distinct GluN2 subunits (GluN2A-D). Although the ob-
ligate GluN1 subunit is ubiquitously expressed in the CNS

throughout development, individual GluN2 subunits have dis-
tinct expression profiles that change strikingly during develop-
ment (Sanz-Clemente et al., 2013; Paoletti et al., 2013).

Because individual neurons usually express at least two differ-
ent GluN2 subunits, native NMDARs can occur as diheteromers,
incorporating GluN1 and two identical copies of a given GluN2
subunit, or as triheteromers, incorporating two distinct GluN2
subunits. Compelling evidence indicates that diheteromers and
triheteteromers coexist within a single cell or even at a single
synapse, adding to the functional diversity of the postsynaptic
response (Paoletti et al., 2013). In the adult hippocampus and
cortex, GluN1/GluN2A/GluN2B receptors are particularly abun-
dant, representing a significant fraction of the total NMDAR
population (Sheng et al., 1994; Chazot and Stephenson, 1997;
Luo et al., 1997; Al-Hallaq et al., 2007; Gray et al., 2011; Rauner
and Köhr, 2011; Tovar et al., 2013). Despite their prevalence, the
functional properties of triheteromeric NMDARs remain poorly
understood because of the difficulty in isolating triheteromers in
expression systems. A previous study succeeded in assessing the
sensitivity of recombinant triheteromers to subunit-specific allo-
steric inhibitors (Hatton and Paoletti, 2005). However, the ap-
proach had obvious limitations because of introduced mutations
in the pore and glutamate-binding domains. We now present a
more generalizable and versatile approach to isolate and charac-
terize heterologously expressed triheteromeric NMDARs. It ex-
ploits the trafficking control system of G-protein-coupled
GABA-B receptors that associate GABA-B1 and GABA-B2 sub-
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units. In this system, GABA-B1 contains a retention signal in its
cytoplasmic C-terminal domain (CTD) that traps the subunit in
the endoplasmic reticulum (ER). Upon association with the
GABA-B2 CTD, the GABA-B1 retention signal is masked
through a coiled-coil interaction, thus allowing trafficking of the
GABA-B1/GABA-B2 heterodimer to the cell surface (Margeta-
Mitrovic et al., 2000; Calver et al., 2001; Pagano et al., 2001).
Brock et al. (2007) refined the system further by adding an intra-
cellular retention signal (KKXX) to the GABA-B2 CTD, which
permits retention of GABA-B1 and GABA-B2 in isolation but
reciprocal unmasking upon coexpression. By transferring this
dual retention system to GluN2 subunits, we succeeded in ex-
pressing “pure” GluN1/GluN2A/GluN2B triheteromers at the
surface of Xenopus oocytes, enabling direct evaluation of their
functional properties. Similarities and differences with a recent
work that used a similar approach (Hansen et al., 2014) are
discussed.

Materials and Methods
Molecular biology. Plasmids for rodent NMDAR subunits have been
described previously (Mony et al., 2011). Plasmids encoding the rat
GABA-B1a and GABA-B2 subunits were generously provided by Julie
Kniazeff and Jean-Philippe Pin (Montpellier, France). The r1 (TMKTGS
STNNNEEEKSRLLEKENRELEKIIAEKEERVSELRHQLQSRQQLRSRR
HPPTPPDPSGGLPRGPSEPPDRLSCDGSRVHLLYK) and r2 (QFTQN
QKKEDSKTSTSVTSVNQASTSRLEGLQSENHRLRMKITELDKDLEEVT
MQLQDTPEKKTN) tags derive from GABA-B1 and GABA-B2 CTD, re-
spectively. Each contains a leucine zipper coiled-coil motif (underlined) fol-
lowed by an ER retention signal (bold). The GluN2Ar1, GluN2Ar2,
GluN2Br1, and GluN2Br2 constructs correspond to GluN2A or GluN2B
subunits in which the last 602 (starting at GluN2A-I863) or 620 (starting at
GluN2B-S863) residues were replaced by the r1 and r2 tag. Several other
GluN2A-tagged constructs were tested but none achieved proper retention
(as assessed by current measurements). In particular, “leakage” was observed
when replacing GluN2A CTD by the r1 tag at position G873, when a flexible
GAAGG sequence was added just upstream of the r1 tag, or when the r1 or r2
tag was inserted between positions S862 and I863. The GluN1�C construct
contains a stop codon at position GluN1-R839. GluN1-6A corresponds to
the GluN1-1a subunit with alanine mutations at positions: K875K876K877-
R893R894R895. Plasmids encoding GluN1-2a, GluN1-3a, and GluN1–4a
were generously provided by Wei Lu.

Electrophysiology. Oocytes from female Xenopus laevis were prepared,
injected, and voltage clamped as described previously (Paoletti et al.,
1997). Each oocyte was coinjected with a mixture of GluN1:GluN2
cDNAs (10 –70 ng/�l) at a ratio of 1:1 for diheteromers and 2:1:1 for
triheteromers. Data were collected using pClamp 10 and fitted using
SigmaPlot 10 or Kaleidagraph 4. The external solution contained the
following (in mM): 100 NaCl, 2.5 KCl, 0.3 BaCl2, 5 HEPES, 0.01 DTPA,
pH 7.3. For zinc experiments, DTPA was omitted and tricine (10 mM)
used to buffer zinc (Paoletti et al., 1997). Proton experiments were per-
formed as in Gielen et al. (2008) and spermine experiments (�30 mV,
pH 6.5) as in Mony et al. (2011). NMDAR-mediated currents were induced
by coapplication of L-glutamate and glycine (100 �M each). Unless specified,
recordings were performed at �60 mV and at room temperature.

Glutamate deactivation kinetics experiments were performed on
outside-out patches pulled from Xenopus oocytes using similar recording
conditions as in Zhu et al. (2013). Currents were sampled at 5 kHz and
low-pass filtered at 2 kHz. Glutamate (100 �M, 200 ms) was applied using
a multibarrel rapid solution exchanger system (RSC 160; Bio-Logic).

Pharmacology and data analysis. Glutamate and glycine dose-
response-curve (DRC) experiments were performed in the presence of
100 �M of the respective coagonist. Agonist DRCs were fitted with the
following Hill equation: Irel � 1/(1�(EC50/[A]) nH), where Irel is the
mean current normalized to the current obtained at 100 �M agonist, [A]
is the agonist concentration, and nH is the Hill coefficient. EC50 and nH

were set as free parameters. Determination of MK-801 inhibition time
constant (�on) was performed as in Mony et al. (2011). Proton DRCs

were fitted as in Gielen et al. (2008) with pHIC50 and nH set as free
parameters. Zinc and ifenprodil DRCs were fitted with the following Hill
equation; for diheteromers: Irel � 1 � a/(1 � (IC50/[C]) nH), with a the
maximal inhibition (Inhib . max); for triheteromers: Irel � 1 � [a/(1 �
(IC50,1/[C]) nH1) � (1 � a)/(1 � (IC50,2/[C]) nH2)]. IC50, IC50,1, IC50,2,
nH, nH1, and nH2 were set as free parameters. a was set as a free parameter
unless stated (Table 1). Note that, for triheteromers, we assume that
inhibition is total at high concentrations of zinc or ifenprodil. Spermine
DRCs were fitted with the following Hill equation: Irel � 1 � a/(1 �
(EC50/[C]) nH), where (a � 1) is the maximal potentiation (Pot . max).
EC50, a, and nH were set as free parameters. Glutamate deactivation
currents were fitted with a mono-exponential function. Error bars
represent SD.

Immunoblotting. Immunoblots were performed as described previ-
ously (Mony et al., 2011) except that electrophoresis were done in reduc-
ing conditions (5% �-mercaptoethanol). The following antibodies were
used: anti-GluN1 antibody (1:1000, mouse monoclonal clone 54.1; Mil-
lipore), anti-GluN2B antibody (1:500, mouse monoclonal clone N59/36
or N59/20; Neuromab), anti-GABA-B1 antibody (1:500; rabbit mono-
clonal antibody raised against the GABA-B1 CTD; generous gift from
Julie Kniazeff, Montpellier, France), anti-�Tubuline (1:7000, mouse
monoclonal clone DM1A; Millipore), and secondary goat peroxidase-
conjugated anti-mouse antibody (1:20 000, catalog #115-035-003; Jack-
son ImmunoResearch).

Results
Selective expression of triheteromeric NMDARs
To selectively express triheteromeric GluN1/GluN2A/GluN2B
receptors, we constructed GluN2A and GluN2B subunits with
modified CTDs containing the optimized quality control system
of GABA-B receptors (Brock et al., 2007). We introduced either
one of two domains, coined ret 1 and ret 2 (or r1 and r2). The r1
motif contains the majority of the GABA-B1 CTD including a
leucine zipper coiled-coil motif followed by a native ER retention
signal RSR. The r2 motif comprises a fragment the GABA-B2
CTD encompassing a leucine zipper coiled-coil motif followed by
an engineered dilysine KKXX ER retention motif. We con-
structed several versions of modified GluN2A and GluN2B sub-
units with r1 and r2 motifs positioned at various locations in the
GluN2 CTD. Because the GluN2 CTDs are very long and likely
flexible (Ryan et al., 2008), we chose not to introduce the r1 and
r2 motifs at the very C terminus of GluN2 subunits but closer to
the pore region (Fig. 1A) to avoid potential recognition of r1
and r2 motifs between, rather than within, individual receptor
complexes.

We first checked for proper ER retention caused by r1 and r2
motifs by expressing wild-type (wt) GluN1-1a subunit (also named
GluN1 for simplicity) and individual CTD-modified GluN2A or
GluN2B subunit in Xenopus oocytes. When replacing GluN2A CTD
by the r1 motif at position GluN2A-I863 (GluN2Ar1 subunit), no or
very tiny (�10 nA) NMDAR-mediated currents were detected as
assessed by voltage-clamp recordings up to 4 d after injection
(Fig. 1B). Similar results were obtained by replacing GluN2B
CTD by the r2 motif at position GluN2B-S863 (GluN2Br2 sub-
unit; Fig. 1A,B). In contrast, large currents (up to several �A)
were observed in control experiments with wt GluN2A or
GluN2B subunits (Fig. 1B). The lack of current with retention
tagged constructs was not due to a deficiency in subunit expres-
sion as revealed by Western-blot experiments (Fig. 1C). It is also
unlikely to stem from truncation of the GluN2 CTD since com-
plete deletion of the GluN1 and/or GluN2 CTD does not prevent
functional expression (Vissel et al., 2002; Puddifoot et al., 2009;
Maki et al., 2012; Punnakkal et al., 2012). Therefore, GluN1/
GluN2Ar1 and GluN1/GluN2Br2 diheteromers do not express at
the plasma membrane, likely because they are retained in the ER.
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Interestingly, large currents indicating lack of proper ER reten-
tion were measured when the r1 or r2 motifs were introduced at
other locations of the GluN2A or GluN2B CTD (see Materials
and Methods). Together, these results indicate that the retention
system derived from the GABA-B receptor is efficient in prevent-
ing NMDAR subunits from reaching the cell surface when incor-
porated at specific positions in the GluN2 CTD.

We next tested for expression of functional GluN1/GluN2A/
GluN2B triheteromers by coexpressing the three subunits
GluN1, GluN2Ar1, and GluN2Br2. However, no NMDAR cur-
rent could be measured in such conditions, suggesting that the
expected release of ER retention by r1/r2 recognition did not
occur. Because the GluN1-1a subunit contains two strong ER
retention motifs in the C1 cassette of its CTD (KKK and RRR;
Horak and Wenthold, 2009), we reasoned that the close associa-
tion of r1 and r2 may hinder proper GluN2-mediated ER release
of the GluN1 subunit. We thus substituted both KKK and RRR
motifs with alanines to escape GluN1 ER retention (Horak and
Wenthold, 2009) and coexpressed GluN1-6A mutant subunit to-
gether with GluN2Ar1 and GluN2Br2. In such conditions, large
NMDAR-mediated currents were measured, suggesting robust
expression of functional GluN1/GluN2A/GluN2B triheteromers

(Fig. 1B,C). We confirmed that the measured currents were orig-
inating exclusively from triheteromers and not diheteromers by
verifying that coinjection of GluN1-6A with GluN2Ar1 or
GluN2Br2 resulted in lack of measurable NMDAR currents (de-
spite subunit expression; Fig. 1B,C), as expected from the ER
retention of the GluN2 subunit. In conclusion, the engineered r1
and r2 tags at the C terminus of GluN2A and GluN2B subunits
allow expression of “pure” triheteromeric GluN1/GluN2A/
GluN2B receptors at the cell surface.

Functional properties of triheteromeric
GluN1/GluN2A/GluN2B receptors
We then characterized the gating and pharmacological properties
of GluN1/GluN2A/GluN2B triheteromers. Because the GluN2
subunits are the major determinants of NMDAR functional di-
versity (Paoletti et al., 2013), triheteromers and diheteromers are
expected to behave differently. We also checked that the intro-
duced retention tags had minimal effect on receptor function by
comparing the properties of “classical” diheteromers (containing
two identical copies of a wt GluN2 subunit) with receptors com-
posed of one r1-tagged GluN2A (or GluN2B) subunit and one
r2-tagged GluN2A (or GluN2B) subunit (GluN1/GluN2Ar1/

Table 1. Gating and pharmacological properties of diheteromeric and triheteromeric receptors
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GluN2Ar1/2Ar2
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Values are related to the data shown in Figure 2. All receptors are composed of the GluN1– 6A subunit. MK-801 �on values are normalized relative to the mean value obtained for GluN1– 6A/GluN2Ar1/GluN2Ar2 receptors. Note that while
differences between GluN2Ar1/2Ar2 and GluN2A or GluN2Br1/2Br2 and GluN2B can be statistically significant, they are of small amplitude (�1.8-fold change in EC50 , IC50 , �on MK-801 or �deact glutamate). # fixed to 1. ***p �0.001; **p �
0.01; *p � 0.05, Bonferroni-corrected two-tailed post hoc t test . ns, Not significant.
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GluN2Ar2 and GluN1/GluN2Br1/GluN2Br2 receptors, respec-
tively) (Table 1). We first measured the sensitivity to the agonists
glutamate and glycine. We also estimated the channel maximal
open probability (Po) by measuring the kinetics of current inhi-
bition by MK-801, a method classically used to index receptor
channel Po (Mony et al., 2011). GluN1/GluN2A/GluN2B trihet-
eromers displayed sensitivity (EC50) to glutamate and glycine
intermediate to that of diheteromers (Fig. 2A,B, Table 1). No-
ticeably, whereas the sensitivity to glycine was close to that of
GluN1/GluN2B receptors, sensitivity to glutamate was closer to
that of GluN1/GluN2A receptors. Channel maximal Po of trihet-
eromers was significantly higher than that of GluN1/GluN2B di-
heteromers, reaching values close to the “high-Po” GluN1/
GluN2A diheteromers (Fig. 2C). We also assessed glutamate
deactivation kinetics, which dictates the time course of the EPSC,
and found that GluN1/GluN2A/GluN2B triheteromers deacti-
vate much faster than GluN1/GluN2B diheteromers and nearly
as fast as GluN1/GluN2A diheteromers (Fig. 2D, Table 1).

A hallmark of NMDARs is their ability to be modulated by an
array of small extracellular ligands, either synthetic or endoge-
nous. Defining the sensitivity of triheteromers to these allosteric
modulators is thus of major interest to understand receptor reg-
ulation and drug action. We first evaluated the sensitivity to ex-
tracellular protons, which exert potent tonic inhibition of
NMDARs (Traynelis et al., 2010). Consistent with the strong
influence of the GluN2A subunit on channel Po, the proton sen-
sitivity of triheteromers was intermediate between that of dihet-
eromers, but shifted toward that of GluN1/GluN2A receptors
(Fig. 2E). We then investigated the sensitivity to zinc and ifen-
prodil, two subunit-specific allosteric inhibitors that are widely
used to infer NMDAR subunit composition in native prepara-
tions (Paoletti et al., 2013). Zinc, at nanomolar concentrations,
inhibits NMDARs endogenously by selectively binding to a site in
the GluN2A N-terminal domain (NTD) (Vergnano et al., 2014).
At higher concentrations, zinc inhibition of NMDARs also oc-
curs through the GluN2B NTD (Rachline et al., 2005). Zinc sen-
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Figure 1. Selective expression of GluN1/GluN2A/GluN2B triheteromers at the surface of Xenopus oocytes. A, Schematic representation of the engineered NMDAR subunits. NTD, N-terminal
domain; ABD, agonist-binding domain; TMD, transmembrane domain; CTD, C-terminal domain. The r1 and r2 tags contain the ER retention/retrieval signals derived from the GABA-B1 and GABA-B2
subunit, respectively. The GluN1-6A subunit has two endogenous ER retention signals (K875KK and R893RR) mutated into alanines. B, Current amplitudes of various combinations of diheteromers and
triheteromers. Currents were measured 3– 4 d after injection. Bars represent the average value for each condition. C, Immunoblots from oocytes expressing various combinations of GluN1,
GluN2A, and/or GluN2B subunits. The anti-GABA-B1 antibody is used to detect GluN2A subunits containing the r1 retention tag. The arrowheads indicate bands corresponding to GluN1wt
of GluN1-6A (white, �115 kDa), GluN2Ar1 (blue, �110 kDa), GluN2B wt (gray, �180 kDa), and GluN2Br2 (red, �110 kDa). The stars indicate nonspecific bands. �-tub, �-Tubulin; and
n.i., noninjected oocytes.
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sitivity of GluN1/GluN2A/GluN2B triheheteromers, which
contain a single GluN2A NTD and a single GluN2B NTD, was
intermediate between that of the two corresponding dihetero-
mers (Fig. 2F). Interestingly, whereas the inhibition curves for
diheteromers were satisfactorily fitted with a single component,
the inhibition curve for triheteromers was clearly biphasic, with
the component of highest affinity close to that of GluN2A dihet-
eromers (Table 1). A biphasic curve was also observed when
studying inhibition of triheteromers by ifenprodil, the prototyp-
ical GluN2B-selective antagonist acting at a GluN1-GluN2B
NTD interface (Karakas et al., 2011). However, in contrast to zinc
inhibition, the majority of the ifenprodil inhibition was ac-
counted for by the low-affinity component (Fig. 2G, Table 1).

Finally, we evaluated the sensitivity of GluN1/GluN2A/
GluN2B triheteromers to spermine, an endogenous polyamine
that selectively enhances GluN1/GluN2B diheteromers, presum-
ably by binding an allosteric site located at a GluN1-GluN2B
NTD dimer interface (Mony et al., 2011). Full spermine dose–
response curves revealed a striking loss-of-function phenotype

for triheteromers. Indeed, whereas the spermine potentiation
was massive at GluN1/GluN2B diheteromers (�12-fold maximal
current increase), it was greatly attenuated at triheteromers
(�1.2; Fig. 2H, Table 1). Therefore, two copies of the GluN2B
subunits are required for polyamines to exert their full potentia-
tion at NMDARs.

Influence of the GluN1 CTD on triheteromeric
receptor expression
The GluN1-1a subunit traffics poorly to the plasma membrane,
whereas other GluN1 CTD splice variants go readily to the cell
surface (Horak and Wenthold, 2009). Because cell surface ex-
pression of triheteromers required suppression of two ER reten-
tion motifs in the GluN1-1a CTD (see Selective expression of
triheteromeric NMDARs), we reasoned that the GluN1-2a,
GluN1-3a, or GluN1-4a subunits in their wt versions may permit
cell surface expression of triheteromers. Large currents were in-
deed recorded when oocytes were coinjected with GluN2Ar1,
GluN2Br2, and either one of the three GluN1 splice variants.
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However, control experiments revealed that, in the case of
GluN1-3a and GluN1-4a, proper intracellular retention of dihet-
eromers (GluN1/GluN2Ar1 and GluN1/GluN2Br2) was not
achieved (Fig. 3). In contrast, in the case of GluN1-2a, dihetero-
mer “leakage” was negligible (currents �20 nA), indicating that
currents measured after coexpression of GluN1-2a, GluN2Ar1, and
GluN2Br2 were almost entirely carried by triheteromers with mini-
mal contribution from diheteromers (Fig. 3). A similar pattern was
observed with a CTD-truncated GluN1 subunit (GluN1�C), high-
lighting the critical importance of GluN1 CTD in the intracellular
trafficking of the triheteromers.

Discussion
By engineering GluN2 subunits with imported retention sig-
nals from GABA-B receptors, we have developed a strategy
allowing selective expression of triheteromeric NMDARs in
Xenopus oocytes. Our work follows a study that used a similar
approach to isolate triheteromeric NMDARs (Hansen et al.,
2014), although the two studies differ in the exact GluN2 con-
structs and functional description of GluN1/GluN2A/GluN2B
triheteromers.

In agreement with Hansen et al. (2014), our data show that the
GABA-B retention system provides a powerful means with which
to constrain subunit composition of heterologously expressed
NMDARs. This system enables exclusive cell surface expression
of triheteromeric NMDARs, the coexpressed diheteromers being
retained in the ER. Importantly, the presence of modified GluN2
CTDs with engineered peptide tags has no (or minimal) effect on
the functional properties of NMDARs, in agreement with mini-
mal perturbation of the receptor gating core (see also Hansen et
al., 2014). We also show that the position and amino acid envi-
ronment of the retention tags in the GluN2 CTDs is critical for
the system to work. Our retention tags were placed close to the
transmembrane pore to avoid possible cross talk between recep-
tors that would allow diheteromers to escape the ER. In contrast,
Hansen et al. (2014) inserted the retention tags at the very C
terminus and used a chimeric GluN2B subunit with its CTD
swapped for that of GluN2A. Differences between the two studies
also extend to the type of GluN1 subunit. Although Hansen et al.
(2014) used the classic wt GluN1-1a isoform, our approach relies

on GluN1 variants that are not ER re-
tained, such as the wt GluN1-2a subunit, a
GluN1 isoform abundantly expressed in
the CNS (Laurie and Seeburg, 1994).

By recording from Xenopus oocytes se-
lectively expressing triheteromers at their
surface, we establish that GluN1/GluN2A/
GluN2B triheteromers have unique gating
and pharmacological properties. Our data
reveal that the GluN2A subunit has a
dominant effect on properties as diverse
as channel Po, glutamate sensitivity, and
deactivation kinetics, as well as allosteric
modulation by H�, ifenprodil, and poly-
amines, modulators that bind various
sites on the receptor. In contrast, the
GluN2B phenotype dominates for glycine
sensitivity, whereas for zinc sensitivity, the
phenotype is intermediate between
GluN2A and GluN2B, as revealed by the
comparable contribution of the high- and
low-affinity components to triheteromer
inhibition. The asymmetric contribution
of each GluN2 subunit to specific func-

tions of the triheteromers raises fundamental questions that re-
main to be addressed about subunit coupling and domain
interactions in the tetrameric receptor complex. We note that our
present results on GluN1/GluN2A/GluN2B triheteromers are
consistent with our previous findings on triheteromer pharma-
cology obtained using a completely different approach (Hatton
and Paoletti, 2005), thus lending support to the validity of our
retention signal approach. In particular, we confirm that dihet-
eromers and triheteromers differ in their sensitivity to zinc and
ifenprodil, with triheteromers retaining high potency but re-
duced efficacy. In contrast, Hansen et al. (2014) conclude that
zinc (but not ifenprodil) inhibits diheteromers and triheteromers
similarly. Because triheteromers contain a single high-affinity
binding site for zinc or ifenprodil whereas diheteromers have two
(one per GluN1/GluN2 NTD heterodimer; Karakas et al., 2011),
stronger inhibition at diheteromers might be expected and likely
reflects concerted action of the two “active” (i.e., ligand-bound)
NTD heterodimers on the downstream gating machinery. Con-
sistent with this, we find that two “active” NTD polyamine-
binding sites are also required for polyamines to exert full
potentiation of GluN2B-containing receptors.

By unveiling novel aspects about the properties of one of the
most abundant NMDAR subtypes in the adult brain, our work
adds significantly to our understanding of NMDAR functional
and pharmacological diversity. It also provides an easy-to-use
and efficient strategy to express a homogeneous population of
triheteromeric NMDARs at the cell surface of Xenopus oocytes.
This strategy should permit characterizing other triheteromeric
combinations, such as GluN1/GluN2A/GluN2C, GluN1/GluN2B/
GluN2D, or GluN3-containing receptors, which populate vari-
ous brain regions but remain ill-defined functionally (Sanz-
Clemente et al., 2013; Paoletti et al., 2013). It should also help to
define the properties of mutant NMDARs composed of two
GluN2 subunits differing by just one (or a few) mutations, as
occur in patients carrying heterozygous disease-causing muta-
tions in NMDAR genes (Soto et al., 2014). More generally, by
constraining subunit stoichiometry, the retention signal ap-
proach has the potential to allow specific expression of a variety of
other iGluRs sharing the dimer-of-dimer structure of NMDARs,
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such as heteromeric AMPA GluA1/GluA2 receptors or kainate
GluK2/GluK5 receptors. Because these receptors are preferen-
tially expressed in vivo (Herguedas et al., 2013; Kumar and Mayer,
2013), important implications for our understanding of neu-
rotransmission and for drug discovery are to be expected.
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