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Abstract

N-methyl-D-aspartate receptors (NMDARs) are glutamate-gated ion channels that play crucial 

roles in brain development and synaptic plasticity. They are also therapeutic targets of interest 

since their dysfunction is associated with multiple neurological and psychiatric disorders. In vivo, 

NMDARs exist as multiple subtypes that differ in their subunit composition, anatomical 

distribution, functional properties, as well as signaling capacities. While much is known about 

diheteromeric NMDARs composed of two GluN1 subunits and two identical GluN2 (or GluN3) 

subunits, the majority of native NMDARs are triheteromers containing two GluN1 and two 

different GluN2 (or a combination of GluN2 and GluN3). Knowledge about triheteromeric 

NMDARs has recently boomed, with the first decoding of their atomic structure and the 

development of a new methodology allowing selective expression of recombinant triheteromers at 

the cell-surface without confounding co-expression of diheteromers. Here we review these 

progresses and highlight the unique attributes of triheteromers. Particular emphasis is put on 

GluN1/GluN2A/GluN2B triheteromers, presumably the most abundant NMDARs in the adult 

forebrain and critical actors of synaptic plasticity. Better understanding triheteromeric NMDAR 

structure and function is of major interest for brain physiology and drug discovery.
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Introduction

Glutamate is the major excitatory neurotransmitter in the vertebrate brain. It acts by binding 

to various transporters and receptors, including ionotropic glutamate receptors (iGluRs) that 

are responsible for fast neuronal communication at excitatory synapses. The iGluRs 

comprise three subfamilies, AMPA, kainate and NMDA receptors, that all share some degree 

of common molecular arrangement and mechanisms [1]. NMDARs stand out from other 

iGluRs by their capacity to act as coincidence detectors, converting specific patterns of 

neuronal activity into long-term changes in synaptic strength. NMDARs are also targets of 

therapeutic interest since their dysregulation is associated with a plethora of 
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neuropathological conditions including ischemia, epilepsy, mental retardation, depression 

and schizophrenia. However, only very few NMDAR-based therapeutics have reached the 

clinics, usually because of poor side-effect profile [2–4].

NMDAR form massive molecular complexes that cluster at synaptic and extrasynaptic sites 

[5]. They are heterotetramers composed of two GluN1 subunits and two GluN2 or GluN3 

subunits encoded by six different genes (GluN2A-D, GluN3A-B). This broad molecular 

heterogeneity translates into a wide variety of receptor subtypes, both diheteromers and 

triheteromers, each with distinct biophysical, pharmacological and signaling properties [3,6–

9]. This is further diversified by their differential location between brain regions, 

developmental stages, and even subcellular localizations, supporting the idea that each 

receptor subpopulation is tailored to match the strict requirements of specific neuronal 

functions. Understanding the physiological relevance of NMDAR diversity on normal and 

diseased brain function is currently a major challenge. Studies on recombinant NMDARs 

have been extensively used as a conceptual framework to interpret functional diversity of 

native NMDARs. These studies, however, almost exclusively described diheteromers, 

leaving a gap in our knowledge of receptor plurality. With data on triheteromer structure and 

function becoming available, the landscape is fast evolving.

Widespread expression of triheteromeric NMDARs

A compelling body of evidence shows that triheteromers are widespread in the CNS and 

represent a significant proportion, if not the majority, of native NMDARs [3]. The first hints 

for the presence for triheteromers in the CNS arose soon after the molecular cloning of 

NMDAR subunits from anatomical studies (i.e. in situ hybridization and immunolabelling) 

showing overlapping expression of GluN2 subunit in various brain regions, down to the 

single neuron level [10,11]. Definite proof for the existence of triheteromers in vivo came 

from biochemical co-immunoprecipitation studies on brain tissues (Figure 1A). Thus, in the 

rodent forebrain, GluN2A specific antibodies efficiently immunoprecipitate GluN2B, and 

vice versa, indicating the formation of GluN1/GluN2A/GluN2B ternary complexes [12–14] 

(see also [15] for the cerebellum). Similarly, triheteromeric GluN1/GluN2A/GluN2D and 

GluN1/GluN2B/GluN2D complexes populate the rat thalamus and midbrain [16], as well as 

the human spinal cord [17]. During this period, additional evidence for co-assembly of two 

different GluN2 subunits into the same receptor complex, including GluN1/GluN2A/

GluN2C complexes, originated from studies on recombinant NMDARs expressed in 

heterologous systems [18–22]. It became evident that following co-expression of GluN1 

with several GluN2 subunits, the properties of the resulting receptors could not be explained 

based on the sole properties of the diheteromers (Figure 1B). Functional studies on isolated 

neurons or brain slices further supported the existence of multiple co-existing NMDAR 

populations, both diheteromers and triheteromers [23–40]. Finally, GluN3A and GluN3B 

subunits can co-assemble with GluN2 subunits to form triheteromeric GluN1/GluN2/GluN3 

receptors that are involved in synapse maturation during brain development. These receptors 

will not be discussed here but have been thoroughly reviewed recently [41].

The relative abundance of triheteromeric receptors in the CNS compared to their 

diheteromeric counterparts has been a subject of controversy. Based on immunoblot 
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quantification, estimates of the fraction of GluN2A and GluN2B subunits co-assembling into 

triheteromers ranged from <10% [13,42], to 20-30% [43] and well above (>50%; [14,44]). 

Differences in animal species (mouse vs rat), brain region (hippocampus vs forebrain or 

cortex) and developmental stages may account, in part, for these discrepancies. More recent 

electrophysiological evidence strongly support a major contribution of GluN1/GluN2A/

GluN2B triheteromers in the adult hippocampus, as the predominant NMDAR subtype at 

CA3-CA1 synapses [33,34,36]. Comparatively much less is known regarding the relative 

prevalence of other ternary combinations, incorporating GluN2C, GluN2D or GluN3 

subunits.

Triheteromers display distinct functional properties

For a long time triheteromeric NMDARs have escaped proper functional characterization 

because of the difficulty of differentiating them from co-expressed diheteromers. The first 

isolation of triheteromers in heterologous systems was achieved in 2005 through combined 

mutagenesis and pharmacology allowing determination of the sensitivity of GluN1/GluN2A/

GluN2B and GluN1/GluN2A/GluN2C receptors to the subunit-specific inhibitors zinc and 

ifenprodil [45]. The approach, however, had obvious limitations because of the introduced 

mutations in the receptor. Recently, a different approach exploiting the dual retention system 

of GABA-B receptors to selectively express a homogeneous population of triheteromers at 

the cell surface (while almost all diheteromers are retained intracellularly) enabled 

comprehensive evaluation of their functional attributes [46,47]. Using this method, and as 

detailed below, a range of biophysical and pharmacological properties of GluN1/GluN2A/

GluN2B receptors, and to a lesser extent of GluN2C and GluN2D-containing triheteromers, 

were quantitatively determined. These studies also unveiled emerging principles on the 

influence of individual GluN2 subunits and domains in the tetrameric receptor complex.

Gating properties

Compared to GluN1/GluN2A and GluN1/GluN2B diheteromers [6], GluN1/GluN2A/

GluN2B triheteromers display distinct sensitivity to agonists, deactivation kinetics and 

channel activity (Figure 2). Differences in these parameters, together with specific coupling 

to intracellular partners (see below), likely confer unique charge transfer capacities and 

signaling properties on GluN1/GluN2A/GluN2B triheteromers.

The sensitivity of GluN1/GluN2A/GluN2B triheteromers to the agonists glutamate and 

glycine is intermediate to that of diheteromers (Figure 2A). However, whereas the sensitivity 

to glycine, conferred by the GluN1 subunits, is close to that of GluN1/GluN2B receptors, the 

sensitivity to glutamate, conferred by the GluN2 subunits, is closer to that of GluN1/

GluN2A receptors [47]. Similarly, the channel maximal open probability as assessed by the 

MK-801 inhibition kinetics is intermediate between that of the two parent diheteromers, 

although shifted towards the ‘high Po’ value of GluN1/GluN2A diheteromers [47,48] 

(Figure 2B). A ‘GluN2A-like’ phenotype is also observed for glutamate deactivation 

kinetics, a parameter of critical physiological importance that dictates the time window for 

NMDAR-mediated synaptic integration and plasticity. Thus, GluN1/GluN2A/GluN2B 

triheteromers deactivate much faster than GluN1/GluN2B diheteromers and nearly as fast as 
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GluN1/GluN2A diheteromers [46–48]) (Figure 2C). Overall, it appears that the GluN2A 

subunit has a dominant role (over GluN2B) in setting the activation parameters of GluN1/

GluN2A/GluN2B receptors. The sensitivity to glycine represents an exception however, the 

GluN2B ‘imposing’ high glycine affinity to the triheteromer. In GluN1/GluN2A/GluN2D 

triheteromers, the non-GluN2A subunit (i.e. GluN2D) also seems to dictate glycine 

sensitivity [22].

Pharmacology

A distinctive feature of NMDARs is their strong allosteric capacity. NMDARs are studded 

with sites capable of binding small ligands, either exogenous or endogenous, which act as 

subunit-specific allosteric modulators [49]. Allosteric modulators are widely used as 

pharmacological tools to discriminate between receptor subtypes and hold great promise as 

therapeutics [2–4]. Accordingly, determining the sensitivity of triheteromers to allosteric 

modulators has been long sought after. Thanks to the methodology of subunit stoichiometry 

control (see above), recent years have witnessed great progress in this direction. The 

pharmacological properties of GluN1/GluN2A/GluN2B triheteromers have now been almost 

fully characterized, and application to other tiheteromeric combinations is emerging (Figure 

3).

Ifenprodil and derivatives, such as Ro 25-6981 and CP-101,606, form a large family of 

synthetic allosteric inhibitors highly selective for GluN1/GluN2B over other GluN1/GluN2 

diheteromers [2,50]. These compounds bind the N-terminal domain (NTD) region of the 

receptor and induce almost full inhibition of GluN1/GluN2B receptors through non-

competitive antagonism. In contrast, at GluN1/GluN2A/GluN2B triheteromers, inhibition by 

ifenprodil is partial, with >60% of residual current at saturating inhibitor concentrations 

(1-10 µM). This decrease in efficacy is accompanied by a moderate decrease in potency (6-

fold increase in IC50; [45–47]; Figure 3D). The reduced inhibition of the triheteromers by 

ifenprodil is also observed with CP-101,606 [46] and is likely shared by the entire family of 

GluN2B-selective antagonists [51]. Interestingly, GluN1/GluN2A/GluN2B receptors also 

display kinetics of ifenprodil inhibition that markedly differ from those of GluN1/GluN2B 

diheteromers, with both slower rates of inhibition and faster off relaxations [45,46]. This 

dependence of ifenprodil inhibition kinetics on GluN2B subunits copy number may prove 

useful for pharmacological profiling of NMDAR subunit composition in native systems.

The sensitivity of GluN1/GluN2A/GluN2B triheteromers to the GluN2A-selective 

antagonist TCN-201, a negative allosteric modulator (NAM) of glycine binding to GluN1 

[52], provides another example of intermediate pharmacology, with reduced potency and 

efficacy [46,53] (Figure 3C). These effects are not as marked with GluN2B-selective 

antagonists however, highlighting the differential influence of the NTD region (where 

ifenprodil binds; [54]) and agonist-binding domain (ABD) region (where TCN binds; 

[55,56]) on triheteromer function (see below). Zinc and protons are two other allosteric 

inhibitors of NMDARs that have been thoroughly studied on triheteromers. Both modulators 

are endogenously present in the CNS and act as powerful regulators of NMDAR signaling 

and brain function [1,57–59]. Consistent with the strong influence of the GluN2A subunit on 

the channel maximal open probability, the proton sensitivity of GluN1/GluN2A/GluN2B 

Stroebel et al. Page 4

Curr Opin Physiol. Author manuscript; available in PMC 2018 April 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



triheteromers is significantly weaker than that of GluN1/GluN2B diheteromers but similar to 

that of GluN1/GluN2A diheteromers (Figure 3A) [47]. The zinc sensitivity of triheteromers 

appears somewhat more controversial. Through its binding to GluN2 NTDs, zinc inhibits 

both GluN1/GluN2A and GluN1/GluN2B diheteromers but with >100-fold higher affinity 

for the former [60–62]. At GluN1/GluN2A/GluN2B triheteromers, a ‘GluN2A-like’ high-

affinity (low nM) component of zinc inhibition is also observed (Figure 3B), yet its relative 

amplitude compared to that at GluN1/GluN2A diheteromers varies substantially between 

studies (from similar [46], to weaker as for ifenprodil [45,47]).. The reason for this 

discrepancy remains unclear.

Several subunit-selective positive allosteric potentiators (PAMs) have been recently tested on 

triheteromers. Strikingly, the strong and specific potentiation of GluN1/GluN2B receptors by 

spermine is almost completely absent in GluN1/GluN2A/GluN2B receptors (Figure 3E), 

despite the expected presence of one remaining NTD polyamine-binding site [63]. Similarly, 

the GluN2C-specific pyrrolidinone PAM PYD-106 loses its effect at GluN1/GluN2A/

GluN2C triheteromers [64] (Figure 3F), establishing the strict requirement for two copies of 

the GluN2C subunit. The situation differs for the GluN2C- and GluN2D-selective 

tetrahydroisoquinoline PAM CIQ, which potentiates GluN1/GluN2A/GluN2C and GluN1/

GluN2A/GluN2D receptors to a similar extent than GluN1/GluN2C and Glu1N/GluN2D 

diheteromers [65] (Figure 3G). Finally, the recently identified GluN2A-PAM GNE-6901 

produces an intermediate enhancement of GluN1/GluN2A/GluN2B responses when 

compared to GluN1/GluN2A diheteromers [55] (Figure 3H).

Several conclusions can be drawn by integrating all the available data on the functional 

properties of triheteromers, regarding their activation and pharmacology. First, triheteromers 

behave differently than diheteromers, forming receptors with unique properties. Second, it is 

unclear whether a simple general rule predicting triheteromer function based on the 

properties of the corresponding diheteromers exists. For triheteromeric GluN1/GluN2A/

Glu2B receptors, it appears that, overall, the GluN2A subunit imposes its functional 

‘signature’. Thus, sensitivity to glutamate, to subunit-specific allosteric modulators, channel 

maximal open probability, deactivation kinetics are all dominated by GluN2A (unlike 

glycine sensitivity, however). Third,pharmacological agents affecting diheteromers also 

affect triheteromers. Especially, no triheteromer-selective antagonist has been identified yet. 

Fourth, for most GluN2 subunit-selective allosteric modulators, two binding sites are ‘better’ 

than one. In other terms, subunit-specific PAMs or NAMs usually display stronger 

modulatory effect on diheteromers than triheteromers, only the former permitting two 

simultaneous binding events of the modulator. Interestingly, efficacy of the modulator rather 

than its potency appears to be primarily affected when comparing diheteromers and 

triheteromers. A single allosteric site is usually sufficient to maintain high potency but 

efficacy drops. This likely stems from the characteristic dimer-of-dimer arrangement of 

NMDARs, in which ligand binding occurs at the level of the individual GluN1/GluN2 dimer 

but transduction to the downstream gating machinery requires coordinated action of the two 

constitutive dimers.
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Structure of GluN1/GluN2A/GluN2B triheteromers

Recent years have witnessed major progress in our understanding of the structure of 

NMDARs, with several atomic structures of full-length GluN1/GluN2B receptors captured 

in different conformational states and complexed to various ligands [66–69]. These efforts 

culminated with the resolution of the first structure of an intact triheteromeric receptor, the 

CNS-abundant GluN1/GluN2A/GluN2B subtype, solved at 4.5 Å resolution using cryo-EM 

single particle reconstruction [70] (Figure 4). This newly solved structure provides an 

exceptional framework to correlate structure and function of triheteromeric NMDARs. It 

also opens interesting perspectives for the development of selective triheteromer 

pharmacology.

Molecular architecture and asymmetry

The GluN1/GluN2A/GluN2B triheteromer structure shows the typical hot-air balloon shape 

of NMDARs, with the transmembrane pore region forming the basket and the large 

extracellular domain or ectodomain forming the envelope (Figure 4A). The triheteromer 

retains the dimer-of-dimer assembly of the GluN1/GluN2B diheteromer, with one GluN1-

GluN2A dimer and one GluN1-GluN2B dimer, and the typical alternating GluN1/GluN2/

GluN1/GluN2 subunit arrangement around the central pore [66,67,71,72]. In the upper 

ectodomain, the two GluN1 subunits occupy a peripheral position (A/C positions) while the 

two GluN2 subunits are closer to the central axis where they contact each other (B/D 

position). The triheteromer also shows the layered organization previously observed in all 

iGluRs [73]: with the (ABDs sandwiched between the NTDs and the transmembrane domain 

(TMD). The triheteromer characterized is complexed to the agonists glycine and glutamate, 

yet its pore is closed, meaning that it represents an inactive (or desensitized) state. This is 

consistent with the presence of high concentrations of protons (purification at pH 6.5), 

powerful allosteric inhibitors of NMDARs (see above).

The main and most striking feature of the triheteromer structure is the asymmetry between 

the constitutive pairs (GluN1-GluN2A and GluN1-GluN2B; pdb 5UOW [70]) (Figure 4A). 

This departs from the structures of the GluN1/GluN2B diheteromer which shows an 

approximate two-fold symmetry in similar conditions (pdb 5IOU [68]; 5FXH and 5FXI 

[69]). Differences between the diheteromer and triheteromer spread throughout the receptor 

but are most salient in the extracellular domains.. Most strikingly, the GluN2A NTD tightly 

packs against the ABD layer, making multiple interactions with both GluN2A and GluN1 

ABDs, while the GluN2B NTD detaches from the ABD layer by a solvent-filled gap absent 

in diheteromers (Figure 4A).

Importance of the NTD region

In AMPA and kainate receptors, direct interactions between the NTDs and ABDs are 

minimal, such that ABD and NTD motions appear uncoupled [73]. In contrast, in NMDARs, 

the ectodomain is much more compact, the NTDs literally sitting on the ABDs [66,67]. This 

tight coupling of the NTD and ABD layers is likely related to the well-established role of 

NMDAR NTDs in allosteric signaling and modulation of the downstream channel gating 

machinery. Thus, the pore-distal GluN2 NTDs control key gating properties, such as 
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glutamate deactivation kinetics and channel maximal open probability [48,74,75]. NMDAR 

NTDs also harbor binding sites for small ligands acting as subunit-specific allosteric 

modulators that exert their effects through differential stabilization of NTD conformers 

[63,68–70,74].. In the triheteromer, the GluN1-GluN2A NTD dimer packing against the 

ABD layer is similar to that observed for the GluN1-GluN2B NTD dimer in GluN1/GluN2B 

diheteromers. On the contrary, the GluN1-GluN2B NTD dimer is less packed than in any 

known structures of GluN1/GluN2B diheteromers (Figure 4A). The tighter packing of the 

GluN1-GluN2A NTD dimer, as well as the more extensive interactions of GluN2A in the 

ABD layer, provide a structural basis for the dominant role of GluN2A in the triheteromer 

gating (see above and Figure 3). It is also consistent with the ‘biased’ pharmacology of 

GluN1/GluN2A/GluN2B triheteromers that display strongly attenuated sensitivity to 

GluN2B-specific modulators while retaining substantial modulation by GluN2A-specific 

agents (see Figure 3). Direct evidence that a single GluN2A NTD is sufficient to impose a 

GluN2A-like phenotype was recently obtained using chimeric subunits [48]. The presence of 

the GluN2A subunit in the triheteromer would relax the interaction of the GluN2B NTD 

with the rest of the receptor, allowing GluN2A NTD dominance [48,70].

Triheteromers in synaptic function and plasticity

Since triheteromeric NMDARs have distinct functional properties, their presence in neural 

tissue has been actively searched for. However, the lack of specific pharmacological tools 

has hampered their unequivocal identification. Often, the presence of triheteromers is 

inferred from properties that cannot be accounted by a simple mixture of diheteromers. This 

applies for partial effects of GluN2 subunit-selective antagonists, intermediate deactivation 

kinetics or intermediate level of Mg2+ block. Although such default criteria are prone to 

ambiguity, a rich body of information at several CNS synapses supports the existence of 

triheteromeric NMDARs in vivo. Evidence points to the existence of several subtypes of 

native triheteromers, including GluN1/GluN2A/GluN2B, GluN1/GluN2A/GluN2C and 

GluN1/GluN2B/GluN2D combinations.

One of the first indications for functional synaptic triheteromers was obtained in a study 

describing the developmental maturation of NMDAR-mediated excitatory postsynaptic 

currents (NMDA-EPSCs) at the mossy fiber to granule cell synapse in the cerebellum [25]. 

Granule cells in young animals express almost exclusively GluN1/GluN2B diheteromers. 

During maturation, GluN2B expression fades and is progressively replaced by GluN2A, then 

GluN2C, both strongly expressed in the adult [10,11]. During the first three postnatal weeks, 

NMDA-EPSC decay kinetics accelerate and ifenprodil sensitivity decreases, consistent with 

the replacement of GluN2B by GluN2A subunits. A slowing of decay kinetics is not seen 

before P40, likely due to the gradual incorporation of the ‘slow deactivating’ GluN2C 

subunit [6]. Sensitivity of NMDA-EPSCs to Mg2+ also evolves during maturation, yet the 

typical ‘low Mg2+ block’ conferred by GluN2C [6] precedes the slowing in decay kinetics. 

A possible explanation would be that GluN2C subunits are first incorporated into GluN1/

GluN2A/GluN2C triheteromers, while slow-deactivating and low-Mg2+ sensitivity GluN1/

GluN2C diheteromers appear later. This scenario assumes that GluN1/GluN2A/GluN2C 

receptors display fast deactivating kinetics (GluN2A signature) and low (or intermediate) 

Mg2+ block (GluN2C signature) (note that similar properties would also apply to GluN1/
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GluN2B/GluN2D receptors, see [76]). That the GluN2A subunit imposes its fast 

deactivation on GluN1/GluN2A/GluN2C receptors matches what has been observed with 

GluN1/GluN2A/GluN2B receptors [46,47]. In addition to GluN1/GluN2A/GluN2C 

triheteromers, GluN1/GluN2B/GluN2D triheteromers have also been described in cerebellar 

slices, more specifically in Golgi cells. These receptors, however, appear excluded from 

synaptic sites and populate extrasynaptic locations to control cellular excitability [27]. Thus, 

the presence of triheteromers in a given cell type does not guarantee their contribution to 

synaptic currents. Differential subcellular targeting of NMDAR subtypes likely enhances 

their signaling diversity and control of neuronal function.

Substantia nigra [31] and hippocampus [37,39,40] are brain regions where GluN2D-

containing triheteromers have been suggested to participate in synaptic transmission. During 

postnatal development, synaptic inputs onto rat substantia nigra pars compacta (SNc) 

dopaminergic neurons display characteristics compatible with a significant fraction of 

NMDARs being GluN1/GluN2B/GluN2D triheteromers [31]. Indeed, synaptic currents are 

partially inhibited by the GluN2B- and GluN2D-selective antagonist ifenprodil and 

UBP141. However, ifenprodil application does not alter NMDA-EPSC decay kinetics 

(Figure 5A), as expected if GluN1/GluN2D diheteromers, which display excessively slow 

deactivation kinetics [6], were predominant. The prevalence of GluN1/GluN2B/GluN2D 

triheteromers in SNc dopaminergic neurons increases with age [31]. In the hippocampus, 

CA1 interneurons may also bear GluN2D-containing triheteromers (of the GluN1/GluN2A/

GluN2D and/or GluN1/GluN2B/GluN2D subtypes [39]). NMDA-EPSCs in these cells are 

potentiated by CIQ, a GluN2C- and GluN2D-selective PAM [65], yet NMDA-EPSC decay 

kinetics are neither affected by CIQ application nor GluN2D subunit deletion (GluN2D 

knockout). Again, the most parsimonious explanation of these data is the presence of 

postsynaptic GluN2D-containing triheteromers.

Numerous evidence exists for native triheteromeric GluN1/GluN2A/GluN2B receptors, in 

cultured neurons [23,24,30,32,36] or brain slices [28,33–35,37,38,40,77]. The consensus is 

that this receptor subtype is widespread in the adult forebrain, where it represents a major, if 

not the most abundant, synaptic NMDAR population. GluN1/GluN2A/GluN2B 

triheteromers are present at various synapses, including corticostriatal synapses [28], 

synapses on principal neurons of the basolateral amygdala [35] and on hippocampal CA1 

pyramidal cells [33,34,37,38,40,77]. Do GluN1/GluN2A/GluN2B receptors play specific 

roles in synapse function? A discrete, and essential, task that these triheteromers have been 

proposed to play is triggering long-term potentiation (LTP), a form of synaptic plasticity that 

underlies memory formation and storage. Studying synaptic plasticity, investigators have 

faced an apparent paradox when comparing molecular pharmacology and gene silencing 

(RNA interference) approaches [35,77] (Figure 5B): no impairment of LTP by GluN2B-

selective antagonists on one hand, suppression of LTP after GluN2B subunit removal on the 

other. Interestingly, after GluN2B silencing, LTP is rescued following overexpression of the 

GluN2B subunit or a chimeric GluN2A subunit with GluN2B C-terminal cytoplasmic tail, 

but not using wild-type GluN2A [77]. The ‘hybrid’ nature of GluN1/GluN2A/GluN2B 

triheteromers together with their unique properties provides an explanation (Figure 5B). LTP 

induction is insensitive to GluN2B-selective antagonists because it relies on GluN1/

GluN2A/GluN2B triheteromers that are poorly sensitive to these antagonists (in contrast to 
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GluN1/GluN2B diheteromers; see Figure 3D). In contrast, LTP requires expression of the 

GluN2B subunit because its C-terminus tail recruits molecules necessary for LTP induction, 

such as CamKII [8]. GluN2B tail also controls intracellular trafficking of GluN1/GluN2A/

GluN2B receptors through preferential recycling to the cell surface [32]. Combined with 

their fast ‘GluN2A-like’ deactivation kinetics (see Figure 2C), GluN1/GluN2A/GluN2B 

triheteromers may thus offer a unique mix of precise coincidence detection and specific 

anchoring to essential LTP effectors within a single receptor complex.

Conclusions and perspectives

Through a combination of pharmacological, physiological and structural approaches, major 

advances in our understanding of triheteromeric NMDAR structure and function have been 

made recently. The intricate workings of these molecular machines as well as their impact 

on neuronal function are progressively revealed. Many questions remain open however. For 

instance, it is still unclear if, in vivo, triheteromers are preferentially assembled (compared 

to diheteromers). And what are the mechanisms targeting triheteromers to specific 

subcellular compartments? Another key challenge concerns pharmacology. The 

combinatorial diversity and widespread occurrence of NMDARs require highly selective and 

precise tools for investigating NMDAR-mediated signaling in native tissue. This is 

particularly true for triheteromers, for which no selective pharmacology exists. Designing 

pharmacological agents able to distinguish between diheteromers and triheteromers is not an 

easy task however. At the structural level, triheteromers are fundamentally arranged as two 

distinct halves, each found in the two related GluN1/GluN2 diheteromers. Any compound 

that binds within one GluN1-GluN2 dimer or the other is thus unlikely to be fully specific 

for triheteromers. Interfaces involving the two constitutive GluN2 subunits are the only 

target regions to offer possibilities for heterophilic interactions unique to triheteromers. 

According to the GluN1/GluN2A/GluN2B triheteromer structure [70], regions where the 

GluN2A and GluN2B subunits come in close proximity are scarce. A cavity at the center of 

the ectodomain provides interesting opportunities however. It is lined, in its upper part, by 

the lower lobes of the two GluN2 NTDs, and in its lower part, by the upper lobes of the two 

GluN2 ABDs (Figure 4B). Interestingly, the homologous region in AMPARs is a site of 

allosteric modulation, binding the polypeptide con-ikot-ikot toxin [78]. We speculate that 

targeting this cavity in NMDARs, although smaller in size due to the NTD-ABD 

compaction, may provide a path forward for selective pharmacology and offer novel tool 

compounds to explore triheteromer physiology. Given the critical role of triheteromers in 

brain function (e.g. GluN1/GluN2A/GluN2B receptors in LTP), drugs specifically targeting 

these receptors also hold promise in neuroprotection and cognitive restoration.
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Highlights

• Triheteromers are NMDA receptors containing three distinct subunits in the 

tetramer

• Triheteromers are abundantly expressed in the developing and adult brain

• Triheteromers display unique atomic structure and functional properties

• Triheteromers are essential mediators of synapse maturation and plasticity

• Strategies to selectively target triheteromers remain to be developed
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Figure 1. Early evidence for triheteromeric NMDARs
A. Biochemical evidence from native preparations. Co-immunoprecipitation experiments of 

NMDAR subunits from adult (P53) rat cortical membrane. GluN2A antibodies efficiently 

immunoprecipitate the GluN2B subunit and reciprocally, indicating that GluN2A and 

GluN2B subunits can assemble within the receptor complex in vivo. B. Functional evidence 

in a heterologous expression system. Glycine dose-response curves in the presence of 100 

µM glutamate on oocytes co-expressing either two (GluN1 + GluN2A or GluN1 + GluN2C) 

or three (GluN1 + GluN2A + GluN2C) different NMDAR subunits. The dashed line 
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indicates the theoretical fit for a glycine dose-response cure on a mixture of receptor 

populations consisting of 50% GluN1/GluN2A diheteromers (low glycine sensitivity) and 

50% GluN1/GluN2C diheteromers (high glycine sensitivity). The monophasic, rather than 

biphasic, curve to describe the glycine sensitivity on oocytes co-expressing the three 

subunits suggests the presence of a single receptor population, GluN1/GluN2A/GluN2C 

triheteromers, with intermediate glycine sensitivity rather than a mixture of GluN1/GluN2A 

and GluN1/GluN2C diheteromers. Excerpt from [12] (A) and [18] (B).
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Figure 2. Gating properties of GluN1/GluN2A/GluN2B triheteromers
For comparison purposes, properties of GluN1/GluN2A/GluN2B triheteromers are displayed 

together with that of GluN1/GluN2A and GluN1/GluN2B diheteromers. A. Sensitivity to 

glutamate and glycine. B. Maximal channel open probability as assessed by MK-801 

inhibition kinetics. C. Glutamate deactivation kinetics. Mean values of τweighted are 32, 57 

and 314 ms for GluN1/GluN2A, GluN1/GluN2A/GluN2B and GluN1/GluN2B receptors, 

respectively. Excerpt from [47] (A,B) and [46] (C).
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Figure 3. Pharmacological properties of triheteromeric NMDARs
For comparison purposes, properties of GluN1/GluN2A/GluN2B triheteromers are displayed 

together with that of GluN1/GluN2A and GluN1/GluN2B diheteromers. Preferential GluN2 

subunit targeting is specified for each modulator on top of ea. A. Sensitivity to protons. 

Values of pHIC50 are 7.0, 7.1 and 7.5, for GluN1/GluN2A, GluN1/GluN2A/GluN2B and 

GluN1/GluN2B receptors, respectively. B. Sensitivity to zinc. C. Sensitivity to TCN-201. D. 
Sensitivity to ifenprodil. E. Sensitivity to the polyamine spermine. F. Sensitivity to 
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PYD-206. G. Sensitivity to CIQ. H. Sensitivity to GNE-6901. Excerpt from [47] (A,B, D,E), 

[46] (C), [64] (F), [65] (G) and [55] (H).
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Figure 4. Atomic structure of GluN1/GluN2A/GluN2B triheteromers
A. Cryo-EM structure of the GluN1/GluN2A/GluN2B triheteromer trapped in an inactive 

conformation [70]. Left: Two views of the triheteromer structure highlighting the GluN1/

GluN2A dimer (B/A positions in green/cyan) and the pseudo-symmetric GluN1/GluN2B 

dimer (D/C positions in salmon/cyan). Right, top: Structural superimposition of the GluN1/

GluN2B dimer (salmon/cyan) with the GluN1/GluN2A dimer (green) both extracted from 

the triheteromer (tri) structure. Right, bottom: Structural superimposition of the GluN1/

GluN2B dimer (salmon/cyan) from the triheteromer structure with the GluN1/GluN2B 
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(yellow) from an inactive GluN1/GluN2B diheteromer (di) structure (5fxi.pdb [69]). Note 

the looser packing between the GluN2B NTD and ABD region in the triheteromer. B. A 

large cavity at the core of the NMDAR extracellular region. Each subunit is colored as in 

panel A. Left: A tortuous cavity or pocket of 20 nm3 (grey surface; build using POVME 

[79]) lies in sandwich between the NTD and ABD layers in the triheteromer structure. Right, 

top: View of the triheteromer pocket from the top. The central part of the pocket is formed 

by the two GluN2 subunits. Right, middle: View of the pocket from towards the GluN2A site 

and towards the from GluN2B side. The pocket envelop is colored according to the 

contribution of the different subunits (blue for GluN1, green for GluN2A, red for GluN2B). 

The white surfaces correspond to solvent accessible entrances to the pocket. Right, bottom: 

Sequence alignment between NTD loops participating to the cavity of rat GluN2A and 

GluN2B subunits. Non-conserved residues are colored and those directly lining the cavity 

underlined. Because of subunit-specific contribution, the central cavity of triheteromers 

differs from that of corresponding diheteromers.
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Figure 5. Triheteromeric NMDARs in synaptic transmission and plasticity
A. Synaptic inputs onto substantia nigra pars compacta dopaminergic neurons activate 

NMDARs that display characteristics that are best explained by the presence of GluN1/

GluN2B/GluN2D triheteromers. Top and middle panels: Inhibition of NMDA-EPSCs by 

ifenprodil, a GluN2B-selective antagonist, and by UBP141, a GluN2D-preferring antagonist. 

Sensitivity to both antagonists indicates the co-existence of GluN2B and GluN2D subunits. 

Bottom panel: Ifenprodil application does not alter NMDA-EPSC decay kinetics, indicating 

that it acts on a (relatively) homogeneous population of receptors (likely GluN1/GluN2B/
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GluN2D triheteromers) rather than a mix of GluN1/GluN2B and GluN1/GluN2D 

diheteromers. B. Activation of triheteromeric GluN1/GluN2A/GluN2B NMDARs is 

necessary for LTP induction in basolateral amygdala principal neurons. Top and middle 

panels: Knocking-down the GluN2B subunit impairs LTP induction, while acute application 

of the GluN2B-selective antagonist ifenprodil does not. Bottom panel: Schematic 

representation of an adult glutamatergic synapse. Triheteromeric GluN1/GluN2A/GluN2B 

receptors cluster at postsynaptic sites and anchored to downstream effectors necessary for 

LTP induction through the C-terminus of the GluN2B subunit. Excerpt from [31] (A) and 

[35] (B).
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