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Chapter 2
Synaptic and Extra-Synaptic NMDA 
Receptors in the CNS

Thomas Papouin and Stéphane H.R. Oliet

Abstract  The N-methyl d-aspartate receptor (NMDAR) is a ligand-gated ion chan-
nel that binds the neurotransmitter glutamate. It was pharmacologically identified 
and differentiated from other ionotropic amino-acid receptors at excitatory synapses 
in the late 70s for it is activated by NMDA and not kainate. Due to its large calcium 
conductance, it is involved in many physiological and pathological phenomena, the 
most notorious of which is synaptic plasticity, considered to be the molecular sub-
strate of learning and memory. During the 40 years that followed their discovery, 
and owing to other unique properties such as their magnesium-block that makes 
them key “coincidence detectors”, NMDARs have been mostly studied at synapses. 
Yet, NMDARs exhibit a great number of other fundamental features that have 
remained unknown, underappreciated or challenging to study, and that have only 
become the focus of intense investigation over the past decade. These properties, 
such as the co-agonist-gating or the subcellular compartmentalization, greatly con-
tribute to the functional diversity of NMDARs and will be the focus of this chapter 
as they are greatly relevant in the context of their physiological and pathological 
impact on the central nervous system.

Keywords  NMDA receptor • Glutamate receptor • Co-agonist • d-Serine • Glycine 
• Subcellular localization • Extrasynaptic • Excitotoxicity • Synaptic plasticity • 
Subunit composition • d-Aspartate • Slow inward currents • Tonic current • 
Astrocytes • Glia

With over 1500 publications each year since the late 1990s’, the N-methyl d-
aspartate receptor (NMDAR) is the most investigated receptor in the field of neuro-
sciences. Nearly 40  years after their pharmacological identification [1, 2], an 
overwhelming wealth of data has become available about these glutamate-gated 
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ionotropic receptors, from their fine crystallographic structures and electrophysio-
logical properties, to the molecular basis of their functional diversity, their central 
role in the mechanisms of synaptic plasticity, learning, memory and their direct 
implication in a variety of diseases.

In this chapter, we will focus on the diversity of NMDARs subtypes and func-
tions in the central nervous system (CNS) in light of the most recent advances in the 
field. We will focus on a newly discovered source of NMDARs diversity that, simi-
lar to their subunit composition, is thought to impact their function: the subcellular 
location. Indeed, NMDARs are mostly studied at synapses, where glutamate is 
released, but they also exist at pre-synaptic and extra-synaptic sites where they seem 
to be engaged in different processes.

As “famous” as they might be, some aspects of these receptors still suffer from a 
paucity of information. While this is obviously true for most of the properties of 
extra-synaptic NMDARs which are notoriously hard to study, this is surprisingly 
true as well for key features of synaptic NMDARs such as their co-agonist gating. 
Where data are lacking, we will dash this chapter with provocative thoughts that 
might help shedding a new light on some aspects of NMDARs and offer new per-
spectives about their roles in the central nervous system (CNS).

NMDARs are distinctive from other glutamate receptors by their remarkable 
molecular diversity. For the purpose of this introduction, we shall just say that 
NMDARs assemble as heterotetramers made of two GluN1-subunits combined 
with two other subunits of the GluN2 (A–D) or GluN3 (A and B) family. Each of 
these possible combinations provides particular properties to the receptor subtype 
they make up [3, 4], including fundamental aspects such as the magnesium block, 
the affinity for agonists and the Ca2+ permeability of the ion pore. Combined with 
the spatial (brain region-specific) and temporal (developmental) profile of NMDAR 
subunits expression in the CNS, this results in a very complex and heterogeneous 
picture of NMDAR properties in a given area of the CNS at a given time of develop-
ment or adulthood. This is rendered even more complex by the fact that a given 
NMDAR subtype can be found at diverse subcellular locations at the surface of a 
single neuron, where it is believed to play distinct roles.

This probably explains why the use of subunit-specific NMDARs antagonists has 
proven disappointing in a clinical context, considering the plethora of fundamental 
functions involving NMDARs in the CNS on one hand, and the different, sometimes 
opposing, roles that a subtype of NMDAR can endorse depending on its brain or 
cellular location. Indeed, the discovery that many of the properties of NMDARs are 
highly sensitive to the subunit composition of the receptor generated a great drive to 
attribute specific functions to particular subtypes of NMDAR and to develop sub-
unit-specific pharmacological agonists, antagonists and modulators, aiming at treat-
ing major neuropathological and neurodegenerative diseases (from ischemia to 
schizophrenia, see following chapters). Besides this great potential and besides the 
wealth of data available on NMDARs, most of these therapeutic compounds have 
failed in clinical trial due to adverse side effects and/or lack of efficacy [5]. This type 
of observations has contributed to make it clear that the cellular and subcellular 
location, combined with NMDAR subunit composition, could be one of the most 
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important features dictating the functions in which a given subtype of NMDAR is 
involved. In this chapter, we will focus on neuronal NMDARs, but NMDARs can 
also be found on blood vessels [6, 7], astrocytes [8] and oligodendrocytes [9].

2.1  �Synaptic Versus Extra-Synaptic NMDARs: Location, 
a Source of Functional Diversity

2.1.1  �What Is Synaptic and What Is Not?

While the vision we often have of synapses is very ‘graphic’ owing to their special-
ized morphology, the definition of the synaptic space remains highly functional. 
Along those lines, post-synaptic NMDARs are conventionally considered as ‘synap-
tic’ if they are recruited during low frequency presynaptic activity, which includes 
low frequency stimulation of axon terminals and miniature/spontaneous vesicular 
release events [10–14]. Such a definition has the advantage of being very intuitive: 
An NMDAR is synaptic if it is activated by synaptic activity. However, it provides 
no insight about the actual localization of receptors participating to synaptic trans-
mission, in particular because the geometry of the cleft and adjacent extra-synaptic 
space, the rate of glutamate uptake, the presynaptic site of vesicular release, the 
concentration of transmitter in vesicles, and many other parameters greatly influence 
the probability that a receptor anchored at a given location will bind glutamate [15].

From the morphological point of view, a receptor is often considered synaptic if 
it lays no more than 100 nm from the edge of the post-synaptic density (PSD) [16, 
17]. This often implies that the receptor faces the presynaptic terminal. In a similar 
manner that the functional definition is satisfying at the electrophysiological level, 
this anatomical definition fulfills our need to visualize a synaptic receptor at the 
synapse. Unfortunately, it is very unlikely that these two definitions encompass the 
same synaptic space and the same pool of receptors, and the delineation of the syn-
aptic vs. extra-synaptic space is probably a case by case matter given the diversity 
of synaptic features throughout the different regions of the CNS. Meanwhile, we are 
still lacking a clear definition of the boundaries of the synaptic space that would best 
account for both functional and morphological considerations and this would cer-
tainly need to be addressed.

2.1.2  �How Are NMDARs Organized at Synapses?

The precise organization of NMDARs within the synapses is not yet fully resolved 
and seems to be specific for each type of synapse. For instance, the density of 
NMDARs was observed to peak at the edge, or past the edge, of PSD at ganglion 
cell synapses in the retina. This seems particularly true for GluN2B-containing 
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receptors [18]. However, this finding does not seem to be the case at other synapses, 
such as in the hippocampus, and this could be due to the nature and distribution of 
the post-synaptic intracellular partners present at each synapse (see Sect. 2.1.4). 
NMDARs also exist at pre-synaptic locations [17, 19, 20]. Though they are, strictly 
speaking, extra-synaptic given their distance to the PSD and their location on a dif-
ferent cell, they are often considered synaptic because they are thought to contribute 
to synaptic function. Whether pre-synaptic NMDARs are controlled by synaptic 
glutamate spill-over, by surrounding glial processes or by both, is not clear. 
Examples of either situation have been documented [19, 20] and it seems that the 
function of these receptors mostly consists in regulating the release probability of 
the pre-synaptic element, as could be expected given the Ca2+ permeability of 
NMDARs.

2.1.3  �How Are NMDARs Organized at Extra-Synaptic Sites?

NMDARs were discovered at non-synaptic locations in the mid-1990s [21–31] and 
they were initially thought to be very similar to synaptic NMDARs, because the 
channel behavior in excised patches (extra-synaptic NMDARs) was directly related 
to the macroscopic properties of the excitatory post-synaptic current (EPSC) 
recorded from synapses (synaptic NMDARs) [23]. Subsequent functional compari-
son of synaptic NMDAR-mediated currents and outside-out patches, however, has 
since revealed that “different NMDAR subtypes are expressed in sub-synaptic and 
extra-synaptic compartments” [23, 25, 27]. For 20 years, our approach of extra-
synaptic NMDARs as remained bound to this idea [25] and the first study actually 
dedicated to the organization of NMDARs at extra-synaptic sites, rather than to 
their subunit composition, was only published in 2010 [17]. It revealed that extra-
synaptic NMDARs are found in cultures as well as on brain sections, both at early 
developmental stage and in adulthood. This was concordant with electrophysiologi-
cal evidence that extra-synaptic NMDARs represent an estimated 1/3 of the total 
NMDAR population on hippocampal neurons in young adult rats [12] and as high 
as ¾ of all NMDARs in the immature hippocampus [14]. At extra-synaptic sites, 
NMDARs form clusters that are not evenly distributed on dendrites. Instead, they 
are preferentially associated with specific portions of the dendritic shaft that are 
contacted by other cells such as by glial cell processes (~30 %), axon-like processes 
(~50 %) or other dendrites (~20 %). This is in remarkable agreement with earlier 
observations [24] that found extra-synaptic GluN1 immuno-gold labeling consis-
tently localized between dendrites and astrocytic processes in adult somatosensory 
cortex. This very specific localization supports a role for NMDARs in reciprocal 
neuron–glia communication (Fig. 2.1). At synapses, the PSD, a dense and intricate 
ensemble of intracellular partners held together with scaffolding proteins that play 
a key role in regulating glutamate receptors signaling and synaptic architecture, 
typically spreads over 195 nm on average in the area CA1 of the hippocampus [32] 
or over 260 nm at the particular CA3-CA1 synapse [33]. Intriguingly, extra-synaptic 
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NMDARs were found to gather over an area of less than 100 nm width on average 
with no clear PSD-like sub-membrane electron-dense structure. This could suggest 
that the sites where extra-synaptic NMDARs accumulate are comprised of no (or 
few) other types of receptors, thus requiring limited sub-membrane partners and 
anchoring proteins, and are dedicated to NMDAR-mediated extra-synaptic signal-
ing only. This would explain why they are found in a narrower region, and why 
NMDAR-containing extra-synaptic sites lack a clear PSD-like electron density. 
None the less, much like their synaptic homologues, clusters of NMDARs at extra-
synaptic sites seem to associate with intercellular adhesion molecules such as 
β-catenins and with the scaffolding proteins SAP-102 (synapse associated pro-
tein-102) and PSD95 (post-synaptic density protein 95). Therefore, it seems that the 
molecular organization of synaptic and extra-synaptic NMDARs at the plasma 
membrane follow the same elementary rules, even though the molecular details of 
the intracellular partners involved in anchoring NMDARs at extra-synaptic sites 
remain to be elucidated.

Taken altogether, these evidence about their organization strongly suggest that 
extra-synaptic NMDARs represent a functionally distinct pool of receptors, specifi-
cally tethered to this location, and not a pool of rogue receptors escaped from syn-
aptic trapping or a mere reserve pool of receptors waiting to be recruited to synapses. 
Instead, these observations could be taken as evidence that extra-synaptic receptors, 
much like their synaptic counterpart, are engaged in cell-to-cell signaling. The find-
ing that these receptors are clustered to specific cell contact areas, such as special-
ized neuron–glia appositions, indeed suggests that they may be engaged in a separate 
signaling function independent from their synaptic homologues. This view is also 
supported by the functional demonstration that synaptic and extra-synaptic 

Fig. 2.1  Immuno-gold labelling of GluN1 antibody in the area CA1 of adult hippocampus. Note 
the presence of GluN1 labeling at remote distance from the pre-synaptic terminal (p) but in close 
proximity with a glial (g) process (arrowhead, panel F). On panel I, GluN1 subunits are clearly 
clustered at the surface of a dendrite (d) where a glial process makes a “synapse-like” contact 
(arrowhead). Scale bar: 100 nm. Adapted from [17] Figure 5
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NMDARs form distinct and stable pools of receptors at the surface of CA1 neurons 
[12]. These data also challenge our primitive vision of extra-synaptic NMDARs as 
an ensemble of highly mobile and randomly distributed receptors as was suggested 
by work in cultures [34–36].

2.1.4  �NMDARs Are Mobile

All of these views, and most of the work performed on NMDARs, are somewhat 
based on the assumption that NMDARs are mostly static over short periods of time, 
in particular at the time-scale of synaptic transmission. Surprisingly, this may not be 
true. Indeed, recent work carried out in cultures has demonstrated the high motility 
of glutamate receptors. Although initially reported decades ago [37, 38], membrane 
diffusion of neurotransmitter receptors only recently emerged as a cellular pathway 
involved in the regulation of synaptic receptor content and distribution [39], perhaps 
because this has been studied more accurately with the development of techniques 
such as fluorescence recovery after photo-bleaching (FRAP) microscopy and quan-
tum dots (Q-dots) over the last years. This so-called lateral diffusion of NMDARs 
(i.e. rapid and seemingly Brownian movement of the receptor at the surface of the 
plasma membrane) was elegantly evidenced at the surface of young hippocampal 
neurons by Tovar and Westbrook in 2002 [36]. Using the NMDAR antagonist 
MK-801, an activity-dependent and irreversible open-channel blocker, to com-
pletely block synaptic NMDARs and abolish synaptic NMDAR-mediated currents, 
they were able to show a partial recovery of synaptic NMDAR-mediated responses 
within minutes, demonstrating that synapses had been refilled with unblocked 
NMDARs from extra-synaptic sites via lateral diffusion of receptors and that 
blocked synaptic receptors had diffused away from the PSD to the extra-synaptic 
compartment.

Today, we can directly image the trajectory of single-NMDARs in real-time with 
the use of Q-dotes (Fig. 2.2) and we know that approximately 30–40 % of surface 
NMDARs are mobile with an average diffusion coefficient of 0.05 μm2/s. In com-
parison, 50 % of surface AMPARs are mobile in basal conditions with an instanta-
neous diffusion coefficient in the range of 100–1000 μm2/s. It was shown that about 
a third of NMDARs traffic between the synaptic and extra-synaptic compartment, 
which means that NMDARs reside at the synapse for a matter of minutes, rather 
than days as previously thought [35, 40, 41]. The lateral diffusion of NMDARs is 
strongly influenced by the subunit composition of the receptor. In particular, 
GluN2B-containing NMDARs appear more mobile than GluN2A-containing 
NMDARs, in line with predictions that could be made from their interactions with 
distinct intracellular partners. Whether this mobility is affected by activity, in par-
ticular by the binding of glutamate, remains unclear. It was shown in vivo that the 
blockade of NMDARs leads to a rapid and striking redistribution of GluN2B sub-
units away from synapses [30]. On the other hand, inhibiting NMDARs does not 
affect diffusion properties in brain slices [13].
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2.2  �NMDAR Intracellular Partners at Synapses and Extra-
Synaptic Sites

Membrane-associated guanylate kinases (MAGUKs), such as PSD-95 and SAP-
102, are direct intracellular partners that coordinate trafficking, anchoring, and sig-
naling of NMDARs (among other receptors) by interacting with their cytoplasmic 
tail and by recruiting other signaling and scaffolding proteins at the PSD. It is still 
unclear to what extent particular NMDAR subtypes associate preferentially with 
specific MAGUKs but it is generally accepted that mature synapses are enriched in 
PSD-95, while immature/developing synapses contain SAP-102 [42–44]. 
Consequently, it is thought that NMDARs are anchored at mature synapses primar-
ily via interactions with PSD-95 [45], while interactions with SAP-102 is respon-
sible for their trafficking and anchoring at immature synapses. SAP-102 is also 
expressed in the adult but a strong competition with PSD-95 for insertion into the 
PSD causes its exclusion from the synapse. SAP-102 is thus thought to be enriched 
at peri-synaptic or extra-synaptic locations in adult. Importantly, it can still be found 
at synapses [42, 44], such that this view is only a gross approximation. According to 
this view, in the adult, interaction of NMDARs with SAP-102 would result in 

Fig. 2.2  Illustration of the lateral diffusion of GluN2B- and GluN2A-countaining NMDARs at the 
surface of a dendritic spine of a cultured hippocampal neuron. The representative trajectory (over 
50 ms) of a surface GluN2A-containing NMDAR is depicted in red, that of a GluN2B-containing 
NMDAR in blue. They were imaged using single Quantum-Dot (QD) tracking approach (inset, 
lower right). Each trajectory represents the diffusion of a single particle-receptor complex. The 
GluN2A–QD is confined in the PSD at the spine head while the GluN2B–QD diffuses from the 
head of the spine to the dendritic shaft. Scale bar = 200 nm. Adapted from [35]
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trafficking and addressing of the receptor to an extra-synaptic location. Because the 
spatial expression of SAP-102 seems less compartmentalized than that of PSD-95 
this would also result in a higher mobility of the receptor. New data also support a 
role for SAP-102  in the synaptic clearance of NMDARs, indicating that it could 
play a role in regulating receptor content at synapses over time, which is very inter-
esting in the context of activity-dependent reorganization of NMDARs that was 
observed at many occasions [30]. At extra-synaptic sites, it is unclear what MAGUK 
prevails, but consistent with the description above, the SAP-102/PSD-95 ratio is 
overall enriched in favor of a higher content of SAP-102. Petralia et al. found that 
(in cultures) SAP-102 is not enriched at synapses but rather expressed evenly in 
both extra-synaptic and synaptic compartments, in contrast with PSD-95 which they 
found to be five times more concentrated at synapses. The relative functional enrich-
ment of SAP-102 at extra-synaptic sites would thus result solely from the preferen-
tial location of PSD-95 at synapses. Whether the nature of intracellular partners 
present at extra-synaptic locations varies according to the identity of the cellular 
processes that NMDARs are facing is unknown, but is an interesting possibility.

2.3  �Subunit Composition at Synaptic  
and Extrasynaptic Sites

Details about the assembling of NMDARs subunits into a functional tetrameric 
receptor can be found in any of the many reviews from Dr. Paoletti. This section will 
focus on the functional properties that subunit composition confers to the receptor. 
Briefly, the assembling of NMDAR requires four subunits, two of which are neces-
sarily the obligatory GluN1 subunit (any of its two splice variants). The two remain-
ing subunits can be any of the 4 GluN2 subunits (A–D) and/or of the 2 GluN3 
subunits (A and B). The most notorious of these combinations are the GluN2A-
NMDARs (di-heteromers made of 2 GluN1 assembled with 2 GluN2B) and the 
GluN2B-NMDARs (GluN1-GluN2B di-heteromers) for which we have had very 
selective and efficient antagonists since the late 1980s. Like we already mentioned, 
the identity of the subunits that assemble confer a unique set of properties to the 
NMDAR they form together (Table 2.1). Owing to differences in their intercellular 
C-terminal domain (CTD), GluN2 subunits also interact with different scaffolding 
proteins, which strongly influences the surface localization and diffusion of 
NMDAR subtypes [3, 4], and this is thought to be the basis for location-dependent 
differences in NMDAR subunit composition. For instance, it is generally believed 
that GluN2A-NMDARs associate preferentially with PSD-95, and this interaction 
is responsible for trapping these receptors at synapses [35, 42–44, 46, 47]. GluN2B-
NMDARs on the other hand tend to interact with SAP-102 [42–44]. According to 
the view described in Sect. 2.2 this would make GluN2B-NMDARs more mobile 
and addressed at extra-synaptic sites, which is remarkably consistent with existing 
data (see Sect. 2.1.2 and Fig. 2.2 above, and Sect. 2.3.2 below).

T. Papouin and S.H.R. Oliet



27

Ta
bl

e 
2.

1 
E

ff
ec

t o
f d

if
fe

re
nt

 G
lu

N
1-

G
lu

N
2 

(a
nd

 G
lu

N
3A

) d
i-

he
te

ro
m

er
ic

 s
ub

un
its

 a
ss

em
bl

in
g 

on
 s

om
e 

of
 th

e 
ba

si
c 

pr
op

er
tie

s 
of

 N
M

D
A

R
 s

uc
h 

as
 th

e 
af

fin
ity

 
fo

r 
ag

on
is

ts
 g

lu
ta

m
at

e 
an

d 
gl

yc
in

e,
 a

ffi
ni

ty
 o

f 
th

e 
m

ag
ne

si
um

 b
lo

ck
, s

en
si

tiv
ity

 to
 p

H
, o

pe
n 

pr
ob

ab
ili

ty
 a

nd
 p

ro
ve

n 
sp

ec
ifi

c 
no

n-
co

m
pe

tit
iv

e 
an

ta
go

ni
st

s

D
i-

he
te

ro
m

er
ic

 r
ec

ep
to

r
G

lu
ta

m
at

eE
C

50
 (

μM
)

G
ly

ci
ne

E
C

50

M
g2+

 I
C

50
 (

at
 −

10
0 

m
V

) 
(μ

M
)

pH
IC

50

O
pe

n 
pr

ob
ab

ili
ty

 
(P

o)
N

on
-c

om
pe

tit
iv

e 
an

ta
go

ni
st

s

G
lu

N
2A

-N
M

D
A

R
4

1.
5 

μM
12

6.
9

0.
5

Z
in

c,
 in

 T
ri

ci
ne

G
lu

N
2B

-N
M

D
A

R
2

0.
4 

μM
12

7.
5

0.
1

If
en

pr
od

il,
 

R
o2

5-
69

81
G

lu
N

2C
-N

M
D

A
R

1
0.

3 
μM

2
6.

6
0.

01
–

G
lu

N
2D

-N
M

D
A

R
0.

4
0.

1 
μM

2
7.

5
0.

01
–

G
lu

N
3A

-N
M

D
A

R
–

40
–5

00
 n

M
>

 1
00

–
–

–

2  Synaptic and Extra-Synaptic NMDA Receptors in the CNS



28

2.3.1  �Subunit Composition of Synaptic NMDARs Is Highly 
Variable in Time and Space

NMDAR subunit composition changes over time throughout the CNS, as evidenced 
by their mRNA profile characterized with in situ hybridizations [48, 49]. This has 
also been confirmed at the protein level on multiple occasions using Western blot-
ting and, to some extent, at the functional level using electrophysiology and phar-
macology (Fig. 2.3). While the GluN1 subunit is ubiquitously expressed in the CNS 
during embryonic, postnatal development, and throughout adulthood, the GluN2 
subunits, as well as GluN3 subunits, differ strikingly in their spatial and temporal 
expression profile. During early development, GluN2B has the highest level of 
expression of all GluN2 subunits throughout the CNS. This expression peaks during 
this second week of postnatal development, but then declines steadily and becomes 
restricted to the forebrain in adulthood. Similar to GluN2B, the expression of 
GluN2D peaks during the second week after birth, with a wide distribution at this 
time (including in the forebrain), before it declines again to weaker expression lev-
els restricted to the brainstem and diencephalon in adulthood. In contrast, GluN2A 
and GluN2C are barely detectable before birth which drastically changes during the 
first 2 weeks of postnatal development. The levels of GluN2A rapidly increase dur-
ing this period and it becomes the predominant GluN2 subunit in the entire CNS in 

Fig. 2.3  In situ hybridizations showing the distribution of NMDAR GluN2 subunits mRNA in 
sagittal sections of rat brain over time (birth day (P1) to adulthood). Note the ubiquitous expression 
of GluN1 at any time in development and adulthood, consistent with the fact that it is an obligatory 
subunit required for the formation of a functional NMDAR. Adapted from Akazawa et al. [48]
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adulthood. The GluN2C subunit appears later in postnatal development (~P10) as 
well but its expression remains restricted to the cerebellum and the olfactory bulbs 
throughout adulthood. Among the GluN3 subunits, GluN3A is expressed at low 
levels during embryonic development, peaks during the first week of postnatal 
development when its expression is surprisingly widespread, and decreases to low 
levels in adulthood. Finally, while little attention was dedicated to the GluN3B sub-
unit until recently, its expression profile suggests that it could be central to the phys-
iology of NMDARs in the CNS. Indeed, its expression increases slowly after birth 
to reach peak and ubiquitous expression in the adult CNS in a similar manner to that 
of the obligatory GluN1 subunit.

At the functional level, the change in expression profile of NMDAR subunits 
throughout development is accompanied by changes in kinetics, magnesium-block 
properties, Ca2+ permeability and sensitivity to allosteric modulators of NMDAR-
mediated currents (Table 2.1). A typical case of this spatiotemporal maturation of 
NMDAR subunit expression is the developmental ‘switch’ from GluN2B to GluN2A 
in the forebrain; that is, the expression of GluN2B subunits declines as that of 
GluN2A increases, which has led to the idea that GluN2B-containing NMDARs are 
replaced by GluN2A-containing NMDARs through postnatal development in the 
forebrain. This ‘GluN2B/GluN2A developmental switch’ is a well-accepted con-
cept that prevails in the area CA1 of the hippocampus in particular at the canonical 
CA3-CA1 synapse. Surprisingly, it has not been fully characterized at the electro-
physiological level. But it can still be validated by gathering data from individual 
studies that have assessed the contribution of GluN2B-homodimers to NMDAR-
mediated synaptic currents at the CA3-CA1 synapses at different ages through the 
use of specific antagonists (Fig. 2.4). Overall it is established that, in adults, 
GluN2B-NMDARs are absent from CA3-CA1 synapses while GluN2A-homodimers 
are predominant, such that the population of NMDARs comprises of up to 75 % of 
GluN2A-NMDARs and about 25 % of GluN2A/GluN2B triheteromers (made of 2 
GluN1, one GluN2A and one GluN2B). Therefore, at CA3-CA1 synapses, the 
replacement of GluN2B by GluN2A is almost total and GluN2B subunits only con-
tribute to the formation of triheteromeric receptors. GluN2A-NMDARs were also 
found to be the predominant synaptic NMDAR subtype in neurons located in the 
substantia gelatinosa region of adult rat spinal cord, based on the decay time of 
synaptic currents, apparent Kd for magnesium and ifenprodil insensitivity [25] .

This spatiotemporal shift in subunit expression is supported by the developmen-
tal profile of the intercellular partners involved in anchoring NMDARs at synapse, 
in particular SAP-102 and PSD95 ([42] and see Sect. 2.2 above). Indeed, SAP-102, 
which is thought to preferentially interact with the cytoplasmic tail of GluN2B 
subunits, is enriched at synapses during early stages of development. In the first 
weeks following birth, however, the expression of PSD-95, which preferentially 
interacts with GluN2A, increases. Eventually PSD-95 replaces SAP-102 at syn-
apses due to a competition for insertion into the PSD [17, 44, 50, 51].

Unfortunately, biology does not comply with our need for simplicity and the 
replacement of GluN2B- with GluN2A-NMDARs at synapses is nothing but the 
exception of a few particular examples of synapses or brain regions and not a gen-
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eral rule. Indeed, GluN2B-NMDARs represent a major portion of synaptic 
NMDARs in many other areas of the adult CNS, including in the cortex [52] or in 
the spinal cord lamina I [53] where the contribution of GluN2B-NMDARs and 
GluN2D-NMDARs to the synaptic population far exceeds that of GluN2A-
NMDARs. Additionally, the NMDAR-subtype content of synapses, in particular 
GluN2A- and GluN2B-NMDAR content, can be regulated by synaptic activity [3]. 
Indeed, it was shown that the GluN2B-subunit content is altered following long-
term potentiation or depression of glutamatergic synapses in the hippocampus [54], 
indicating that GluN2B-NMDArs can contribute to synaptic NMDAR signaling in 
adult even at CA3-CA1 synapses.

2.3.2  �Subunit Composition of Extra-Synaptic NMDARs  
Is Unresolved

Given that extra-synaptic NMDARs represent as high as ¾ of the population of 
NMDARs in the immature hippocampus [14] and an estimated 1/3 of the total 
NMDAR population on adult hippocampal neurons [12, 17], it is tempting to 
speculate from ‘global’ in situ hybridization and Western blotting studies that 

Fig. 2.4  Developmental profile of the sensitivity of NMDAR-mediated synaptic responses to the 
GluN2B-NMDAR specific antagonist Ro25-6981 at the canonical CA3-CA1 synapse in rat hippo-
campal acute slices, from data found in the literature. While GluN2B-NMDARs compose most of the 
population of synaptic NMDARs before P10, they are functionally absent from synapses past P40
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extra-synaptic receptors undergo developmental modifications of their subunit 
content as well. This, however, has never been addressed, probably because prob-
ing extra-synaptic NMDARs in brain slices has proven challenging due to the fact 
that there is no easy way to directly stimulate and record from this population of 
receptors.

Nonetheless, it is believed that extra-synaptic NMDARs are enriched in GluN2B-
NMDARs in the adult hippocampus, in contrast with the GluN2A-NMDAR content 
at synapses. This fits with the idea that extra-synaptic NMDARs constitute a distinct 
population mediating a different function than synaptically located NMDARs. This 
idea is also quite satisfying when one considers that GluN2B-NMDARs have a 
higher affinity for glutamate, which is present at lower concentrations in the extra-
synaptic space [3, 4, 55]. Additionally, this is consistent with the fact that GluN2B 
subunits, as well as SAP-102, while not predominant at synapses, are still abun-
dantly expressed by hippocampal neurons in the adult [42–44]. These observations 
together strongly fuel the idea that GluN2B-NMDARs exist at extra-synaptic sites 
more abundantly than at synapses. Using the same kind of evidence and reasoning 
it is believed that GluN2D/C subunits are present at extra-synaptic sites on principal 
neurons in the cortex and spinal cord [25]. However, the subunit composition of 
extra-synaptic NMDARs remains a mystery in most brain regions.

Just like different NMDAR subtypes can be segregated at different synapses on 
a same neuron, it is certainly wise to hypothesize that extra-synaptic NMDARs do 
not form one homogeneous population at the surface of an entire neuron as far as 
subunit composition is concerned. It would be interesting to investigate whether, for 
example, extra-synaptic NMDARs located on apical dendrites share the same com-
position and properties as those located on distal dendrites, whether different 
subunit-compositions prevail at the different extra-synaptic specializations (i.e., 
neuron-glia, or axo-dendritic appositions), whether subunit composition at extra-
synaptic sites can be regulated by activity, and whether subunit composition of 
extra-synaptic NMDARs undergoes a reorganization throughout postnatal develop-
ment. Additionally, with the development of better subunit-specific antagonists it 
will soon be possible to reliably address the involvement or GluN2C-, GluN2D- and 
even GluN3-containing NMDARs in various processes, and it would be interesting 
to characterize better the extent to which these subtypes participate to extra-synaptic 
NMDAR signaling.

2.4  �Gating of Synaptic and Extra-Synaptic NMDARs

2.4.1  �Agonists of the Glutamate-Binding Site of Synaptic 
NMDARs

Glutamate is the endogenous agonist that binds to the agonist-binding site of synap-
tic NMDARs, which is located on the GluN2 subunit. It is estimated that glutamate 
concentration exceeds 3  mM within the first microseconds following a single 
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synaptic release event [15] (Hamilton and Attwell). Considering that the dissocia-
tion constant of NMDARs for glutamate is in the micro-molar range, it can be cal-
culated that 97 % of synaptic NMDARs will bind the two molecules of glutamate 
required for their activation during the first hundreds of microseconds following the 
release of a single vesicle of glutamate. This means that synaptic NMDARs are fully 
saturated during a synaptic transmission event. Therefore the rules that govern the 
activation of the glutamate-binding site of synaptic NMDARs follow a binary prob-
ability: 0 in the absence of synaptic activity, 1 during synaptic transmission. This 
simple fact, though often ignored, highlights the tremendous importance of (1) the 
existence of another agonist-binding site controlled by a distinct transmitter 
(D-serine or glycine, see Sects. 2.4.3 and 2.4.4 below) to regulate the gating of 
NMDARs and (2) the Mg2+ block of the pore of the ion channel that, independently 
the activation of the receptor per se, will dictate whether or not an ion flux is permit-
ted through the channel.

Interestingly, some evidence has recently revived the idea that aspartate (d- and 
l-) could be an endogenous ligand of NMDARs as well. Similar to glutamate, it is 
synthesized in the CNS, seemingly found in synaptic vesicles released by nerve 
terminals upon depolarization and taken up after transmission events [56]. Deletion 
or inhibition of the D-aspartate catabolism enzyme increases the levels of endog-
enous D-aspartate by 10–20-fold, and mice knocked out for this enzyme have 
elevated levels of the N-methyl derivative of d-aspartate (i.e., NMDA) and 
enhanced NMDAR-dependent functions such as LTP and spatial learning. While 
this is by no means a proof that d-, l- or N-methyl aspartate are endogenous ligands 
of NMDARs under normal conditions, this has generated a craze, over the past 15 
years, for the idea that aspartate and glutamate could be stored and released from 
the same vesicle, or that aspartate could have its own vesicular loading and exocy-
totic pathway, and directly contribute to the activation of NMDARs at glutamater-
gic synapses. This is supported by the finding that a sialic acid transporter, closely 
related in sequence to the vesicular glutamate transporters (VGluTs), can transport 
both glutamate and aspartate [57, 58]. Interestingly, while many vesicular trans-
porters can indeed package several transmitters in the same vesicle, VGluTs do not 
transport or even recognize aspartate [59, 60]. These observations predicted that, 
in the absence of VGluTs, excitatory synapses would only signal using synaptic 
vesicles that contain aspartate; which would permit the activation of NMDARs 
while AMPAR-mediated transmission would be suppressed. However, it was 
shown in 2015 by the group of Roger Nicoll that in VGluT1 knock-out mice, 
NMDAR-mediated synaptic responses were virtually absent and the AMPA/
NMDA ratio (whenever measurable) was unaltered. This is consistent with the 
traditional view that glutamate fully accounts for the activation of synaptic 
NMDARs and suggested that if aspartate is released at synapses it is present at 
concentrations too low to have any physiological relevance. Interestingly, how-
ever, these data do not exclude the possibility that aspartate could signal to extra-
synaptic NMDARs or pre-synaptic NMDARs.
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2.4.2  �Agonists of the Glutamate-Binding Site  
of Extra-Synaptic NMDARs

While synaptic NMDARs are only activated by brief and acute (i.e. phasic) release 
of glutamate from the presynaptic terminal, extra-synaptic NMDARs seem to be 
exposed to different sources of agonist and types of release. The existence of a tonic 
current mediated by NMDARs was reported in principal neurons of the hippocam-
pus in 1989 [61]. This tonic current is mediated by receptors located outside of 
synapses and occurs due to sufficient concentrations of ambient agonist, of non-
synaptic origin [61–64]. Indeed, this tonic current persists when synaptic activity is 
suppressed with TTX and, conversely, synaptic NMDAR activity remains intact 
after the NMDAR-mediated tonic current is blocked with MK-801 [64]. This estab-
lishes those receptors as distinct and necessarily distant from synaptic NMDARs. 
To date, the origin of the ambient glutamate that allows such tonic activation of 
extra-synaptic NMDARs is still unclear and whether this is indeed glutamate that 
allows this tonic activation has not, in fact, been demonstrated. Aside from the 
observation that it is of non-synaptic origin [62, 64] little evidence exist for the 
source or the nature of the agonist responsible for the NMDAR-mediated tonic cur-
rent. It is known that the regulation of extra-synaptic glutamate concentration heav-
ily relies on active uptake by astrocytes. Indeed, the glutamate transporter GLT1 is 
predominantly present on these glial cells and mediates 95  % of the glutamate 
uptake. Interestingly, the amplitude of NMDAR-mediated tonic current is strongly 
enhanced either by blocking GLT1 [65, 66], which enables glutamate spill over 
from synapses, or when slices are challenged with glial toxins [65]. Additionally, a 
recent study showed that the extent of NMDAR-mediated tonic current depends on 
glial coverage of synapses in the supra-optic nucleus of the hypothalamus [65]. 
Therefore, an interesting possibility is that astrocytes could be a key regulator of 
NMDAR-mediated tonic current by either confining synaptic space with glial pro-
cesses, thus maintaining the synaptic/extra-synaptic compartmentation, or by mod-
ulating ambient glutamate levels.

The existence of an extra-synaptic NMDAR-mediated tonic current implies that 
a subset of extra-synaptic NMDARs is constitutively activated. However, extra-
synaptic NMDARs can also be recruited experimentally by exogenous applications 
of NMDA or glutamate. This indicates that another subpopulation of extra-synaptic 
NMDARs exists that is normally silent and can be activated by phasic, non-synaptic 
release of glutamate. The main manifestation of such receptors are “slow inward 
currents” (SICs), characterized by a slow decay-time (on the order of seconds), low 
frequency of occurrence (~0.05 Hz) and a large amplitude (hundreds of pA). They 
occur spontaneously and have been recorded from principal neurons of the CA1 
region of the hippocampus [67–69] and in the superficial layers of the dorsal horn 
of the spinal cord [70]. Like NMDAR-mediated tonic current, SICs persist in the 
absence of neuronal and/or synaptic activity [67]. They are also completely sup-
pressed by glial inhibitors [70] and evidence suggests that they are caused by gluta-
mate release from astrocytes onto extra-synaptic NMDARs [22, 55, 68, 71, 72]. It is 
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easy to hypothesize that such currents could result from a “synaptic-like” release of 
glutamate from glial processes at specialized neuron–glia appositions such as those 
described above Sect. (2.1.3 and Fig. 2.1).

Challenging view: Beside their mechanistic relevance, these observations are 
interesting because they open the possibility that extra-synaptic NMDARs may 
exist as two functionally distinct pools (1), tonically activated receptors, which face 
supra-threshold amounts of glutamate and co-agonist and (2), overall silent extra-
synaptic NMDARs, which can be acutely recruited by exogenous or endogenous 
agonist release (similar to synaptic NMDARs). If true, this would mean that gluta-
mate availability is not homogenous outside of synapses and could be spatially 
regulated, giving rise to different sub-compartments within the extra-synaptic space, 
like suggested by the distribution of extra-synaptic NMDARs themselves. Although 
this is purely speculative, we propose that it could be relevant to consider the extra-
synaptic space as being comprised of separate compartments instead of one large 
homogenous volume, at least from the point of view of glutamate and NMDARs.

2.4.3  �Agonists of the Glycine-Binding Site of Synaptic 
NMDARs

In 1987 a simple, yet revolutionary observation was published in a Nature article 
and described in those words: “In cultured neurons, the magnitude of the whole cell 
current produced by NMDA appeared to depend on the speed of perfusion of 
NMDA-containing solutions: slower movement of the perfusion solution resulted in 
larger response.” The authors hypothesized that “a substance that augments the 
response to NMDA is tonically released from the cultured cells (neurons or glia), 
and accumulates when the perfusion is slow” [73]. Johnson and Ascher had just 
made the discovery that NMDARs require two agonists for their activation. Their 
investigation led them to individually screen the effect of amino acids present in the 
cultured medium, and they made the discovery that “the effects of conditioned 
medium were reproduced by glycine.” Indeed, the main finding of this work 
Fig. (2.4) is that application of NMDA alone (or glutamate) on outside-out excised 
patches does not permit the opening of the NMDAR ion channel, and neither do 
applications of glycine alone. When both are co-applied however, NMDARs are 
activated and this results in sustained currents flowing through the receptor’s ion 
channel Fig. (2.5). While authors concluded that “glycine augmented the response 
to glutamate as well as that to NMDA” the correct conclusion of this experiment is 
that glycine allowed the response to glutamate as well as that to NMDA [74]; and 
this finding is the first demonstration that NMDARs harbor two distinct agonist-
binding sites that recognize, and are activated by, two different ligands. As a con-
cluding remark, authors hypothesized that “the glycine-binding site and the 
NMDA-binding site are on two distinct proteins [i.e. subunits]”, which was con-
firmed the following year in a Science publication by Kleckner and Dingledine who 
demonstrated that the glycine-binding site is on the GluN1 subunit while the 
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glutamate-binding site is on the GluN2 subunit. Since then, the agonist binding 
domain of the GluN1 subunit of NMDARs has been coined the “glycine-binding 
site” and glycine was termed “co-agonist” of NMDARs. The idea that glycine, an 
abundant and ubiquitous amino acid present in culture medium and in the extracel-
lular space of the brain parenchyma, is the endogenous agonist of the glycine-
binding site remained unchallenged for nearly 20 years. It was supported by the 
existence of glycine transporters (GlyT1) on glial processes that surround synaptic 
contacts and mediate a powerful uptake of glycine. This was thought to regulate the 
concentration of glycine at excitatory synapses, providing a powerful means to 
modulate the degree of activation of the NMDAR glycine-binding site.

This canonical view was challenged by the groups of Salmon Snyder and 
Stephane Oliet, first in 1995 and then in 2006, respectively. After the discovery that 
d-amino acids exist in mammalian CNS [75–77], the observation was made by 
Schell et al. [78] that the localization of D-serine throughout the brain resembles 
that of NMDARs, and the binding pattern of (3H)D-serine revealed by autoradiog-
raphy strongly resembled that of (3H)glycine binding. This strongly suggested that 
D-serine is an endogenous ligand for the glycine-binding site of NMDARs, an idea 
that received very little attention from most of the neuroscience community—with 
the notable exception of the glial community. Indeed, as the study of glial cells had 
started to thrive, the publication by Schell et al. showed outstanding potential con-
tained in this statement: “We were surprised to observe under high magnification 
that D-serine immunoreactivity was associated exclusively with glia”.

The first demonstration that D-serine, and not glycine, is the endogenous ligand 
of the glycine-binding site of the NMDAR in brain tissue came from Panatier 
et al. [79], and echoed similar earlier demonstrations carried out in cultures by the 
Snyder group. Soon after, it was established that D-serine is the endogenous co-
agonist of NMDARs at many, but not all, central synapses (reviewed in Papouin 
et al. [80]), such as in layer 5 of the cortex, in the retina, in the amygdala, in the 
nucleus accumbens, in the spinal cord and, notably, at the canonical CA3-CA1 syn-
apses of the hippocampus [13]. The strength and impact of this finding are greatly 
underappreciated. Indeed, given that the gating of NMDARs by glutamate at syn-
apses is binary (all or none, see Sect. 2.4.1), and given the importance of NMDARs 
in the development, physiology and pathology of the CNS, the notion that glial 
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Fig. 2.5  Effect of glycine (1  μM) on the current induced by NMDA (10  μM) on outside-out 
excised patches containing NMDARs. Note that applications of NMDA or glycine alone do not 
elicit currents, consistent with the fact that the simultaneous binding of the two agonists on their 
respective agonist-binding site is required for the activation of NMDAR. From [73]
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cells are responsible for the supply and regulation of the glycine-binding site’s 
agonist makes glial cells the primary regulator of the most investigated receptor 
in neuroscience. This also means that astrocytes are directly involved in processes 
such as synaptic plasticity and learning. Additionally, with its glutamate-binding 
site controlled by the pre-synaptic neuron, its glycine-binding site controlled by 
astrocytes, and its magnesium block reliant on the activity of the post-synaptic 
neuron, the NMDAR can be viewed as a molecular-scale model of the tripartite 
synapse and thus a remarkable tool to study it. The rules that govern the release of 
D-serine are still incompletely elucidated and subject to debates that spread beyond 
the scope of this chapter.

That D-serine is the endogenous ligand of the glycine-binding site of synaptic 
NMDARs is not true at every synapse in the CNS. Many instances have been found 
where the historical co-agonist glycine happens to be the endogenous ligand of the 
glycine-binding site. Such is the case in the spinal cord [81], on retinal ganglion 
cells [82] and in the nucleus of the tractus solitarius [79]. In structures where gly-
cinergic innervation is abundant, such as in the retina and the spinal cord, it was 
shown that glycine that serves as an endogenous co-agonist of NMDARs at gluta-
matergic synapses [81, 82] originates from nearby inhibitory synapses. It is thought 
that following inhibitory synapses activity, glycine spills over and diffuses to bind 
to NMDARs at remote excitatory synapses. This highlights an interesting cross-talk 
between inhibitory and excitatory synapses in these regions along with the potential 
for inhibitory synapses to impact synaptic plasticity occurring at neighboring excit-
atory terminals.

Challenging view: When it was discovered in 1987 that NMDARs bind another 
ligand, and that this second-agonist is required to permit the activation of the recep-
tor by glutamate, it was very naturally (but unfortunately) termed “co-agonist” of 
NMDARs. This misnomer has resulted in a multitude of inaccurate views and 
descriptions of NMDAR co-agonist function, ranging from “helper” for receptor 
activation to “allosteric modulator”. Not only is the terminology used in these 
examples erroneous, but the view they attempt to describe about the function of the 
co-agonist is wrong as well. In this case, like often in science, inspection of the 
original publication by Johnson and Ascher proves to be enlightening as it reveals 
that the so-called NMDAR co-agonist is nothing less than a full agonist at the recep-
tor: (1) it binds to its own, separate, ligand-binding site on the GluN1 subunit, (2) it 
is absolutely required for the opening of the ion pore and (in the presence of gluta-
mate) is sufficient for this activation, and (3) the efficacy of glycine and D-serine at 
the GluN1 agonist-binding site is ~100 %, which means they are full, not partial, 
agonists. In other words, NMDAR possesses two distinct agonist-binding sites, one 
harbored by each GluN1 subunit that binds glycine/D-serine, and one harbored by 
each GluN2 subunits that binds glutamate; in such a way that glutamate and 
glycine/D-serine play the exact same function on different subunits. The only rea-
son why glycine was termed “co-agonist”, while glutamate is termed “agonist”, is 
because its role in controlling the activation of NMDARs was discovered after that 
of glutamate, but from a biological and molecular point of view, there is no such 
thing as a main or primary agonist of NMDARs. These considerations are also well 
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illustrated by the simple fact that GluN3-NMDARs (made of two GluN1 and two 
GluN3 subunits that bind glycine/D-serine but not glutamate) lack a glutamate-
binding site and are therefore only activated by glycine or D-serine while insensitive 
to glutamate.

2.4.4  �Co-agonists of the Glycine-Binding Site of Extra-
Synaptic NMDARs

The identity of the co-agonist of extra-synaptic NMDARs has only been addressed 
once, by our group [80]. We showed that, on apical dendrites of CA1 pyramidal 
neurons, extra-synaptic NMDARs are gated by glycine, and not D-serine. In strik-
ing contrast, NMDARs located at CA3-CA1 synapses on the same neurons are 
gated by D-serine, not glycine, like mentioned earlier. It is reasonable to assume that 
the availability of glycine and D-serine are regulated by distinct mechanisms. 
Therefore, on CA1 pyramidal neurons, the gating of the co-agonist binding site of 
NMDARs contributes to segregating synaptic and extra-synaptic NMDARs as two 
functionally distinct pools. Whether glycine is also the co-agonist of extra-synaptic 
NMDARs located elsewhere on CA1 neurons, and whether this applies to other 
brain areas, remains to be addressed. If the identity of the co-agonist is used as a 
way to more efficiently separate synaptic from extra-synaptic NMDARs as a gen-
eral rule, then one might expect that wherever D-serine is the co-agonist of synaptic 
NMDARs, glycine would gate extra-synaptic NMDARs, and vice versa.

The origin of glycine available to extra-synaptic NMDARs is unclear, espe-
cially in the hippocampus. In this structure, the presence of glycinergic terminals 
has never been established (the inhibitory transmission is entirely abolished by 
GABA receptor antagonists) and the expression of functional glycine receptors 
(GlyRs) is thought to stop after birth [83–85], even though the existence of extra-
synaptic GlyRs has been documented in adults [86, 87]. Yet, in vivo microdialysis 
reported amounts of free glycine as high as 10 μM in the hippocampus [88, 89]. In 
vivo, a major source of extracellular glycine in the CNS could be the blood flow 
since approximately 200 μM of glycine are found in the blood [90] and since gly-
cine is able to cross the endothelial wall of capillaries by means of glycine trans-
porters [91, 92]. In slices, however, blood vessels are emptied of their initial 
content, indicating that a source of glycine exists in the brain parenchyma itself. 
With an average intracellular glycine concentration of 3–6 mM [93], glial cells 
could be a major source of glycine in brain slices. In the hippocampus, it was also 
proposed that glycine could be co-released with GABA at inhibitory synapses by 
interneurons [94] similar to what occurs in the thalamus, the brainstem, the spinal 
cord and the cortex [95, 96]. Notably, that glycine is present at 10 μM in brain 
parenchyma would suggest that the amounts of glycine available to extra-synaptic 
NMDARs are high enough to be saturating [88, 89], especially if those receptors 
are GluN2B-NMDARs (Kd < 1 μM). This would leave little room for the modula-
tion of NMDAR activity through the co-agonist-binding site at extra-synaptic 
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locations. Although surprising, this idea is supported by observations that exoge-
nous applications of co-agonist do not enhance the amplitude of NMDAR-mediated 
tonic current [64].

2.4.5  �Endogenous and Exogenous NMDARs Allosteric 
Modulators

Several competitive antagonists, binding directly onto the agonist-binding site of 
either the GluN1 subunit or the GluN2 subunit where they compete with the endoge-
nous agonist and prevent or reduce its conformational activation of the site, are avail-
able, efficient and specific for NMDARs if used at appropriate concentrations. This 
includes the glycine-binding site antagonist 5,7-Dichlorokynurenic acid (DCKA) 
and the glutamate binding-site antagonist d(–)-2-Amino-5-phosphonopentanoic 
acid (D-AP5). Blockers of the ion channel such as Dizocilpine (MK-801) also exist 
that act as non-competitive antagonists since they alter the permeability of the chan-
nel without changing the activation rules of the receptor. Beside these competitive 
and non-competitive antagonists, a number of endogenous and exogenous com-
pounds can modulate the activity of NMDARs by binding on specific sites that are 
distinct from the agonist binding sites or the ion channel. They act by changing the 
conformation of the receptor which usually modifies the open channel probability 
(Po) but, contrary to agonists and competitive antagonists, they do not interfere 
with the activation of the receptor. Among the endogenous allosteric modulators, 
the most unacknowledged of them all is also the simplest and the most important: 
H+ ions (protons). Protons bind to the NMDAR at an unknown location thought to 
be closely associated with the channel gate. Proton binding impacts the N-terminal 
domain (NTD) of the GluN2 subunit and trigger a “closed” conformation of this 
domain which favors the closure of the ion pore of NMDAR channel. Therefore, 
H+ binding reduces the Po of the channel [97]. This is of the uttermost importance 
mainly for two reasons: (1) The EC50 of the proton-binding site for protons is in the 
range of physiological pH (~6.9 for GluN2A and 7.5 for GluN2B subunit) which 
means that protons exert a tonic and basal inhibition of NMDAR channel Po and 
that this inhibition can differentially affect particular NMDAR-subtypes for sub-
tle pH changes. (2) The inhibitory effect of H+ is directly responsible for the sub-
unit-selectivity and efficacy of other allosteric modulators such as zinc (Zn2+) and 
Ifenpodil/Ro25-6981. Indeed these competitive antagonists act by causing confor-
mational changes in the receptor that increase the sensitivity of the proton-binding 
site and thus enhance the inhibition by H+, therefore further reducing the Po of the 
channel. Zinc, like protons, is an endogenous allosteric modulator of NMDARs that 
binds in the NTD of GluN2A subunits with a remarkable selectivity since its affinity 
for GluN2A-NTD is 1000 times better than that for any other subunit. Under physi-
ological pH, zinc only produces a ~70 % inhibition of GluN2A-NMDAR mediated 
current. Interestingly, zinc is co-stored in vesicles and co-released with glutamate. 
While, ambient extracellular zinc levels are too low to inhibit synaptic GluN2A-
NMDARs in a tonic manner, sustained synaptic transmission elicits a surge of zinc 
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concentration at excitatory synapses that causes an endogenous subunit-specific 
inhibition of NMDAR transmission that is thought to mediate an activity-dependent 
regulation of neuronal circuits [98].

Surprisingly, 40 years after the discovery of the first NMDAR antagonist, the 
number of pharmacological reagents available to discriminate between NMDAR-
subtypes is still very limited as reviewed in Neyton and Paoletti [99]. In particular, 
antagonists selective for GluN2C-, GluN2D- and GluN3-containing receptors as 
well as specific antagonists for NMDAR tiheteromers, such as GluN2A/GluN2B-
NMDARs, are still lacking. Yet, a large number of compounds are available online 
from various chemical suppliers that are described as subunit-selective based on 
their tendency to prefer a particular NMDAR-subtype. Unfortunately, while some 
of them indeed have a higher affinity for a particular NMDAR subunit or subtype, 
their affinity is not high enough to allow a full inhibition of this subtype/subunit 
without impacting other subtypes/subunits. This is typically the case of PPDA, 
often presented as a GluN2C- and GluN2D-specific antagonist based on its prefer-
ential binding to these subunits (Ki ~ 0.1 μM). Unfortunately, it Ki in the very 
same order of magnitude for the other subunits (GluN2B: 0.3  μM; GluN2A: 
0.6 μM), such that PPDA is not a subunit-selective antagonist specific for GluN2C/
GluN2D-containing NMDARs. The same has been established for NVP-AAM077 
[100], a putative GluN2A-NMDAR specific antagonist. As a general rule, it is safe 
to consider that an antagonist is only selective for a NMDAR subtype/subunit if its 
affinity for the latter is at least an order of magnitude higher than that for other 
subtypes/subunits [99].

2.5  �Functions of NMDARs in Relation to Their Location

While the general role of NMDARs in various CNS functions is clearly establishes, 
the precise contribution of synaptic vs. extra-synaptic receptors to each of them 
remains mostly elusive. Some studies have reported a role for non-synaptic 
NMDARs in extra-synaptic inhibition [101] and dendritic dynamic range compres-
sion [102], but the main functions in which extra-synaptic NMDARs have been 
involved and studied are synaptic plasticity, excitotoxicity/ischemia, excitability, 
and neuron-glia interactions.

2.5.1  �Synaptic Plasticity, a Matter of Subunits or Location?

Using genetic and pharmacological approaches, there has been intense speculation 
about the role of specific NMDAR subtypes in the selective induction of LTP and 
LTD [103–108]. It was proposed that GluN2A-NMDARs preferentially trigger LTP, 
whereas GluN2B-NMDARs are preferentially associated with LTD. Given the very 
complex and diversified expression pattern of NMDAR subunits throughout the 
CNS and over time, this tempting proposal seemed improbable. While it might be 
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true in specific cases, this dichotomy has indeed been significantly and repeatedly 
challenged [104, 106] and the idea that a particular subtype of NMDAR is specifi-
cally involved in inducing potentiation or depression at glutamatergic synapses 
seems over-simplifying, as reviewed in great detail in [3]. Since synaptic and extra-
synaptic NMDARs often seem to have distinct subunit compositions, this contro-
versy raised the question of whether NMDAR location, rather than subunit 
composition per se, could constitute a determining factor to the direction of synap-
tic plasticity and be the biological reason for discrepancies between studies [109]. 
While this interesting idea was formulated 10 years ago, the role of extra-synaptic 
NMDARs in LTP and LTD has rarely been characterized directly, i.e. independently 
of subunit composition. Because there is no simple rule linking the cellular location 
of NMDARs to their subunit composition, and because the subunit content of recep-
tors located outside of synapses is unresolved, it is difficult to interpret results 
involving extra-synaptic NMDARs in synaptic plasticity based on subtype-specific 
pharmacological experiments which, unfortunately, is the vast majority of studies 
on that matter. Activating or silencing specifically synaptic or extra-synaptic 
NMDARs thus requires different approaches that do not rely on subunit composi-
tion. The main alternative is the use of the open-channel blocker MK-801, which 
allows inactivation of NMDARs that are recruited while leaving the silent/not 
recruited receptors intact. When combined with low-frequency stimulation of affer-
ent fibers, this method allows the selective blockade of synaptic NMDARs and 
leaves most of their extra-synaptic counterparts intact [12, 13, 64]. This method 
presents the advantage that it only relies on whether receptors are active or not dur-
ing MK-801 application, and therefore circumvents caveats associated with the use 
of subunit-selective reagents. Interestingly, using such an approach, Xu et al. [110] 
found that selective stimulation of extra-synaptic NMDARs triggers LTD in CA1 
neurons. Another approach is based on the discovery that D-serine and glycine gate 
synaptic and extra-synaptic NMDARs respectively [13]. Taking advantage of this 
segregation, we showed in adult rat hippocampal slices that synaptic NMDARs, but 
not extra-synaptic ones, are required for LTP induction, whereas activation of recep-
tors at both locations is required for LTD.  These findings thus confirm the idea 
proposed by Dr. Rusakov [109] that what matters in LTP and LTD induction may be 
the location, rather than the subtype, of NMDARs recruited. If the compartmental-
ization of NMDAR by their co-agonist gating was to be generalized to other brain 
regions, this might be a very powerful and convenient way, in addition to the 
MK-801 approach, to study the role of synaptic and extra-synaptic NMDARs in 
various functions independently of their composition.

2.5.2  �Is Excitotoxicity Caused by Extra-Synaptic NMDARs?

Because NMDARs are highly permeable to calcium, they not only relay a physio-
logical signal to neurons, but can also trigger intracellular signaling cascades lead-
ing to cell death. In fact, the link between excitotoxicity [111] and excessive 
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glutamate release [112] were described years before synaptic plasticity. NMDARs 
were demonstrated to be the main source of calcium responsible for glutamate-
induced excitotoxicity in the late 1980s [113–115]. Ever since, NMDARs have been 
renowned for their dual roles in physiology and pathophysiology, and the mecha-
nisms of NMDAR-induced cell death is one of the most investigated aspects of this 
receptor.

In 2002, Hardingham et al. published the first compelling evidence that synaptic 
and extra-synaptic NMDAR activation have opposing effects on cell fate. Ever 
since, the prevailing theory is that the activity of synaptic NMDARs favors neuronal 
survival, via the phosphorylation of intracellular factors such as CREB or Erk1/2. In 
contrast, cell death is mainly mediated by the activation of extra-synaptic NMDARs 
(mostly GluN2B-NMDARs in this study) which inhibits the CREB and Erh1/2 
pathways in addition to directly promoting pro-death signaling via caspase-3 [16]. 
This view gained additional attention as the use of memantine developed. Memantine 
is thought to be an extra-synaptic NMDARs blocker and was shown to reduce neu-
ronal death in models for neurodegenerative disorders such as Huntington’s [116] or 
Alzheimer’s disease [117–119]. However, numerous observations now point to the 
limitation of the theory that synaptic NMDARs favor survival while extra-synaptic 
NMDARs promote cell-death. Indeed, this finding, obtained in neuronal cultures, 
has hardly been replicated in slices or in vivo. In fact, several experiments point to a 
role for synaptic NMDARs in cell death during NMDA application in acute slices 
or oxygen glucose deprivation (OGD) in vivo [13, 80, 120, 121]. Amadoro et al. 
[122] demonstrated that synaptic NMDARs mediate hypoxia-induced neurotoxicity 
almost entirely, whereas blocking extra-synaptic NMDARs provides no protection. 
Similarly, we showed that NMDA-induced excitotoxicity in slices is entirely medi-
ated by synaptic NMDARs in the area CA1 of the hippocampus since it can be 
prevented by silencing receptors at this location [13]. On the contrary, silencing 
extra-synaptic NMDARs had no effect on NMDA-induced cell-death. Other recent 
work [120, 123], following the protocols established by Hardingham et al. [124], 
failed to replicate the findings that extra-synaptic NMDARs, but not synaptic ones, 
promote cell-death. This controversy, questioning the role of extra-synaptic 
NMDARs in excitotoxicity, is also fueled by recent and thorough insights into the 
mechanism of the use-dependent NMDAR blocker memantine [125]. Memantine 
was proposed to preferentially block extra-synaptic receptors over synaptic ones, 
owing to its fast off-rate, low affinity, voltage-dependent binding and uncompetitive 
nature [16, 125, 126]. The fact that memantine can successfully prevent neuronal 
death in vitro or in pathological conditions [127, 128] has thus strongly contributed 
to the extra-synaptic hypothesis of excitotoxicity. However, the group of Steven 
Mennerick demonstrated, in two studies, that memantine has a strong and fast inhib-
itory effect on synaptic NMDARs (80 % in 5 min) under basal low-frequency stimu-
lation. Additionally, they show that the neuroprotective effect of memantine is 
mediated by the blockade of synaptic, not extra-synaptic, NMDARs [125] (Katsuki 
et al.). This body of evidence strongly questions the prevalent role of extra-synaptic 
NMDARs in triggering neuronal death during excitotoxic conditions in culture, and 
suggests that this theory does not apply to more intact preparations.
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2.5.3  �Neuron-Glia Interactions and Excitability

The mechanisms and roles of SICs and tonic currents, and how astrocytes play a 
role in these forms of signaling have been recently reviewed by Balázs Pál (Front 
Cell Neuro [129]).

It is accepted that the tonic current mediated by extra-synaptic NMDARs plays a 
role in the excitability of principal neurons and in modulating dendritic inputs [130]. 
This might be particularly true for interneurons [131] which excitability is crucial in 
setting synchronized neuronal population dynamics. It also becomes increasingly 
clear that NMDAR-mediated tonic current can be upregulated in pathological con-
ditions, ranging from cocaine addiction [132] to Alzheimer’s disease [117]. 
However, the relevance of such tonic current to neuronal physiology and the impact 
of its pathological disturbance need further investigation. Notably, even though its 
exact function is unknown, NMDAR-mediated tonic current certainly plays a major 
role in neuronal and network physiology because it has been observed in virtually 
every brain region thus far.

SICs were shown to result from the release of glutamate by astrocytes onto neu-
ronal extra-synaptic NMDARs, and to occur simultaneously in distinct neurons 
within 100 μm of each other [67], which fits with the idea that an astrocyte’s ana-
tomical territory spans an area approximately 50–100 μm in diameter. Based on 
these observations, SICs have been proposed to play a role in neuronal synchrony 
and network excitability [67, 81] but this aspect still remains poorly understood and 
would require more investigation. In addition, since they have only been observed 
in slices so far, often under non-physiological conditions (low magnesium, GLT1 
blockers), the question of whether SICs represent an important feature of neuron–
glia signaling that also occurs in vivo remains to be established. Based on the obser-
vation that extra-synaptic NMDARs are often located at seemingly specialized 
neuron-astrocyte contacts, it might be relevant to investigate SICs as the manifesta-
tion of an extra-synaptic, yet synaptic-like, astrocyte-to-neuron form of signaling.

2.6  �Concluding Remarks

In conclusion we would like to draw readers’ attention to the fact that the subcel-
lular location of the NMDAR has emerged as a key determinant of NMDAR-
mediated physiological functions as well as NMDAR-related pathological 
conditions. Such location appears to be equally or potentially more important than 
NMDAR subunit-composition. Furthermore, extreme methodological and intellec-
tual caution should be used when employing subunit-based pharmacological 
approaches to decipher the role of a particular subset of NMDAR in a given context. 
Not only are some of the available reagents not selective enough, but also the sub-
unit composition of NMDARs is not conclusively telling of their location since 
there seems to be no clear or absolute subunit-hallmarks that differentiate synaptic 
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from extra-synaptic NMDARs. Finally, many aspects of extra-synaptic NMDARs 
suggest that they could be involved in a complex and specific type of extra-synaptic 
cell-to-cell communication. That this facet of NMDAR physiology has remained 
largely unexplored promises new exiting lines research and future paradigm-shifting 
discoveries. As a starting point, we propose that the availability of glutamate and 
co-agonists, and the distribution of NMDARs, are not homogenous outside of syn-
apses and could be spatially regulated, thus delineating distinct functional and mor-
phological sub-compartments within the extra-synaptic space.
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