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Glutamate is the major excitatory neurotransmitter in the mammalian central nervous
system. There are three distinct subtypes of ionotropic glutamate receptors (GluRs) that
have been identified including 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid
receptors (AMPARs), N-methyl-D-aspartate receptors (NMDARs) and kainate receptors.
The most common GIuRs in mature synapses are AMPARs that mediate the fast excitatory
neurotransmission and NMDARs that mediate the slow excitatory neurotransmission.
There have been large numbers of recent reports studying how a single neuron regulates
synaptic numbers and types of AMPARs and NMDARs. Our current research is centered
primarily on NMDARs and, therefore, we will focus in this review on recent knowledge
of molecular mechanisms occurring (1) early in the biosynthetic pathway of NMDARs,
(2) in the transport of NMDARs after their release from the endoplasmic reticulum (ER);
and (3) at the plasma membrane including excitatory synapses. Because a growing
body of evidence also indicates that abnormalities in NMDAR functioning are associated
with a number of human psychiatric and neurological diseases, this review together
with other chapters in this issue may help to enhance research and to gain further
knowledge of normal synaptic physiology as well as of the etiology of many human brain
diseases.
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INTRODUCTION

The most common glutamate receptors (GluRs) in mature
synapses are 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propa-
noic acid receptors (AMPARs) that mediate fast excitatory
neurotransmission; N-methyl-D-aspartate receptors (NMDARs)
serve mainly to modulate this neurotransmission by control-
ling the strength and number of AMPARs. However, dur-
ing early postnatal development of many kinds of synapses,
NMDARs predominate prior to the accumulation of AMPARs.
The GluRs and their many associated proteins are “embedded”
in an elaborate complex of interlinked proteins and cytoskele-
ton made by the postsynaptic density (PSD). The initial pic-
ture of the PSD was that of a static structure where GluRs
were present, and were activated upon glutamate release. Over
the last 10 years, a new picture of the PSD has emerged, that
of a highly dynamic structure that increases or decreases in
size and content during the entire life span of the individ-
ual, directly impacting spine shape. Such variations influence
the physiological response of the postsynaptic side, the level of
information storage and ultimately memory. For example, it is
now believed that synapse function involves initial activation
of AMPARs with glutamate binding, leading to a membrane
depolarization that will release the magnesium block of the
NMDAR channel, allowing calcium to enter the postsynaptic
process via the glutamate-activated NMDAR. This calcium then

initiates various metabolic pathways that ultimately can affect
the strength of the synapse. Most commonly, these pathways
involve various phosphorylation/dephosphorylation events that
can activate or deactivate other pathways leading to changes
in the strength or number of AMPARs at the synapse. Thus,
it is clear that the trafficking and function of both types of
GluRs, AMPARs and NMDARs, are tightly regulated by multiple
unrelated mechanisms, ensuring that proper numbers and types
of synaptic receptors are available in a given excitatory synapse.
The interest in all these mechanisms has been strengthened by
the recent discovery that pathologies such as Alzheimer’s dis-
ease and schizophrenia, but also mental retardation, fragile X
syndrome, Rett syndrome, or Autism Syndrome Disorder, are
due to disruption of synapse shape and function and not to
structural permanent brain damage as initially thought. This has
fostered new perspectives suggesting that by understanding how
synapses form and are regulated, we could develop therapies to
treat pathologies that were thought to be out of the reach of any
curative intervention.

This review will focus on NMDARs. A functional NMDAR
is a heterotetramer composed mainly of two GluN1 subunits
and two GluN2 subunits; in some cases the GIuN3 subunits
are also incorporated into the heterotetramer (Petralia et al.,
2009; Traynelis et al., 2010; Paoletti et al.,, 2013). Based on
the crystallography structure of the recombinant NMDARs,
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FIGURE 1 | Structural determinants regulating ER processing of
functional NMDARs. (A) The structure of the NMDAR heterotetramer,
based on a recent paper by Gouaux's laboratory, is indicated by blue
(GIuN1) and red (GluN2) colors (Lee et al., 2014). The membrane
topology of the GIuN subunits is described in detail in the Introduction
section (ATD—amino-terminal domain, LBD—ligand-binding domain,
TMD—transmembrane domain, CTD—C-terminal domain).

(B) Schematic topology of the GIuN subunits with indicated trafficking
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determinants (GluN1—several amino acid residues within the M3
domain and two ER retention signals, RRR and KKK, within the CTD;
GIuN2A—A2 segment within the ATD, several amino acid residues
within the M3 domain; GluN2B—several amino acid residues within the
M3 domain, HLFY export signal and unknown ER retention signal within
the CTD). Both GIuN2 subunits and some GIuN1 splice variants (not
shown) also contain PDZ-binding motifs in their far C-termini (see text
for more details).

recent studies showed that the functional GluN1/GluN2 het-
erotetramer is formed in a GluN1-2-1-2 subunit arrangement
(i.e., 2 GluN1/GluN2 heterodimers combine to form the het-
erotetramer; Figure 1) (Karakas and Furukawa, 2014; Lee et al.,
2014), although several other studies suggested that there is a
GluN1-1-2-2 subunit arrangement in the NMDAR (Schorge and
Colquhoun, 2003; Balasuriya et al., 2013). There are eight differ-
ent GluN1 splice variants, four GluN2 subunits (GluN2A-D) and
two GluN3 subunits (GIuN3A-B) expressed in the mammalian
CNS. All GluN subunits share similar membrane topology—
four membrane domains (M1-M4), an extracellular N-terminus
and a loop between M3 and M4 domains, and an intracellular
C-terminus (Petralia et al., 2009). It is expected that the pres-
ence of relatively long N- and C-termini of the GIuN subunits
enables an NMDAR to dynamically interact with different pro-
teins during its journey to the synapse, its retention at the synapse,
and its removal from the synapse. The first step that shortly
follows protein synthesis is the receptor subunit assembly that
occurs in the endoplasmic reticulum (ER). Next, the receptors
are processed in the Golgi apparatus and packaged in the Golgi
complex by means of vesicles, which carry the GluRs to the
membrane. They are subsequently internalized and reinserted at
extrasynaptic sites before being anchored at the PSD. At each
step of the trafficking process GluRs need to be associated with
specific partners that allow the maturation and transport of the
receptors. While significant progress has been made in identifying
the proteins involved in anchoring GluRs at the PSD, little is
known about the partners involved in the trafficking processes

of these receptors. A deep knowledge of the trafficking from the
ER to the membrane is paramount since these processes specify
the final destination of the receptor complexes, and their dereg-
ulation can profoundly disrupt synaptic function. This review
will highlight recent advancements in our understanding of early
events in the trafficking of NMDARs as well as mechanisms
regulating synaptic NMDARs. We will discuss the structural
determinants and protein-protein interactions, both involved
in the regulation of NMDARSs, in three sections, summarizing;
(1) events that happen early in the biosynthetic pathway (largely
the ER); (2) events that happen in the transport of receptors after
release from the ER; and (3) events that happen at the plasma
membrane.

PROCESSING OF NMDARs IN THE ER

What molecular mechanisms control the formation of the
functional NMDAR heterotetramers in the ER? The GluN1
subunit is produced in the ER in large excess relative to
GIuN2 subunits, ensuring that sufficient amounts of GluN1
subunits are available for newly synthesized GluN2 and GluN3
subunits (Chazot and Stephenson, 1997; Huh and Wenthold,
1999). Several working models of the assembly of functional
NMDARs in the ER have been proposed. First, several stud-
ies suggest that the GluN1-GluN1 and GluN2-GluN2 homod-
imers, which are initially formed, are required for the forma-
tion of the functional heterotetramers (Meddows et al., 2001;
Schorge and Colquhoun, 2003; Papadakis et al., 2004; Qiu et al.,
2005; Hansen et al., 2010). Second, another study proposed
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that the GluN1-GluN2 heterodimers are required for forma-
tion of heterotetrameric receptors (Schiiler et al., 2008), or that
GluN1-GluN1 homomers are the substrate for the oligomeric
assembly of the heterotetramer (Atlason et al., 2007). The last
model has been extended by a recent study that suggested that
the N-terminal domains of the GluN1 subunits initially form
homodimers and that the subsequent dimer dissociation is essen-
tial for the forming of the functional GluN1/GluN2 heteromers
(Farina et al., 2011). Indeed, the reported promiscuity between
the GluN1 and GluN2 N-terminal domains could explain the
development of different working models of the assembly of
NMDAR:s.

How does the cell ensure that only properly folded NMDAR
heterotetramers are transported from the ER to the cell surface?
In general, it is expected that the ER employs a quality control
mechanism(s) for proteins exported from the ER to prevent the
accumulation of unassembled and misfolded protein complexes
via the trafficking pathways to the cell surface. In the case of
NMDARs, it has been shown that all GluN2 subunits and some
GluN1 splice variants are retained in the ER unless assembled
(MclIlhinney et al., 1998). The basic principle that the unassem-
bled GluN subunits are retained in the ER has been demonstrated
also in mice lacking the GluN1 subunit in the hippocampus,
resulting in an accumulation of GluN2 subunits in the ER (Fukaya
et al.,, 2003). Similarly, it has been reported that the GluN3A
subunit requires the association with GluN1 subunits for its
export from the ER (Perez-Otano et al., 2001).

What signals control ER retention of unassembled GluN sub-
units? Different regions of the GluN subunits have been pro-
posed to regulate the assembly and/or ER retention of NMDA
receptors (Figure 1). First, the C-termini of some GluN1 splice
variants have been shown to contain two specific ER reten-
tion motifs, KKK and RRR, in the C1 cassette (Standley et al.,
2000; Scott et al., 2001; Horak and Wenthold, 2009). Interest-
ingly, the GluN1 variant, GluN1-3, which contains both the
ER retention motifs in the Cl cassette and the PSD-95, Dlg,
and Zo-1 (PDZ)-binding motif (-STVV) in the far C-terminus
exhibits enhanced surface delivery even when expressed alone,
suggesting that specific protein-protein interactions with other
proteins such as the PSD-MAGUKs and COPII (which recog-
nizes a divaline motif of the C-terminus of the GluN1-3) can
regulate the ER retention of NMDAR subunits (Standley et al,,
2000; Scott et al., 2001; Mu et al., 2003). The ER retention of
the GluN1 subunit also can be modulated by phosphorylation
by PKA and PKC of serine residues that are nearby the RRR
motif, as shown using chimeric proteins of the C-terminus and
single transmembrane proteins (tac = interleukin-2 receptor o
subunit; CD8) (Scott et al., 2001); but our previous report did
not confirm this observation using the full-length GluN1 con-
structs (Horak and Wenthold, 2009). The C-terminus of the
GluN2B subunit attached to tac is retained in the ER, suggesting
the presence of an ER retention signal (Hawkins et al., 2004).
However, efforts to identify this specific signal have been unsuc-
cessful, although truncation of the C-terminus appended to tac
leads to increased surface expression in constructs containing
the region up to residue 1070 of the GluN2B (Hawkins et al.,
2004). This study also identified a short motif, HLFY, localized

immediately after the M4 domain of the GluN2B subunits. This
motif is likely required as an export signal from the ER for the
properly folded NMDAR heterotetramers (Hawkins et al., 2004).
However, a later study proposed that the HLFY motif is not
necessary for the formation of the surface functional NMDAR,
as it can be replaced by alanines if the C-terminus is absent
(Yang et al., 2007). Similarly, the deletion of the GluN2B C-
terminus including the HLFY motif did not affect the formation
of functional receptors when two pieces of the GluN2B subunit,
GluN2B truncated before M4 domain and GluN2B M4 domain,
were co-expressed together with the GluN1 subunit (Horak et al.,
2008a). Together, these data indicate that the HLFY motif may
provide a structural role to ensure the proper orientation of the
membrane domains and/or the C-termini in the ER processing
of the GluN1/GIluN2 receptors. Similarly, the GluN3B subunit
may also use the RXR motifs for ER retention, which must be
negated by the association with the GluN1 subunit (Matsuda
et al., 2003).

The structures of the extracellular regions of the GIuN sub-
units were also implicated in the regulation of ER processing of
NMDARs. Specifically, Prof. Stephenson’s group reported that
the structure of the glycine binding site in the GluN1 subunit
is critical for the release of the functional NMDAR from the
ER (Kenny et al., 2009). Similarly, another study revealed that
the structure of the glutamate binding site within the GluN2B
subunit controls the early processing of functional NMDARs (She
et al., 2012). Given the fact that glutamate is likely present in the
ER in the millimolar range (Berger et al., 1977; Meeker et al.,
1989), it is plausible to speculate that a newly formed NMDAR
heterotetramer is activated by agonists and then assessed for its
proper functioning by a specific ER quality control machinery,
as has been shown for the AMPARs (Penn et al., 2008). Future
studies must resolve whether different affinities for glutamate and
glycine among GluN1/GluN2A-D receptors, reported by many
studies, regulate the ER processing of NMDARs (Traynelis et al.,
2010). Furthermore, an ER retention signal has been identified
in the A2 segment of the amino-terminal domain (ATD) of
the GluN2A subunit; this must be masked by an interaction
with the GluN1 subunit so that the functional NMDAR leaves
the ER (Qiu et al., 2009). Interestingly, the appropriate region
within the GluN2B subunit does not contain any ER reten-
tion signal, although there is relatively high sequence homology
between the A2 segments of the GluN2A and GluN2B sub-
units. Because the identified A2 segment within the GluN2A
subunit does not likely control the ER retention of unassembled
GluN2A subunits, an additional ER retention signal(s) must
exist in the remaining part of the GIuN2A subunit (Qiu et al.,
2009).

The structures of the membrane domains also likely regu-
late the ER processing of the functional NMDAR. Our previ-
ous reports identified critical structural determinants within the
M3 domains of GluN1 and GluN2A-B subunits that cause the
unassembled subunits to be retained in the ER (Horak et al,,
2008b; Kaniakova et al., 2012a). However, we also showed that
the structures of the M3 domains of the GluN1 and GIuN2
subunits are critical for the release of the functional NMDARs
from the ER, likely because the M3 domains mutually negate
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their ER retention signals (Horak et al., 2008b; Kaniakova et al.,
2012a). Interestingly, these structural determinants within the M3
domains are present in the other glutamate receptor subtypes
including their human variants as well, and thus it is likely
that most ionotropic GluRs employ a common mechanism that
includes specific inter-membrane domain interactions. This view
is supported by recent studies showing that a specific amino
acid residue within the GluN1 M4 domain regulates the early
processing of NMDARs (Kaniakova et al., 2012b) and specific
inter-membrane domain interactions of the M4 domain with the
M1/M3 domains are required for surface expression of AMPARs
(Salussolia et al., 2011). Moreover, recent data revealed that
the M4 domain also controls the tetramerization of AMPARs
(Salussolia et al., 2013). Whether the M4 domain also regu-
lates tetramerization of NMDARs needs to be elucidated in
future studies. Indeed, lack of precise structural information
about the membrane regions of the NMDARs limits our current
understanding of the processes that are involved in described
phenomena.

Are the functional properties of NMDARs monitored during
ER processing, as has been shown for AMPARs and kainate
receptors (Priel et al., 2006; Penn et al., 2008)? As mentioned
above, there are sufficient concentrations of glutamate present
in the ER so that an NMDAR can be activated and monitored
by the ER quality control machinery. The NMDARs are thought
to have specific conformations associated with closed, open or
desensitized states (Traynelis et al., 2010). Interestingly, the pres-
ence of the GluN2 subunit determines the functional and phar-
macological properties of NMDARSs, including their macroscopic
desensitization, Mg>™" affinities and single-channel conductances
(Traynelis et al., 2010; Paoletti, 2011; Siegler Retchless et al.,
2012). But desensitization is not likely to be the major traffick-
ing determinant of GluN1/GluN2B receptor subtype (Kaniakova
etal., 2012a). Clearly, additional studies are necessary to elucidate
molecular mechanisms that are behind the release of functional
NMDARSs from the ER. One of these mechanisms may include the
ER resident chaperone protein, Sigma-1 receptor (o-1R), which
mediates trafficking of NMDARs to the cell surface (Pabba et al,,
2014).

Most neurons express at least two of the most common
GluN2 subunits, GluN2A and GluN2B, and thus three types of
receptors can be formed, GluN1/GluN2A, GluN1/GIluN2B and
GIuN1/GluN2A/GluN2B (Al-Hallaq et al., 2007; Tovar et al.,
2013). The functional properties of these three receptor types are
quite different (Hatton and Paoletti, 2005) and one may speculate
that their formation is not due to the random association of the
subunits, but is regulated by other factors such as developmental
stage and synaptic activity. Interestingly, when GluN2A subunit
increases its abundance at P7, the di-heteromeric GluN1/GluN2A
and GluN1/GluN2B complexes are present in similar amounts
to those seen in the later developmental stages (Al-Hallaq et al.,
2007). This indicates that the formation of NMDAR complexes
is not dependent only on the relative expression of the GluN2
subunits. A previous study also reported that there is a prefer-
ence for association of the GluN2 subunits with different GluN1
splice variants (Sheng et al., 1994). Because the GluN1 variants
containing the C2’ cassette exhibit an accelerated trafficking from

the ER (Okabe et al., 1999; Mu et al., 2003; Horak and Wenthold,
2009) and neuronal activity leads to increased expression of
C2’-containing GluN1 variants (Mu et al., 2003), it is obvious that
the formation of individual NMDAR types and their exit from
the ER are highly regulated processes that we are just learning to
understand.

FROM THE EXIT OF THE ER TO THE SYNAPSE

TRAFFICKING OF NMDA RECEPTORS FROM THE ER TO THE PLASMA
MEMBRANE

After being released from the ER, as for many other mem-
brane proteins, NMDARs are further processed in the somatic
Golgi apparatus and then distributed to the frans Golgi net-
work (TGN) and endosomes, to finally reach the membrane
and spines. While most NMDARs are likely processed in the
cell body and then transported to the synapse, some use a non-
conventional secretory pathway that bypasses the endoplasmic
reticulum-Golgi intermediate compartment (ERGIC) pathway
in the cell body and utilizes dendritic ER or Golgi outposts
(Wenthold et al., 2003; Jeyifous et al., 2009). Indeed, neu-
rons possess ramified dendrites that contain functional ER
and Golgi outposts; even spines may contain such structures.
NMDAR complexes seem to use different routes to reach
the synapses, specifically bypassing or not the somatic Golgi
apparatus.

MAGUKS

PDZ (PSD-95/Discs-large/ZO-1) domain-containing proteins,
such as the MAGUK proteins, PSD-95, SAP102, and SAP97,
were first identified as the major synaptic scaffolding proteins
anchoring NMDARs at glutamatergic synapses (Lue et al., 1994;
Kornau et al., 1995; Miiller et al., 1995, 1996; Brenman et al.,
1996; Kim et al, 1996; Lau et al., 1996; Niethammer et al,
1996; for review, see Sheng, 1996; Sheng and Kim, 1996; Kornau
et al., 1997) but many studies have also implicated them in the
trafficking of receptors to and/or from synapses (Wenthold et al.,
2003; Elias and Nicoll, 2007). SAP102, a multiple PDZ domain
with the same organization as PSD-95, got our attention very early
because, according to early data, it is enriched both at synapses
and in the general neuronal cytoplasm (Miiller et al., 1996; Sans
et al., 2000). Indeed, from the microsome fraction solubilized
with Triton X-100, it was shown that GluN1 subunits could be
immunoprecipated with SAP102 but not with PSD-95, showing
that at least SAP102 could interact with NMDARs way before
they reach the synapse (Standley et al., 2000). Therefore, we and
others hypothesized that PDZ proteins in a more global way
could be involved in the early events of assembly and delivery of
receptors, and that these different events were regulated through
interaction with other proteins (Figure 2). We performed yeast-
two hybrid screens using the MAGUK, SAP102, as bait to identify
novel regulators of GluR trafficking. A first screen with the three
PDZ domains of SAP102 identified Sec8 as a potential partner
of SAP102 (Sans et al., 2003). Sec8 is a member of the exocyst
complex, with a previously uncharacterized PDZ-binding domain
implicated in the secretory process (Hsu et al., 1996). The exocyst
is a multiprotein complex containing eight proteins (Sec3, Sec5,
Sec6, Sec8, Secl0, Secl5, Exo70, and Exo84) associated with
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FIGURE 2 | Model of the secretory pathways used by NMDARs.
First, after their synthesis and export from the endoplasmic reticulum
(ER), receptors travel through the Golgi before being inserted into
vesicles and transported directly to the plasma membrane or
transported into dendrites by vesicular transport by means of different
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complexes including the MAGUKSs, exocyst and mPINS and kinesins.
Alternatively, through an interaction with SAP97 and CASK, NMDAR
can exit the ER, bypass the ERGIC pathway and travel in vesicles to
dendritic Golgi outposts before reaching the membrane or the
synapse.

intracellular compartments in yeast, and implicated in directing
intracellular membrane vesicles through the secretory pathway
to their sites of fusion with the plasma membrane (Hsu et al.,
1999). However, its role in mammalian cells and the mechanisms
by which this complex could move cargos are unclear. Using
immunogold labeling in the CAl stratum pyramidale/stratum
radiatum region of the hippocampus at P10, we showed that
Sec8 or Sec6 colocalized with SAP102 and NMDARs in the ER
or Golgi region including the adjacent intermediate compart-
ment and TGN (Figure 3). In the ER, a complex made up
of NMDAR/SAP102 binds to Sec8 and some of the additional
subunits of the complex such as Sec6 or Exo70. We showed
that these interactions were important for surface delivery of
the receptors in heterologous cells and for synaptic delivery in
neurons (Sans et al., 2003). mPins was later shown to be involved
in the proper folding of SAP102 complexes that participate in
receptor trafficking (Sans et al., 2005). mPins interacts with G
protein alpha-subunits (Gai) and these interactions also play a
role in the traffic of the receptors. The GDI activity of mPins can
be overcome by the guanine nucleotide exchange factor, Resis-
tance to inhibitors of cholinesterase (Ric-8A), which activates Gai
protein stimulating the release of Gai-GTP (Tall and Gilman,
2005). It is possible that through this balanced action of mPins
and Ric-8, Gai proteins influence the traffic of NMDA receptors.
Furthermore, intracellular NMDARs have been shown to colo-
calize with SAP102 by immunocytochemistry or immunogold

labeling (Washbourne et al., 2004; Petralia et al., 2010; Standley
etal., 2012). In addition, it has been shown that phosphorylation
of Ser1480 on GluN2B can disrupt the interaction with SAP102
and PSD-95, thus leading to decreased targeting and anchoring
of GluN2B in neurons (Chung et al., 2004). More recently, the
hypothesis that SAP102 mediates trafficking of NMDARs has
been strengthened by several studies. Indeed, neurons transfected
with a ligand-binding deficient form of SAP102 show decreased
synaptic clustering of NMDARSs, although the SAP102 mutant
forms were efficiently targeted to synapses (Minatohara et al.,
2013). Interestingly, we showed in neurons transfected with full-
length GluN2B and SAP102, using a switch in temperature
from 37°C to 20°C to slow down the trafficking process, that
SAP102 was colocalized with NMDARs at the level of the ER
(Sans et al., 2005). Recently, Standley et al. confirmed these data,
demonstrating that SAP102 interaction with NMDAR occurs very
early in the secretory pathway; and using live imaging with Tac-
GIluN2A or Tac GIluN2B chimeras, they showed that SAP102
first interacts with the tail of the receptors and that PSD-95
could also be involved in the traffic of some NMDARs in the
post trans-Golgi network (Standley et al., 2012). It should be
noted that the PSD-95 antibody used in this study (T60) also
recognizes SAP97 (Sans et al., 2000) leaving open the possibility
that both PSD-95 and SAP97 can interact with the chimeras.
PSD-95 was also shown to interact with the exocyst (Riefler
et al., 2003). It is interesting to note that the exocyst has also
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FIGURE 3 | Inmunogold labeling of NMDARs, SAP102 and the exocyst
complex. (A-G) Double-immunogold labeling (arrowheads), in sections of
the CA1 region of the hippocampus (A) stratum pyramidale; (B-G) stratum
radiatum of juvenile animals, with antibodies to Sec6 or Sec8 (5 nm gold)
and SAP102 or GIuN2A/B (10 nm gold). (A) SAP102 and Sec8in RER in a
neuron soma. (B) SAP102 and Sec8 associated with a cytoplasmic
tubulovesicular structure in a growth cone. (C) SAP102 and Sec8
associated with a small vesicle adjacent to a large one, in a large dendrite.
(D) SAP102 and Sec8 at an early contact between neurites. (E) GIuN2A/B

and Sec8 associated with a cytoplasmic vesicle in a small neurite.

(F) SAP102 and Sec6 associated with a cytoplasmic vesicle in a large
dendrite. (G) SAP102 and Sec6 at a synapse on a dendrite shaft. Line scale
is 200 nm. (H) Distribution of immunogold labeling (56 nm) for Sec8 in the
CA1 stratum pyramidale/stratum radiatum region of the hippocampus at
P10. Golgi region includes Golgi and the adjacent intermediate
compartment and TGN. Microtubule-associated and tubulovesicular (T-V)
organelle-associated categories are not mutually exclusive. Figure is a
reprint of Figure 3 from Sans et al., 2003.

been involved in the trafficking of NMDAR-dependent AMPAR
trafficking through a previously unidentified interaction between
the Sec8 N-terminal sequence and GRIP1 (Mao et al., 2010).
Ex070, another exocyst component, controls receptor synaptic
accumulation (Gerges et al., 2006). All these results raised several
interesting questions about the exact composition of the exocyst
complex in the trafficking process, but they clearly show that the
exocyst is implicated in delivery of receptors. SAP97 is another
MAGUK with a high level of expression in the intracellular
compartments (Sans et al., 2001), and that could interact with
NMDARs (Niethammer et al., 1996; Songyang et al., 1997; Bas-
sand et al., 1999). SAP97 is a GluAl interactor involved in the
precise targeting and clustering of AMPARSs (Leonard et al., 1998;
Sans et al., 2001; Nakagawa et al., 2004; Schliiter et al., 2006).
In 2003, Di Luca et al. showed that SAP97 could indeed bind
directly to GluN2A through its PDZ1 domain, and that this
interaction is regulated by CaMKII (Gardoni et al., 2003; Mauceri
et al., 2007). This interaction may be quite important in imma-
ture neurons since SAP97 seems to be able to drive the switch
between GIuN2B and GIluN2A (Howard et al., 2010). It could
also be involved in the trafficking of a subpopulation of receptors

that do not use the conventional secretory pathway. Actually,
Green et al. described a new path taken by some NMDARs
associated with SAP97 and CASK and possibly KIF17 (Jeyifous
et al., 2009). They showed that some NMDARs are directed from
the somatic ER into a specialized dendrite ER subcompartment
that targets NMDARs to dendritic Golgi outposts in dendrites.
Later work showed that CASK regulates the conformation of
SAP97, and thus is responsible for the specificity of SAP97 for
AMPARs or NMDAR:s. In its compact conformation, SAP97 is
preferentially associated with GluAl-containing AMPARs, while
in the extended conformation due to CASK binding, SAP97 is
associated with GluN2B-containing NMDARs (Lin et al., 2013).
However, this is in contradiction to the initial finding showing
that only GIuN2A associates with non-phosphorylated SAP97
(Gardoni et al., 2003) and that GluN1 cannot interact with
SAP97 (Leonard et al., 1998). These discrepancies could be due
to SAP97 isoforms, which have distinctive roles in the trafficking
of AMPARs and NMDARs. It was shown that the synaptic pool of
AMPARs is regulated by aSAP97 while BSAP97 is important for
the extrasynaptic pools of both AMPARs and NMDARSs (Li et al.,
2011).
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KINESIN MOLECULAR MOTORS

The long distance transport along dendrites or axons depends
on microtubules and motor proteins such as kinesins. KIF17
was the first kinesin involved in the trafficking of approximately
50 nm vesicles containing the GluN2B subunit of the NMDARs
(Setou et al., 2000). KIF17 interacts with the PDZ domain of
mLin10/Mint1/X11, which binds to GluN2B though an addi-
tional interaction with the adaptor proteins mLin2/CASK and
mLin7/MALS/Velis. Additional work showed that these GluN2B
containing vesicles move with a speed of 0.76 pwm/sec (Guil-
laud et al., 2003). This is quite different from the 0.07 mm/sec
found for GluN1 subunits (Washbourne et al., 2002) but could
represent a different population of receptors. More recently, it
has been shown that the interaction between KIF17 and its
cargo is regulated by CaMKII (Guillaud et al., 2008) and that
synaptic activity can control cargo itinerary (Hanus et al., 2014).
Using loss of function experiments, Hirokawa et al. showed that
the loss of GIuN2B is compensated by an increase in GluN2A
subunits at synapses suggesting that KIF17 is somehow specific
for GluN2B subunits (Guillaud et al., 2003). However, in a
kifl7 KO, both GluN2A and GluN2B subunits are reduced at
synapses by 22% and 43% respectively, but by two different
mechanisms. GluN2B transport is inhibited and GluN2A sub-
units are also lost due to an accelerated degradation by the
ubiquitin-proteasome system (Yin et al., 2011). Interestingly,
mLin2/CASK associates with SAP97 to regulate the traffic of
Kir2 or NMDARs early in the secretory pathway (Leonoudakis
et al., 2004; Jeyifous et al., 2009; Lin et al., 2013), suggesting
that KIF17 may direct post-ER transport of GluN2B through dif-
ferent adaptor complexes including KIF17/Mintl/CASK/MALS
and KIF17/Mint1/CASK/SAP97. Another possibility is that the
KIF17/Mint1/CASK complex binds to SAP102 as well as SAP97.
However, only 43% of the synaptic GluN2B subunits are lost in
the kif17 KO suggesting that other kinesins and complexes are also
involved in GluN2B trafficking. Indeed, KIF1ba has been shown
to interact directly with PSD-95 and SAP97 (Mok et al., 2002).
Even though SAP102 was not tested in this paper, the C terminus
sequence of KIF1ba (RETTV) contains a potential class I PDZ
domain-binding motif, S/T-X-V (S/T, Ser or Thr; X, any amino
acids; V, hydrophobic amino acids) that may interact with PSD-
95 relatives such as PSD-93 and SAP102. In summary, SAP102,
PSD-95 or SAP97 and Mint1/CASK have been implicated in the
early trafficking of NMDARs (Figure 2). The data are so far
insufficient to attach a specific MAGUK to a specific kinesin
or subunit. It is clear that GIuN2B has received more attention
than GIuN2A and may be more often associated with trafficking
complexes.

MYOSINS

KIF1b or KIF17 do not seem to enter directly into postsynaptic
regions (Mok et al., 2002; Guillaud et al., 2003). Therefore, other
means are needed to bring NMDAR to the PSD (Guillaud et al.,
2008). It has been shown that the short distance transport inside
the spine depends on actin and motor proteins such as myosins
(Kapitein and Hoogenraad, 2011). Myosin Va or Vb and Myosin
VI have been implicated in the trafficking of AMPARs (Wu et al.,
2002; Osterweil et al., 2005; Lisé et al., 2006; Correia et al.,

2008) but none of these have been involved in the regulation of
NMDARs. While these are clearly involved in spine trafficking,
other types of myosins (Lei et al., 2001; Amparan et al., 2005)
may be involved in the delivery of NMDAR to the PSD. Other
possible mechanisms for reaching the PSD include lateral dif-
fusion along the extrasynaptic membrane (Choquet and Triller,
2013).

MECHANISMS REGULATING SYNAPTIC NMDARs

NMDAR DISTRIBUTION AND FUNCTION AT SYNAPSES AND
EXTRASYNAPTIC REGIONS OF NEURONS

Literature on the function of NMDARs at synapses is extensive
and we only can summarize it briefly in this review (see reviews:
Petralia and Wenthold, 2008; Petralia et al., 2009; Traynelis et al.,
2010; Paoletti et al., 2013; Sanz-Clemente et al., 2013b; Horak
et al., 2014). The basic components of a synapse include: (1) the
presynaptic terminal, which has a presynaptic membrane region
called an active zone where synaptic vesicles dock to release
glutamate into a synaptic cleft between the pre- and post-synaptic
processes; and (2) the postsynaptic membrane, which contains
the synaptic receptors that are bound to and/or associate with a
complex of proteins that make up the postsynaptic density. Usu-
ally the postsynaptic process is either a dendrite shaft or a spine
extending from a dendrite shaft. NMDARs are found on all parts
of the synapse, including the pre- and postsynaptic membranes as
well as extrasynaptic membrane areas that surround the synapse
proper.

Typically, NMDARs of mature postsynaptic membranes are
made of GluN1 combined with GluN2A or GIuN2B, or both, as
noted in the first section of this review. Other GluN2 subunits
have more restricted distributions, such as GluN2C in the cere-
bellum and olfactory bulb and GluN2D in central parts of the
forebrain and in the midbrain in mature animals. GluN2B and
GluN2D are widespread in the embryonic and early postnatal
brain. GIuN3A is also a common NMDAR subunit in early
postnatal development, while GluN3B appears mainly later in
development. GluN2B and GluN2D may be the GluN2 sub-
units of the most common extrasynaptic NMDARs, and in fact,
GluN2D may be exclusively extrasynaptic (Brickley et al., 2003;
Harney et al., 2008). Mature neurons of the forebrain may show a
prevalence for extrasynaptic NMDARs with GluN2B and synaptic
ones with GluN2A (Tovar and Westbrook, 1999; reviewed in
Hardingham and Bading, 2010; Gladding and Raymond, 2011;
Parsons and Raymond, 2014), but other studies have not seen
a clear delineation between preferential localization of these
2 subunits (Groc et al., 2006; Thomas et al., 2006; Harris and
Pettit, 2007; Petralia et al., 2010). In addition, differences in
GluN2A/GluN2B receptor composition in synapses have been
found between left and right CA3 inputs onto CAl pyrami-
dal cells of the adult hippocampus (Shinohara et al., 2008).
Synaptic spines that receive presynaptic terminals from the left
CA3 (on both sides of the brain) are smaller and have a high
density of GluN2B receptors, while spines receiving input from
the right CA3 are larger and richer in GluN2A and GluAl
receptors.

Presynaptic NMDARs may be more widespread during neu-
ronal differentiation and may be involved in guidance of the
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axonal growth cone (e.g., Wang et al., 2011; they also function at
some developing and mature synapses (e.g., Jourdain et al., 2007;
Larsen et al., 2011; Duguid, 2013)).

At the synapse, NMDARs are associated with scaffolding
proteins of the postsynaptic density, especially the MAGUKs
(PSD-95, PSD-93, SAP102, SAP97), as noted in the previous
sections. The PDZ binding domain at the C-terminus of GluN2A
and GIuN2B binds to the first and the second PDZ domains
of MAGUKSs (Kornau et al., 1995; Niethammer et al., 1996).
But NMDARs also may bind to MAGUKs via other domains
(Cousins et al., 2009; Bard et al., 2010; Chen et al., 2011). PSD-
95 and SAP102 are the main MAGUKSs present in most mature
forebrain synapses and both of them interact with GluN2A and
GIluN2B (Sans et al., 2000). PSD-95 is almost immobile in the
PSD and forms an organized structure (Blanpied et al., 2008)
maybe because of the presence of palmitoylation sites of the
protein (El-Husseini et al., 2000); while SAP102 appears to be
more widespread in the cytoplasm and extrasynaptic sites, in
addition to its presence in the postsynaptic density (Miiller et al.,
1996; Sans et al., 2000, 2003; Standley et al., 2000). Furthermore,
the majority of SAP102 in spines turns over within 5 min and
its mobility is dependent on actin and glutamate receptor acti-
vation (Miiller et al., 1996; Zheng et al., 2010, 2011). Indeed,
during development, there may be a more prevalent associa-
tion of SAP102 with GluN2B-containing NMDARs while PSD-
95 may associate more with GluN2A (Sans et al., 2000; Petralia
et al., 2005). In the superior colliculus and the visual cortex,
after eye opening, synaptoneurosomal PSD-95 is bound to more
GluN2A-rich NMDARs and less GluN2B-rich NMDARs, but the
amount of the auxiliary protein, stargazin, bound to PSD-95,
remains constant (Yoshii et al., 2003). In retinal ganglion cell
synapses, GluN2A, the GluN1-c2’ variant, PSD-93, and PSD-
95 are associated with the PSD, while GIuN2B, the GluN1-
c2 variant, and SAP102 tend to be perisynaptic (Zhang and
Diamond, 2009). However, such a preferential association is not
always clear, and mainly at mature synapses (Al-Hallaq et al.,
2007; Petralia et al., 2010). In 2008, Nicoll et al. showed that
SAP102 can traffic either GluN2A or GluN2B to the synapse,
but PSD-95 selectively traffics GIuN2A (Elias et al., 2008). Later,
Groc et al. showed that this could be due to a specific diva-
lent interaction (Bard et al., 2010). Other proteins may hold
NMDARSs in the synapse such as EphB receptors that associate
with the extracellular N-terminus of NMDARs (Dalva et al.,
2000); extracellular matrix proteins such as reelin may also
affect NMDAR composition at synapses (Groc et al.,, 2007).
NMDARs also can have an auxiliary subunit, Netol (complement
C1r/C1s/Uegt/Bmp1 domain-containing neuropilin tolloid-like 1
protein), which may be important for synaptic plasticity (Ngetal.,
2009). Electrophysiology and immunogold electron microscopy
studies with Netol and Neto1/Neto2 knockout mice, respectively,
found an increase in GluN2B-containing NMDARs at hippocam-
pal CA3 mossy fiber synapses (Wyeth et al., 2014). Netol may
form part of a trafficking complex that also includes NMDARs,
MAGUKSs and amyloid precursor protein (APP; Cousins et al.,
2013).

Extrasynaptic NMDARs may associate with scaffolding pro-
teins also, including MAGUKs and GIPC (Figure 4; Yi et al,

2007; Petralia et al., 2010; reviewed in Gladding and Raymond,
2011; Petralia, 2012). However, most extrasynaptic NMDAR sites
show little ultrastructural specialization, probably because there
are relatively few proteins accumulated at these sites (Petralia
etal., 2002, 2010; review: Petralia, 2012). Extrasynaptic NMDARs
may be associated with a different set of proteins, involved in
a different cell pathway, compared to NMDARs of the synapse.
At least in some cases, activation of synaptic NMDAR pathways
may upregulate neuronal cell functional plasticity and survival,
while activation of extrasynaptic ones may turn on pathways
leading to neurodegeneration (Liu et al., 2007; Hardingham
and Bading, 2010; Gladding and Raymond, 2011; Bartlett and
Wang, 2013; Karpova et al., 2013); and synaptic vs. extrasynaptic
NMDARs also may be tied to pathways leading to LTP vs. long-
term depression (LTD), respectively (Bartlett and Wang, 2013).
In addition, NMDAR function is gated by different co-agonists,
D-serine and glycine, in synaptic and extrasynaptic NMDARs,
respectively (Papouin et al.,, 2012).

NMDAR function at synapses can be modified either by
modulating the function of individual NMDAR complexes or
by changing the composition or number of NMDARs in the
synapse (see reviews: Rebola et al., 2010; Paoletti et al., 2013).
The function of individual complexes can be modulated in many
ways, including co-agonist activation, inhibition by extracellular
zing, as well as effects of polyamines and redox modulators. The
C-terminus is subject to modulation via phosphorylation at sev-
eral sites, and these can affect the strength of NMDAR-mediated
currents and calcium permeability. Also, many G protein-coupled
receptors, such as M1 muscarinic, LPA, metabotropic gluta-
mate, and PACAP1 receptors enhance NMDAR function via
phosphorylation events. Unfortunately, there is no room here
to discuss these in any detail. Thus we will concentrate in the
following sections only on changes in trafficking of NMDARs at

synapses.

MECHANISMS OF NMDAR MOVEMENTS: ENDOCYTOSIS AND
RECYCLING

While there may be distinct, relatively stable, functional popu-
lations of NMDARSs in extrasynaptic locations as well as in the
synapse, other extrasynaptic NMDARs may be more mobile—
trafficking en route to or from a synapse (see previous section
of this review, and reviews by Gladding and Raymond, 2011;
Petralia, 2012; Paoletti et al., 2013). NMDARs destined for the
synapse may exocytose at sites away from the synapse, either
along the dendrite or on the sides of spines (Petralia et al.,
2003; Washbourne et al., 2004), while endocytosis also may
occur in these areas (Figure 5; Blanpied et al., 2002; Petralia
et al., 2003; Récz et al., 2004; Pérez-Otafio et al., 2006). Prior
to synapse formation in early postnatal development, NMDARs
appear to migrate to and from the cell surface in cycles of exo-
and endocytosis (Washbourne et al., 2004). The dynamic move-
ments of excitatory and inhibitory receptors involve constant
switching between mobile and immobile states, depending on
thermal agitation and the reversible binding to stable elements
including scaffolding and cytoskeletal anchoring proteins, both
in the postsynaptic density and in extrasynaptic sites (reviewed
in Choquet and Triller, 2013). Most of the mobility studies of
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FIGURE 4 | Diagram illustrating the synaptic and extrasynaptic
distributions of NMDARs and associated scaffolding and adhesion
proteins, and especially the associations of extrasynaptic NMDARs with
adjacent cell processes. Note that other GluRs (AMPARs, kainate and delta
iGluRs, and metabotropic GluRs (mGIuRs)) are found at synapses and in
extrasynaptic locations. AMPARSs are typically the most abundant GluRs at
synapses and may also be more common than NMDARs in extrasynaptic

Adhesion proteins such as
Cadherin/Catenin

locations in some neurons. mGluRs are also widespread; some forms are
particularly abundant in the perisynaptic zone. Like NMDARs, these GluRs
also show close associations with other proteins that affect their trafficking
and localization (not illustrated here). Trafficking of NMDARSs through the Golgi
pathway and/or endosomes is mediated by a number of associated proteins
such as MAGUKSs and Scribble1 (see text for details). Diagram and legend text
is modified from Figure 4 of Petralia, 2012.

GluRs have involved AMPARs, but Groc et al. (2006), looking
at NMDARSs in dissociated hippocampal neuron cultures, found
that the latter are more stable overall compared to AMPARs,
with GluN2B-containing receptors having more surface mobility
than those with GIuN2A. Unlike AMPAR mobility, NMDAR
mobility does not seem to be affected by TTX or KCl; thus,
NMDARs may be more tightly attached to their surface posi-
tions (Groc et al., 2004). This is consistent with ideas of stable
NMDAR populations both at synapses and in some extrasy-
naptic areas. Harris and Pettit (2007), using acute hippocampal
slices, found little evidence of exchange of NMDARs between
synaptic and extrasynaptic pools, which contained about 35%
of the dendritic NMDARs. In contrast, Tovar and Westbrook
(2002), using dissociated hippocampal neuron cultures, found
an exchange of about 65% of synaptic NMDARs with extrasy-
naptic NMDARs in 7 min. Bard et al. (2010) also found evi-
dence for rapid exchange of NMDARs in cultured hippocampal
neurons.

Endocytosis of NMDARs utilizes clathrin-coated vesicles via
association of the receptors with the AP-2 adaptor complex
(Roche et al., 2001; Petralia et al., 2003; Lavezzari et al., 2004;
Prybylowski et al., 2005); however, internalization may occur

by an alternative, non-clathrin mediated endocytosis mechanism
(Swanwick et al., 2009). Interaction of GluN2A with AP-2 is via
a C-terminus dileucine motif (Lavezzari et al.,, 2004) although
an additional AP-2 binding motif may be involved (Vissel et al.,
2001). The AP-2 binding motif of GluN2B is YEKL, close to the
C-terminus (Roche et al., 2001); MAGUK-dependent, fyn kinase-
mediated phosphorylation of Tyr1472 in this motif prevents inter-
nalization and increases synaptic NMDAR currents (Prybylowski
2005). NMDARs can take different pathways following
their internalization and incorporation into early/sorting endo-
somes; thus, GluN2A-containing NMDARs preferentially traffic
to late endosomes for degradation, while GluN2B-containing
NMDARs tend to move to recycling endosomes from where
they can return to the surface and to synapses (Lavezzari et al.,
2004). Recently, we showed that Scribblel could prevent GluN2A
subunits from undergoing lysosomal trafficking and degradation
by increasing their recycling to the plasma membrane following
NMDAR activation (Piguel et al., 2014). We also showed that
Arf6 and the Arf6-specific guanine nucleotide exchange factor
(EFA6) are involved in that process. Interestingly, EFA6 is a
partner of sorting nexin-1 (SNX1), a retromer component that
is implicated in endosomal sorting and trafficking (Fukaya et al.,

et al.,
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FIGURE 5 | Double immunogold labeling of clathrin-coated pits/vesicles
(CCP/Vs; arrowheads) associated with bare densities (A,B; arrows) and
extrasynaptic membrane regions (C-F) in the P2 hippocampus CA1
stratum radiatum with GluN1 (A-C,F) or GluN2A/B (D,E) antibody (5
nm gold), and clathrin (A-E) or adaptin o (F) antibody (10 nm gold).
(A,B) These two “bare” densities on dendrites actually show fairly close
associations with adjacent processes. In both micrographs, a definitive
CCP/V is seen in the vicinity of the density, and a second probable CCP/V

is evident closer to the density. (C,F) In C, GIuN1 and clathrin antibodies
label an early, flat CCP/V adjacent to a CCP/V that is pinching off, and
GIuN1 and adaptin « label a betterdeveloped CCP/V in F (both are
dendrites). (D,E) GIuN2A/B and clathrin antibodies label a newly formed
CCV in (E), and another CCV in (D) in a process at a point where the latter
is contacted by another process. Scale bars, 100 nm. Scale in (E) is valid
for micrographs (A-E). Figure is a reprint of Figure 3 from Petralia et al.,
2003.

2014) and Scribblel has also been shown to be implicated in
the retromer localization to endosomes in epithelial cells (de
Vreede et al., 2014). The retromer functions as a well-known
complex involved in the retrograde transport from endosomes
to the Golgi (Collins, 2008; Seaman et al., 2013) and is highly
expressed in the hippocampus. Von Zastrow et al. recently showed
that it is essential for functional surface expression of AMPARSs
and NMDARSs at synapses (Choy et al., 2014). This function also
may involve a complex of retromer and SNX27, which contains
an N-terminal PDZ domain (Wang et al., 2013; Gallon et al.,
2014). Moreover, many other proteins can affect NMDAR mem-
brane expression differently and influence or change the ratio
between GluN2A and GluN2B. These include PDZ proteins (i.e.,

MAGUKS) as already discussed (Losi et al., 2003; Sans et al., 2003,
2005; Chung et al., 2004; Mauceri et al., 2004; Howard et al.,
2010), SNARE-related proteins (Lau et al., 2010; Suh et al., 2010)
and kinases (Prybylowski et al., 2005; Sanz-Clemente et al., 2010,
2013a).

The mechanisms involved seem to be a bit different for
GluN3 subunits. Endocytosis of GluN3A-containing NMDARSs is
mediated by PACSIN1 (protein kinase C and casein kinase sub-
strate in neurons protein 1)/syndapinl, a neuron-specific acces-
sory protein controlling clathrin-mediated endocytosis; PACSIN1
binds to the C-terminus of GluN3A via PACSINI’s NPF motif
(Pérez-Otano et al., 2006). A novel endocytic motif (YWL)
located within the cytoplasmic C-terminal tail of GluN3A is
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involved in the binding to the clathrin adaptor AP-2 (Chowdhury
etal., 2013).

DEVELOPMENTAL CHANGES IN SYNAPTIC NMDAR NUMBER AND
COMPOSITION

As we noted above, there are changes in NMDAR composition
during development; NMDARs in early postnatal development
mainly contain GluN2B or GluN2D, while GluN2A and GluN2C
are more prevalent in adults. A downregulation of GluN2D-
containing NMDARs in CA1l hippocampal pyramidal neurons
may explain the great decrease in sensitivity to magnesium block
beginning at P4 (Kirson et al., 1999). But especially there is a
major switch from NMDARs with GluN2B to those with GIluN2A.
In the hippocampus, GluN2B is high at synapses at P2 (post-
natal day 2) and there is a gradual decrease of GluN2B with
age, as GIuN2A increases; adults still show some NMDARs with
GluN2B but GluN2A dominates (Figure 6); this also is accom-
panied by a similar switch in MAGUKSs from mainly SAP102
to mainly PSD-95 plus some SAP102 (Sans et al., 2000; Petralia
et al., 2005). This suggests that GluN2A-containing NMDARs are

necessary for many functions found in the adult. In contrast,
motoneurons in areas of the brain associated with the suckling
reflex needed immediately after birth may already have high
levels of GluN2A early in development (Oshima et al., 2002).
The switch from GluN2B- to GluN2A-containing NMDARs is a
conserved phenomenon among mammals and has been shown
to occur in human development (Jantzie et al., 2013). In the rat
hippocampus, activity induces a rapid change from GluN2B- to
GluN2A-containing NMDARs, and this is bidirectional depend-
ing on activity (Bellone and Nicoll, 2007); in fact, studies of
single synapses indicate that inactivity in silenced spine synapses
enhances NMDAR currents and increases the number of GluN2B-
containing NMDARs (Lee et al., 2010). At least in some cases,
the switch is controlled by learning experiences such as with
vision (light vs. dark rearing; Quinlan et al., 1999a,b). Stimuli
that induce LTP induce the switch from GIuN2B- to GluN2A-
containing NMDARs in young animals (Bellone and Nicoll,
2007); this effect is not seen in older animals. As expected,
regulation of the switch is controlled by calcium and phospho-
rylation. For example, casein kinase 2 (CK2) phosphorylates

FIGURE 6 | Immunogold labeling for GluN2A (= NR2A) and GluN2B

(= NR2B) in synapses during postnatal development of hippocampus
CA1 stratum radiatum. Micrographs illustrate the decrease in GIuN2B and
increase in GIUN2A at synapses during development. For GIuN2B, there
was a significant decrease from P2 to P35 and from P10 to P35; 30%,
33%, and 23% of synapses were labeled for P2, P10, and P35,
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respectively. The Y-axis indicates gold per synapse (= synaptic cleft plus
postsynaptic density) or per synapse + 100 nm (= 100 nm below the
postsynaptic membrane). Scale bars for micrographs are 100 nm, arrows in
micrographs indicate gold labeling associated with the postsynaptic density,
and histograms show values plus standard errors. Figure is a reprint of
Figure 6 from Petralia et al., 2005.
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synaptic GluN2B to drive its endocytosis and replacement by
GluN2A in cortical and hippocampal neuron cultures (Sanz-
Clemente et al., 2010). The switch in hippocampal neurons actu-
ally involves many components, including activation of NMDARs
and mGluR5, PLC, PKC, and calcium-release from IP3 receptor-
dependent stores (Matta et al., 2011). Experience-dependent epi-
genetic remodeling associated with the GluN2B to GluN2A switch
is mediated by a transcription factor called REST (repressor
element 1 silencing transcription factor); when activated, REST
is recruited to the promoter of the gene for GluN2B, where it
binds to a 23-base pair motif in the promoter, recruiting co-
repressors that can remodel the chromatin (Rodenas-Ruano et al.,
2012).

Also as noted above, GluN3A is prevalent in early development
and is lost or reduced with age. GIuN3A is believed to prevent
the stabilization of premature synapses, and its downregulation is
necessary for synapse maturation (Wong et al., 2002; Pérez-Otano
et al., 2006; Roberts et al., 2009). GIuN3A can be found in both
the pre- and postsynaptic processes, and during development of
the visual cortex, presynaptic NMDARs appear to switch from
GluN1/2B/3A to GluN1/2B (Larsen et al., 2011). In this case,
the GluN3-containing presynaptic NMDARs promote glutamate
release and spike timing-dependent LTD in the juvenile visual
cortex, probably important for developing the early receptive field
properties. After maturation, the now GluN3A-lacking NMDARs
may be active under strongly depolarizing conditions to promote
the facilitation of repetitive stimuli. Possible differences in the
development and distribution of GluN3A between rodents and
humans have been reported (Eriksson et al., 2007; Nilsson et al.,
2007). Indeed, human GluN3A contains a proline rich motif in
the C-terminus that is not found in rat GluN3A; this domain
may bind SH3 domains to affect trafficking, although appar-
ently not the SH3 domain of PSD-95 (Eriksson et al., 2007).
The developmental switch from GluN2B to GluN2C-containing
NMDARSs in cerebellar granule cells is mediated by innervation
from mossy fibers that release neuregulin, activating ErbB2 and
ErbB4 receptors on the granule cells (Ozaki et al., 1997; Garcia
et al., 2000; Hahn et al., 2006). During this time, surface delivery
of GluN2C-containing NMDARs depends on its phosphorylation
by protein kinase B and its subsequent association with protein
14-3-3 (Chen and Roche, 2009).

CHANGES IN NMDAR NUMBER AND COMPOSITION IN MATURE
SYNAPSES

Generally, it has been thought that change in NMDAR composi-
tion at synapses is a developmental phenomenon accompanying
the increase of AMPARs to adult levels (Sans et al., 2000; Petralia
et al., 2005), and that adult plasticity involves changes in number
and composition of AMPARs but not NMDARs (reviewed in
Paoletti et al., 2013). Indeed, Bellone and Nicoll (2007) found no
evidence of NMDAR plasticity in the CA1 region in hippocam-
pal slices in 3 weeks postnatal Sprague-Dawley rats. A number
of studies looking at NMDAR changes in the hippocampus of
maturing rodents have concentrated on the period up to this
point—from 2 to 3 weeks postnatal. Studies have shown evidence
of bidirectional control of NMDAR GluN2A/GluN2B ratio in
the Schaffer collateral/CA1 spine synapses of the hippocampus

in slices from 2-3 week old Sprague-Dawley rats (Xu et al,
2009; Peng et al., 2010), i.e., looking at the period just prior to
the 3 week limit indicated by Bellone and Nicoll (2007). Zhao
et al. (2008) also provided evidence that stimulation can induce
extrasynaptic NMDARs, mainly containing GluN2B (Figure 4),
to move laterally into the synapse in 3 week-old hippocampal
slices. In contrast to these studies showing changes in NMDARs
only within 3 weeks postnatal, Grosshans et al. (Grosshans
et al., 2002) found that LTP involves rapid PKC and Src-family
dependent surface expression of NMDARs in the CA1 region of
hippocampal slices from 6-8 week old rats. The reason for the
difference is not clear but it may be that the latter study noted
changes in extrasynaptic receptors. In support of this, studies
of the visual cortex have indicated that there are later changes
in extrasynaptic or presynaptic NMDARs (Yashiro et al., 2005;
Larsen et al., 2011). Also, Harney et al. (2008) suggest that in the
hippocampal dentate gyrus of 3—4 weeks old rats, extrasynaptic
GluN2D-containing NMDARs are recruited to synapses during
LTP. They presume that these receptors may be perisynaptic and
that addition of these receptors to the synapse is a transient
phenomenon; this is in contrast to other studies suggesting that
GluN2D-containing NMDARs are exclusively extrasynaptic, as
discussed above. Other studies in the 3-4 week period have
shown the PKC-dependent insertion of NMDARs into mossy
fiber synapses on CA3 hippocampal neurons during mossy fiber
LTP (Kwon and Castillo, 2008) and orexin-induced, PLC/PKC-
dependent insertion of NMDARs in synapses of dopaminergic
neurons in the ventral tegmental area (Borgland et al., 2006).
The latter synapses undergo the GluN2B to GluN2A switch in
the first postnatal week, and interestingly, after this (and pos-
sibly even in adult mice), cocaine can evoke a switch to quasi-
calcium impermeable NMDARs containing GluN3A and GluN2B
(along with a switch to calcium-permeable AMPARSs; Yuan et al.,
2013). Subsequent recovery appears to be mediated by mGluR1,
replacing the GluN3A-containing NMDARs with ones containing
GluN2A again.

CONCLUDING REMARKS

In this brief review, we have highlighted some of the recent work
on NMDAR assembly, ER exit to membrane and synapse traffick-
ing of NMDARs. Because of its involvement in a critical function
such as neurotransmission in a complex cell like a neuron, it is
reasonable to propose that an NMDAR will interact with tens
or maybe even hundreds of different proteins during its lifetime.
Most of the identified interactions involve the cytoplasmic C-
terminus of the GluN subunits. It is clear that more protein
partners of NMDARSs, including those that bind to extracellu-
lar and transmembrane domains (TMDs), await identification
because they are not readily detectable using current assays, but
may prove to be important to the trafficking and/or function of
NMDARs. Furthermore, it is obvious that most studies dealing
with the NMDARs have been performed using rat/mouse genes
and thus the potential differences in trafficking of rodent and
human NMDARs have been mostly neglected. However, human
NMDARs exhibit similar functional and pharmacological prop-
erties to rodent NMDARs, consistent with the critical role that
these receptor play in excitatory synapses (Hedegaard et al., 2012).
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Therefore, we expect that future studies will identify novel protein
partners of the NMDARs as well as will address where the protein
interactions of the NMDARs occur and how these interactions
are regulated. Indeed, this knowledge will shed new light on
our understanding of the different stages of processing, synaptic
delivery, synaptic retention, and degradation of NMDARs and
will also enable us to find new strategies to treat some human
brain disorders.
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