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Abstract

The NMDA subtype of ionotropic glutamate receptor is a sophisticated
integrator and transducer of information. NMDAR-mediated signals control
diverse processes across the life course, including synaptogenesis and
synaptic plasticity, as well as contribute to excitotoxic processes in
neurological disorders. At the basic biophysical level, the NMDAR is a
coincidence detector, requiring the co-presence of agonist, co-agonist, and
membrane depolarization in order to open. However, the NMDAR is not
merely a conduit for ions to flow through; it is linked on the cytoplasmic side
to a large network of signaling and scaffolding proteins, primarily via the
C-terminal domain of NMDAR GIuN2 subunits. These physical interactions
help to organize the signaling cascades downstream of NMDAR activation.
Notably, the NMDAR does not come in a single form: the subunit
composition of the NMDAR, particularly the GluN2 subunit subtype
(GIluN2A-D), influences the biophysical properties of the channel.
Moreover, a growing number of studies have illuminated the extent to which
GluN2 C-terminal interactions vary according to GIuN2 subtype and how
this impacts on the processes that NMDAR activity controls. We will review
recent advances, controversies, and outstanding questions in this active
area of research.
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Introduction

NMDARs  (N-methyl-D-aspartate [NMDA] receptors) are
glutamate-gated cation-passing channels that play a major
role in the CNS'?. They are permeant to Ca*, which medi-
ates many of the consequences of NMDAR activity, includ-
ing synaptic modification, activity-dependent development, and
neuroprotective signaling. Moreover, inappropriate NMDAR
activity contributes to neurotoxicity and synaptotoxicity in a
variety of acute and chronic pathological situations*>. Most
NMDARs contain two obligate GIluN1 subunits, plus two
GluN2 subunits, of which there are four types (2A-D), with
GluN2A and GIuN2B predominant in the forebrain, GluN2C
prevalent in the cerebellum, and GIuN2D found mainly in
the midbrain. The GIuN2 subtype dictates many biophysical
properties of the NMDAR, including agonist affinity, open prob-
ability, and deactivation kinetics, and so influences synaptic
NMDAR-evoked currents and downstream signaling”. During
forebrain development, there is a shift in the subunit composi-
tion of NMDARSs, from near-exclusively GluN2B-containing
NMDARs to populations of NMDARs containing GIuN2A
representation—both  GluN1,-GluN2A,  diheteromeric  recep-
tors as well as GluN1-GluN2A-GIuN2B triheteromeric
receptors’.

NMDARs do not exist in isolation on the plasma membrane, and
so the consequences of their activation do not merely depend
on the profile of ionic flux upon their activation. The cyto-
plasmic C-terminal domains (CTDs) of NMDAR subunits are
linked to a signaling complex—a network of signaling and
scaffolding molecules’. In the case of GluN2 subunits, the CTDs
are very large in vertebrate animals—around 600 amino acids
(GluN2A and 2B) or 400 amino acids (GluN2C and 2D) com-
pared to around 100 amino acids in invertebrate orthologs’.
As will be discussed in this review, CTD-associated proteins
influence the events downstream of NMDAR activation, and
differential association with different NMDAR subunits con-
tributes to the functional diversity of NMDAR signaling. There
will be an emphasis on the cellular and molecular consequences
of NMDAR activity rather than behavioral outputs. Moreover,
while a small number of studies have probed the role of pro-
tein interactions with GluN2C and GIluN2D CTDs in receptor
trafficking and degradation®*'', the overwhelming majority
are centered on the CTDs of GIluN2A and 2B, which will be
the focus of this review.

NMDAR interactions with cytoplasmic proteins
depend on subunit composition

Members of the membrane-associated guanylate kinase
(MAGUK) family of scaffold proteins, including post-synaptic
density (PSD) protein 95 (PSD-95), PSD-93, and SAP102, were
the first proteins to be identified as associated with NMDAR
subunit CTDs'?, but comprehensive proteomic studies quickly
identified many more"’. The existence of NMDAR signal-
ing complexes recruited by the subunit CTDs also has impli-
cations for NMDAR signaling diversity. The large CTDs of
GluN2A and GIuN2B have diverged during evolution’, raising the
possibility that the CTD subtype influences the composition
of the NMDAR signaling complex and downstream conse-
quences of NMDAR activity. An early difference identified was
a high-affinity binding site for CaMKII present on the GIuN2B
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CTD (CTD?®) but absent on the GluN2A CTD (CTD**)'“. More
recently, the generation of knock-in mice with targeted altera-
tions to CTD?® and CTD?* has enabled a more comprehensive
analysis of the roles of specific CTDs in endogenous NMDAR
complex assembly. For example, the GIuN2AZ2C™® mouse was
created that expresses GIuN2A with its CTD replaced with that
of GIuN2B, while the GIuN2B>*C™ mouse has the recipro-
cal swap”. Thus, regardless of the GluN2A:2B ratio in fore-
brain neurons, the CTDs are all of the 2B type in GluN2AZ€™®
mice or the 2A type in GIuN2B?A€™ mice. From analysis
of these mice, it was found that there was a preferential
association of MAGUK proteins with CTD?® over CTD*!>'¢,
However, isolation of native NMDAR supercomplexes
(protein complexes associated with the NMDAR channel
complex itself'’) revealed something more fundamental’®. These
supercomplexes were found to exist in two broad size ranges,
0.85 MDa and 1.5M Da, and, by analyzing complexes from
wild-type, GIUN2A?BC™ = and GluN2B?A€™ mice, the authors
found that CTD*® was essential for the recruitment of the
large 1.5 MDa complex (or group of complexes) containing a
number of scaffolding and signaling proteins, suggesting that
components of the 1.5 MDa complex may play a role in CTD?-
specific signaling. Also of note, there is likely to be a degree
of heterogeneity in these complexes, as the cumulative mass
of all the proteins identified in each complex exceeds the
size of them in both cases', and families of MAGUK super-
complexes have recently been identified”’. Moreover, there is
evidence that GluN2 CTDs are intrinsically disordered but
may undergo conformational switching in response to sig-
nals, influencing their interactions with other proteins, provid-
ing further scope for diversity in complexes’”’’'. Thus, it is
clear that the divergence of GluN2 CTDs through evolution has
caused a corresponding divergence in their protein-binding
partners.

NMDAR mobility and surface dynamics play important roles
in regulating synaptic NMDAR currents and plasticity and are
composition sensitive’”*. The recruitment of the NMDAR into
the large 1.5 MDa supramolecular complex by CTD?!® raises
the question of how this affects mobility. Paradoxically, quan-
tum dot-based studies in cultured hippocampal neurons have
indicated that GluN2B-containing NMDARs are more mobile
than GluN2A-containing NMDARs and have a lower dwell
time at the synapse™. However, there is significant overlap
between the distributions of membrane diffusion rate of
2A- and 2B-containing NMDARs, which is not surpris-
ing, since many endogenous hippocampal NMDARs are
triheteromeric, containing one each of GluN2A and GluN2B*»~.
Given the range of diffusion rates observed in 2B-containing
NMDARs, it remains a possibility that those NMDARs with
CTD?*-recruited supramolecular complexes are a subpopulation
of low-mobility 2B-containing NMDARs. Note, however, that
NMDAR mobility is controlled by interactions with extracel-
lular matrix proteins®*’, so cytoplasmic protein interactions
are not the only determinant.

The role of GIuN2 CTD subtypes in forebrain
synaptogenesis

The first few weeks of rodent forebrain development are char-
acterized by a burst of synaptogenesis, as well as a gradual
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incorporation of GIuN2A into previously GluN2B-dominated
NMDARs. This led to hypotheses that the changing NMDAR
subunit composition may play a role in regulating synap-
togenesis. Indeed, it was shown that CTD?® was important
for hippocampal excitatory synaptogenesis and that excessive
GluN2A CTDs impaired synaptogenesis (measured by mEPSC
frequency”). These conclusions were based on over-expression
of wild-type and chimeric subunits based on GIluN2A and
GluN2B with their CTDs reciprocally exchanged”. Moreover,
the critical domain was identified as the GluN2B CTD-specific
CaMKII interaction site’®. Furthermore, a recent study employ-
ing hippocampal slice cultures reported that GIluN2B’s
CaMKIlIo interaction site is important for correct basal AMPA
receptor-mediated synaptic transmission”, based on viral/
CRISPR deletion of the endogenous GIluN2B gene in the
culture and ectopic expression of mutant versus wild-type
subunits. In contrast, studies on hippocampal slices from
knock-in GIuN2B*A€™ and GIuN2A?BC™ mice revealed normal
synaptogenesis, AMPA receptor currents, and mEPSC
frequency", suggesting that the development of these aspects
of synaptic physiology are not sensitive to GIuN2 CTD
subtype. Moreover, two independently generated knock-in
mice harboring a mutation specifically in the GIuN2B CTD
CaMKII interaction site (hereafter GluN2BA“MKIl mice) were also
found to have normal hippocampal excitatory synaptogenesis™'.
These differences in observations between ectopic expression
of mutant subunits and knock-in mouse mutants may reflect
over-expressed subunits being trafficked and signaling dif-
ferently to endogenously expressed subunits. For example,
one difference between over-expression of GluN2B mutants
and knock-in models is that the former may have the effect of
altering the relative stoichiometry of GluN2B and CaMKIlo,
which could influence CaMKIlo interactions in the PSD. Quan-
titative mass spectrometry has shown that in the PSD, CaMKIIo
is 30-50 times more abundant than NMDARs**. Thus,
altering the CaMKIIa interaction domain of GluN2B in a knock-
in model may not strongly influence the interactions that the
majority of CaMKIIow molecules have within the PSD. How-
ever, over-expression of GluN2B could more strongly perturb
total synaptic CaMKIlo. interactions and consequently have a
stronger physiological effect. Another possibility is that
a germline mutation in place since the very beginning of
development causes other adaptive processes to compensate for
the absence of the GluN2B—CaMKIIa interaction domain.

In contrast to the numerous studies on the role of GluN2
CTDs in synaptogenesis, their role in another aspect of neu-
ronal development, dendritic outgrowth and arborization, is
less studied, despite the involvement of synaptic NMDAR
activity in this process®. Interestingly, a recent study employ-
ing transgenic mice over-expressing the GIuN2AZ(C™  and
GIuN2B>A€T® glleles found that GIuUN2AZBC™® over-expression,
but not GluN2B**€™ over-expression, drove enhanced CAl
dendritic outgrowth without affecting branching or other
morphological indices™. It will be of interest in the future to link
the potential role of CTD?® in promoting dendritic outgrowth
and its ability to organize large signaling supercomplexes'®.
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The role of GluN2 CTD subtypes in controlling
NMDAR subunit composition

NMDAR subunit composition strongly influences the kinet-
ics of ion flux'?, with important functional consequences. For
example, in the visual cortex, there is a developmental and
experience-dependent incorporation of GIuN2A into synaptic
NMDARs. The resulting increase in 2A:2B ratio is believed
to be causally linked to shifts in the stimulus threshold for
frequency-dependent transition between LTD and LTP™,
so-called meta-plasticity. The basis for this is the slower deac-
tivation kinetics of GIuN2B-containing NMDARs leading to a
greater capacity for signal integration at low frequencies and
thus a lower minimum frequency for the induction of LTP.

Given the functional importance of forebrain NMDAR
composition, the mechanism by which GIluN2A becomes
incorporated into NMDARs at the expense of GluN2B during
development is of importance. One recent model proposes that
the switch is driven by a series of phosphorylation events cen-
tered on the CTD of GluN2B (CTD?®), initiated by CaMKIIa
binding to its 2B-specific interaction site’’~’. CaMKIlo has
been proposed to recruit casein kinase 2 (CK2) to the GluN2B
CTD, which in turn phosphorylates CTD?* at serine-1480,
leading to dissociation of the MAGUK-Fyn complex and
reduction in CTD?® tyrosine-1472 phosphorylation®**. It has been
suggested that these events destabilize GluN2B’s presence at the
synapse and ultimately trigger endocytosis via AP-2-mediated
endocytosis™*. However, this sequence of events was arrived
at following in vitro experiments involving the ectopic over-
expression of mutant subunits. Thus, the role of this pathway
in the developmental switch of endogenous NMDAR subunits
both in vitro and in vivo remained unclear. Analysis of
the developmental change in 2A:2B ratio in neurons from
GIuN2B4“MKIl and  GIuN2A?€™ knock-in mice in vitro and
in vivo showed that the GluN2B—CaMKIlo interaction site
was not needed for the developmental shift in 2A:2B ratio and
indeed proceeded normally when both GIuN2A and GIuN2B
possessed identical CTDs (the GluN2AZBICT™RI mouse)?!.

However, the developmental shift in NMDAR subunit com-
position is thought to have two components: one an intrinsic
process, and one regulated in a bidirectional manner by sensory
experience’”. Since CK2 inhibition blocks the acute activity-
dependent increase in the 2A:2B ratio in hippocampal slices®,
it is possible that the experience-dependent regulation of
NMDAR subunit composition in vivo (exemplified by studies in
the visual cortex) does indeed require the GluN2B CaMKII site
and the CaMKIla—CK?2 signaling axis. The dynamic and spe-
cific removal of GluN2A from the synapse in the visual cortex
after sensory deprivation, and its delivery back to the synapse
upon sensory stimulation®®, suggests that there must be some
way that GluN2 subunits are differentially recognized by the
activity-dependent machinery responsible for changing the
2A:2B ratio. Study of experience-dependent changes in
NMDAR composition in the visual cortex of GluN2AB(CTR),
GIuN2B*AC™ " and GIuN2BAMKI knock-in mice will illuminate
the roles of CTD subtype-specific sequences in this process. It
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should be noted, though, that other determinants of the differen-
tial activity dependency of GluN2A and GIuN2B insertion have
been proposed. In particular, ectopic expression of a range of
2A/2B chimeric subunits identified a GluN2B-specific putative
N-glycosylation site in the extracellular loop between M3 and
M4 transmembrane domains as being necessary for enabling
activity-independent insertion of GluN2B, with the correspond-
ing sequence in GIuN2A conferring an activity dependency
on insertion”. However, given differences in results obtained
by ectopic expression of mutant subunits, compared to the
corresponding mutant knock-in mouse, demonstration of the
importance of this site would benefit from its germline mutation.

GluN2 C-terminal domains and synaptic plasticity
NMDAR activation mediates several forms of synaptic plastic-
ity, both potentiation and depression, as well as homeostatic
forms*—'°. Shortly after the distinct GIuN2 subunits were iden-
tified, there began conjecture as to whether specific subunits
mediate specific types of potentiation or depression'’. Stud-
ies have primarily focused on GluN2A-deficient mice and the
use of pharmacological tools specific for 2B- or 2A-containing
NMDARs'?.  While the specificity of the 2A-preferring
NMDAR antagonists has been questioned’’, recent ones are
more effective®. A role for a specific GluN2 subtype in a
plasticity paradigm can conceivably be due to the particular
biophysical properties of those channels (e.g. with regard to
frequency-dependent signal integration) or even simply that
a specific subunit is predominant at a synapse at the develop-
mental stage under study. However, another alternative is that
GIluN2 subtype-specific CTD interactions and signaling are
important for specific types of plasticity. Helpfully, the GluN2
CTD subtype does not influence the channel gating proper-
ties of the NMDAR**’, so CTD manipulations can be made
without impacting on ionic flux.

An early study using slice cultures employed biolistic siRNA
knock-down of endogenous GIuN2B, followed by over-
expression of siRNA-resistant forms of wild-type GIuN2B,
GluN2B with its CTD replaced by that of GluN2A (i.e. the
GluN2B24IC™RI protein), and GIluN2A with its CTD replaced
by that of GluN2B (i.e. the GIuUN2AZIC™RI protein). The study
concluded that CTD?® was essential for LTP and that CTD?**
potentially even inhibited LTP°'. However, analysis of more physi-
ological systems painted a far less dramatic picture. Studies on
hippocampal slices from GIuN2B**€™® and GIuN2AC™
knock-in mice suggest that there is no absolute requirement for
a specific CTD for LTP induction but that their relative impor-
tance may depend on the stimulation paradigm employed". For
example, NMDAR-dependent theta burst (TBS)-induced LTP
of CA3-CA1l connections is normal in GIluN2AZC€™® mjce,
compared to wild-type'”, and was modestly (but significantly)
enhanced in GluN2B?4€™ mjce. Thus, despite the importance of
CTD? in organizing supramolecular complexes'’, TBS-LTP was
not compromised. In contrast, GluN2B?*“™ mijce did show a
deficit in LTP induced by theta-pulse stimulation', suggest-
ing that the roles of CTDs may be activity pattern depend-
ent. Note that even a synaptic NMDAR with a disrupted local
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supramolecular complex (e.g. in GIuN2BZAIC™RI mijce) is still
embedded within the wider network of signaling and scaffold-
ing proteins which make up the PSD. Given this, the signal-
ing machinery that the NMDAR ordinarily recruits directly may
still be functionally accessible within the wider PSD. In separate
studies, transgenic mice over-expressing the GIuUN2AZC™ and
GIuN2B*€™ alleles both exhibited enhanced LTP™, a slightly
different observation to the studies on the equivalent knock-in
mice that may be due to the altered NMDAR expression levels
in the transgenic lines.

In the context of CTD roles in synaptic plasticity, the role of
the GluN2B-specific high-affinity CaMKII site has been a par-
ticular focus of research. In an early study, ectopic expression
of GIuN2B with its CaMKII site mutated was found to abol-
ish LTP>. Study of a GIuN2BA“MKIl knock-in mouse harbor-
ing mutations in the site (L1298A/R1300Q) revealed a more
modest LTP deficit”, even though the authors confirmed that
the potentiation was completely CaMKII dependent regardless
of genotype. Other sources of CaMKII signaling may be due to
CaMKIIo association with GluN1 within the NMDAR™ or
activation of the large quantity of CaMKIIo elsewhere in the
PSD*>*. In contrast, an LTP deficit was not observed in a dif-
ferent GluN2BA“MKIl knock-in mouse line harboring a L1298A/
R1300Q/S1303D mutation’, consistent with studies showing that
the entire CTD?® can be dispensed with and LTP not inhibited"”.
Aside from the additional mutation at serine-1303 (designed
to maximize disruption to the CaMKII site'!), the strategy
and experimental paradigms of the two studies were simi-
lar and the basis for the differing results unclear. Nevertheless,
neither study supports the notion of complete dependence on
the site as previously thought™. To conclude, while GIuN2
CTD subtypes can influence synaptic plasticity, it is likely to be
both activity pattern and potentially even pathway dependent.
Moreover, much remains to be uncovered regarding the domains
and interactions involved.

GluN2 C-terminal domains, excitotoxicity, and
neurodegeneration

During the 1980s, it was established that excessive Ca®* influx
through NMDARs is a major mediator of excitotoxic neuronal
death induced by glutamate exposure and contributes to excito-
toxic disorders including stroke and traumatic brain injury>>-°.
Soon after, it was observed that Ca* influx specifically through
the NMDAR was more effective at promoting neuronal death
than influx through other routes’*, implicating a functional
or physical coupling of the NMDAR to a Ca®-responsive
effector of neuronal death. One such effector is neuronal nitric
oxide synthase (nNOS), physically tethered to GluN2 subunits
via a bridging scaffold protein (PSD-95), which interacts
with both nNOS and the extreme C-terminal PDZ ligand of
GluN2 subunit CTDs”. nNOS is a Ca*-dependent enzyme
which, if overactivated, contributes to NMDAR-dependent
excitotoxicity®'. A cell-permeable peptide mimetic of the
GIluN2B PSD-95 interaction domain (a PDZ ligand) designed
to reduce NMDAR-nNOS coupling via PSD-95 is neuro-
protective in stroke models in rodents and monkeys®® and
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successfully completed a phase II trial for safety and efficacy for
iatrogenic micro-strokes during cerebral aneurysm repair®. This
peptide, latterly named NA-1, is in clinical trials for stroke®.

While stroke trials for conventional NMDAR antagonists
uniformly failed”, there is reason to be more hopeful in the
case of NA-1. Physiological synaptic NMDAR activity is essen-
tial for brain function and cognition, so antagonists are poorly
tolerated®®. Moreover, physiological synaptic NMDAR activity
promotes a variety of protective effects””’!, and so targeting
the NMDAR downstream of the channel may avoid transla-
tional issues that beset stroke trials with conventional NMDAR
antagonists’>. Conventional antagonists also may suppress pro-
tective reconditioning-type responses in marginal brain areas
after stroke, such as the induction of antioxidant responses’>*.
Notably, there is evidence that NA-1 neither interferes with
NMDAR channel function nor inhibits the pro-survival path-
ways that are triggered by physiological patterns of synaptic
NMDAR activity®”””. As a caveat, however, others have reported
a reduction in surface expression of GIluN2B after NA-1
treatment, an effect also observed with positively charged

poly-arginine peptides’®.

Regardless, the signaling pathways that lead to NMDAR-
dependent excitotoxic neuronal death are numerous, and not
all rely on the GluN2B-PSD-95-nNOS pathway’"”®. In a study
designed to assess the relative roles of CTD?® versus CTD?,
it was observed that forebrain neurons in the GluN2B?AC™
mouse were resistant to NMDAR-dependent excitotoxic injury
in vitro and in vivo'®. However, not all of the protective effects
of replacing CTD*® with CTD** were due to a reduction in
nNOS activation, pointing to other mechanisms or key domains
involved in the pro-death effects of CTD?E. One possibility con-
sidered was whether the GIuN2 CTD subtype influenced the
localization (synaptic versus extrasynaptic) of NMDARs, since
extrasynaptic NMDARs couple preferentially to pro-death
signaling cascades and pro-death gene expression™**’. How-
ever, no influence of GluN2 CTD subtype on synaptic versus
extrasynaptic location was observed'®.

In further searching for CTD?*® determinants of pro-death signal-
ing, Vieira er al.*' took GIluN2B-deficient neurons and ectopi-
cally expressed GluN2B subunits with modified C-termini*' and
studied vulnerability to excitotoxic oxygen—glucose depriva-
tion. In agreement with the previous study'®, the authors found
that expressing GluN2B with its C-terminus replaced by that
of GIuN2A reduced NMDAR-dependent excitotoxicity and
also confirmed a role for the GluN2B PDZ ligand. However,
they also found that introducing a CaMKII-binding site dou-
ble mutation (R1300Q/S1303D) reduced toxicity, implicating
this domain as a contributor to pro-death NMDAR signaling®'.
Interestingly, the CTD*® CaMKII site was also implicated in a
separate study® but as a site that recruited Dapkl rather than
CaMKIlIo. The authors proposed that, in response to excitotoxic
insults, Dapkl causes serine-1303 phosphorylation on CTD?,
increasing extrasynaptic NMDAR currents*”. Consistent with
this, Dapkl™ neurons were reported to be resistant to excito-
toxicity, and a cell-permeable peptide mimetic of the CTD?®
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region around serine-1303 disrupted serine-1303 phosphoryla-
tion and was neuroprotective®’. However, a recent study failed
to observe any protection in vitro or in vivo in an independently
generated Dapkl™~ mouse, and the peptide mimetic was found
to directly antagonize the NMDAR by virtue of its high positive
charge®, casting doubt on CTD?-Dapkl signaling being
involved in excitotoxicity. Further studies in rodent or human
systems®* may resolve this controversy.

Other signaling pathways involved in excitotoxic signaling,
aside from NO production, include NADPH oxidase activa-
tion, oxidative stress, calpain activation, and mitochondrial
Ca?* overload™**. Might any of these be preferentially acti-
vated by signaling reliant on CTB?®? Mitochondrial Ca*
overload via the mitochondrial calcium uniporter (Mcu) is a
major contributor to excitotoxicity”. Moreover, imaging data
have shown that NMDAR-dependent Ca?* influx is preferentially
coupled to mitochondrial uptake and depolarization com-
pared to other Ca** entry routes’””. However, the molecular
basis for this is unknown. Interestingly, the 1.5 MDa supramo-
lecular complex recruited by CTD?!” contains several mito-
chondrial proteins, including outer mitochondrial membrane
proteins VDAC1-3 and VDAC-associated inner mitochondrial
proteins ANTI1 and ANT2. VDACs allow cytoplasmic Ca** to
flow into the mitochondrial intermembrane space, which is
taken up into the matrix via Mcu. The presence of VDAC and
ANT proteins is suggestive of a physical link between certain
NMDARSs and mitochondria (potentially via CTD?*®) which may
facilitate Ca®* transfer.

Another area of interest in the context of pathological GluN2
CTD signaling is in chronic neurodegenerative disease, par-
ticularly Alzheimer’s disease (AD). In the AD brain, circum-
stances can conspire to elevate the level of ambient glutamate,
which may be due to a combination of factors, including bioen-
ergetic deficits impairing glutamate homeostasis, inflammatory
cells and astrocytes releasing glutamate, as well as reduced
astrocytic glutamate transporter expression’"". This can lead to
a chronic, low-level form of excitotoxicity, progressively impair-
ing synaptic integrity and contributing to neuronal death™.
Tonic NMDAR activity acting on extrasynaptic NMDARs also
exacerbates the situation by promoting amyloidogenic APP
processing””’. As such, NMDAR activity is thought to be a
mediator of synapse loss induced by amyloid-f, though not
by direct binding to the NMDAR"*.

While the role for CTD*® in promoting NMDAR excitotoxic-
ity suggests that it may contribute to any neurological disor-
der where glutamate homeostasis is disrupted, there is also
some evidence that it may act as a specific point of integration
for tau and amyloid-f3 neurotoxicity. A study showed that tau,
known to be required for amyloid- neurotoxicity”, is required
for dendritic recruitment of the tyrosine kinase Fyn, which
phosphorylates CTD?® on tyrosine-1472, enhancing CTD?®
association with PSD-95 and potentiating the CTD?*-PSD-
95-nNOS neurotoxic cascade'”. A separate study implicated
amyloid-B—prion protein interactions, rather than tau, in Fyn
activation and CTD?® phosphorylation'’’. Regardless, a direct
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testing of the role for CTD?* in amyloidopathy-associated
synapse loss could potentially be provided by crossing AD
models onto the GIuUN2B*A€“™ line to determine whether
CTD?® is a potential therapeutic target for AD.

Concluding remarks

Studies are beginning to tease apart the roles of the NMDAR
CTDs in organizing signaling complexes and mediating the
downstream effects of NMDAR activation, though many ques-
tions remain. An emerging area of NMDAR research is the
potential of an activated receptor to signal in an ion flux-
independent, metabotropic way (reviewed thoroughly else-
where'””). The role of specific CTD sequences in sensing
NMDAR activation and moving in an ion flux-independent man-
ner to alter interactions with proteins'*!** awaits further investi-
gation. Moreover, the previously under-appreciated diversity in
synapse morphology and composition'™ suggests comparable
diversity in NMDAR CTD-recruited signaling complexes, the
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functional consequences of which will require study. Moreover,
owing to the sheer size of GluN2 CTDs, it is likely that further
functionally important domains will be discovered in the coming
years.

Grant information

Work in the GEH lab is supported by the UK Medical Research
Council, Alzheimer’s Research UK, and Alzheimer’s Society,
founding funders of the UK Dementia Research Institute.

The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Acknowledgements

I thank Noboru Komiyama and Seth Grant (Centre for
Clinical Brain Sciences, University of Edinburgh, UK.) for
comments on the manuscript.

F1000 recommended

1. Paoletti P, Bellone C, Zhou Q: NMDA receptor subunit diversity: impact on
receptor properties, synaptic plasticity and disease. Nat Rev Neurosci. 2013;
14(6): 383-400.

PubMed Abstract | Publisher Full Text

2. Wyllie DJ, Livesey MR, Hardingham GE: Influence of GIuN2 subunit identity on
NMDA receptor function. Neuropharmacology. 2013; 74: 4-17.
PubMed Abstract | Publisher Full Text | Free Full Text

3. Hardingham GE, Bading H: Synaptic versus extrasynaptic NMDA receptor
signalling: Implications for neurodegenerative disorders. Nat Rev Neurosci.
2010; 11(10): 682-96.
PubMed Abstract | Publisher Full Text | Free Full Text

4. Tymianski M: Emerging mechanisms of disrupted cellular signaling in brain
ischemia. Nat Neurosci. 2011; 14(11): 1369-73.
PubMed Abstract | Publisher Full Text

5. Parsons MP, Raymond LA: Extrasynaptic NMDA Receptor Involvement in
Central Nervous System Disorders. Neuron. 2014; 82(2): 279-93.
PubMed Abstract | Publisher Full Text

6. Collins MO, Grant SG: Supramolecular signalling complexes in the nervous
system. Subcell Biochem. 2007; 43: 185-207.
PubMed Abstract | Publisher Full Text

7. Ryan TJ, Emes RD, Grant SG, et al.: Evolution of NMDA receptor cytoplasmic
interaction domains: implications for organisation of synaptic signalling
complexes. BMC Neurosci. 2008; 9: 6.
PubMed Abstract | Publisher Full Text | Free Full Text

8. Bai N, Hayashi H, Aida T, et al.: Dock3 interaction with a glutamate-receptor
NR2D subunit protects neurons from excitotoxicity. Mol Brain. 2013; 6: 22.
PubMed Abstract | Publisher Full Text | Free Full Text

9. Gautam V, Trinidad JC, Rimerman RA, et al.: Nedd4 is a specific E3 ubiquitin
ligase for the NMDA receptor subunit GIuN2D. Neuropharmacology. 2013; 74:
96-107.

PubMed Abstract | Publisher Full Text | Free Full Text

10. Lichnerova K, Kaniakova M, Skrenkova K, et al.: Distinct regions within the
GIuN2C subunit regulate the surface delivery of NMDA receptors. Front Cell
Neurosci. 2014; 8: 375.

PubMed Abstract | Publisher Full Text | Free Full Text

11.  Chung C, Wu WH, Chen BS: Identification of Novel 14-3-3 Residues That Are
Critical for Isoform-specific Interaction with GIuN2C to Regulate N-Methyl-D-
aspartate (NMDA) Receptor Trafficking. J Biol Chem. 2015; 290(38): 23188—200.
PubMed Abstract | Publisher Full Text | Free Full Text

12.  Kornau HC, Seeburg PH, Kennedy MB: Interaction of ion channels and
receptors with PDZ domain proteins. Curr Opin Neurobiol. 1997; 7(3): 368-73.
PubMed Abstract | Publisher Full Text

13.  Husi H, Ward MA, Choudhary JS, et al.: Proteomic analysis of NMDA receptor-
adhesion protein signaling complexes. Nat Neurosci. 2000; 3(7): 661-9.
PubMed Abstract | Publisher Full Text

14.  Strack S, McNeill RB, Colbran RJ: Mechanism and regulation of calcium/

calmodulin-dependent protein kinase Il targeting to the NR2B subunit of the
N-methyl-D-aspartate receptor. J Biol Chem. 2000; 275(31): 23798-806.
PubMed Abstract | Publisher Full Text

15.  Ryan TJ, Kopanitsa MV, Indersmitten T, et al.: Evolution of GIuN2A/B
cytoplasmic domains diversified vertebrate synaptic plasticity and behavior.
Nat Neurosci. 2013; 16(1): 25-32.
PubMed Abstract | Publisher Full Text | Free Full Text

16. Martel MA, Ryan TJ, Bell KF, et al.: The subtype of GluN2 C-terminal domain
determines the response to excitotoxic insults. Neuron. 2012; 74(3): 543-56.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

17. Frank RA, Grant SG: Supramolecular organization of NMDA receptors and
the postsynaptic density. Curr Opin Neurobiol. 2017; 45: 139-47.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

18.  Frank RA, Komiyama NH, Ryan TJ, et al.: NMDA receptors are selectively
partitioned into complexes and supercomplexes during synapse maturation.
Nat Commun. 2016; 7: 11264.
PubMed Abstract | Publisher Full Text | Free Full Text

19. Frank RAW, Zhu F, Komiyama NH, et al.: Hierarchical organization and
genetically separable subfamilies of PSD95 postsynaptic supercomplexes.
J Neurochem. 2017; 142(4): 504—-11.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

20. Choi UB, McCann JJ, Weninger KR, et al.: Beyond the random coil: stochastic
conformational switching in intrinsically disordered proteins. Structure. 2011;
19(4): 566—76.

PubMed Abstract | Publisher Full Text | Free Full Text

21. E Choi UB, Xiao S, Wollmuth LP, et al.: Effect of Src kinase phosphorylation
on disordered C-terminal domain of N-methyl-D-aspartic acid (NMDA) receptor
subunit GIuN2B protein. J Biol Chem. 2011; 286(34): 29904—12.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

22. Dupuis JP, Ladépéche L, Seth H, et al.: Surface dynamics of GluN2B-NMDA
receptors controls plasticity of maturing glutamate synapses. EMBO J. 2014;
33(8): 842-61.

PubMed Abstract | Publisher Full Text | Free Full Text

28. Dupuis JP, Groc L: Surface trafficking of neurotransmitter receptors: From
cultured neurons to intact brain preparations. Neuropharmacology. 2019;
pii: S0028-3908(19)30168-6.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

24.  Groc L, Heine M, Cousins SL, et al.: NMDA receptor surface mobility depends on
NR2A-2B subunits. Proc Natl Acad Sci U S A. 2006; 103(49): 18769-74.
PubMed Abstract | Publisher Full Text | Free Full Text

25. Rauner C, Kéhr G: Triheteromeric NR1/NR2A/NR2B receptors constitute
the major N-methyl-D-aspartate receptor population in adult hippocampal
synapses. J Biol Chem. 2011; 286(9): 7558—66.

PubMed Abstract | Publisher Full Text | Free Full Text

26. Tovar KR, McGinley MJ, Westbrook GL: Triheteromeric NMDA receptors at

Page 7 of 10


http://www.ncbi.nlm.nih.gov/pubmed/23686171
http://dx.doi.org/10.1038/nrn3504
http://www.ncbi.nlm.nih.gov/pubmed/23376022
http://dx.doi.org/10.1016/j.neuropharm.2013.01.016
http://www.ncbi.nlm.nih.gov/pmc/articles/3778433
http://www.ncbi.nlm.nih.gov/pubmed/20842175
http://dx.doi.org/10.1038/nrn2911
http://www.ncbi.nlm.nih.gov/pmc/articles/2948541
http://www.ncbi.nlm.nih.gov/pubmed/22030547
http://dx.doi.org/10.1038/nn.2951
http://www.ncbi.nlm.nih.gov/pubmed/24742457
http://dx.doi.org/10.1016/j.neuron.2014.03.030
http://www.ncbi.nlm.nih.gov/pubmed/17953395
http://dx.doi.org/10.1007/978-1-4020-5943-8_9
http://www.ncbi.nlm.nih.gov/pubmed/18197970
http://dx.doi.org/10.1186/1471-2202-9-6
http://www.ncbi.nlm.nih.gov/pmc/articles/2257970
http://www.ncbi.nlm.nih.gov/pubmed/23641686
http://dx.doi.org/10.1186/1756-6606-6-22
http://www.ncbi.nlm.nih.gov/pmc/articles/3652797
http://www.ncbi.nlm.nih.gov/pubmed/23639431
http://dx.doi.org/10.1016/j.neuropharm.2013.04.035
http://www.ncbi.nlm.nih.gov/pmc/articles/3855079
http://www.ncbi.nlm.nih.gov/pubmed/25426025
http://dx.doi.org/10.3389/fncel.2014.00375
http://www.ncbi.nlm.nih.gov/pmc/articles/4226150
http://www.ncbi.nlm.nih.gov/pubmed/26229101
http://dx.doi.org/10.1074/jbc.M115.648436
http://www.ncbi.nlm.nih.gov/pmc/articles/4645613
http://www.ncbi.nlm.nih.gov/pubmed/9232802
http://dx.doi.org/10.1016/S0959-4388(97)80064-5
http://www.ncbi.nlm.nih.gov/pubmed/10862698
http://dx.doi.org/10.1038/76615
http://www.ncbi.nlm.nih.gov/pubmed/10764765
http://dx.doi.org/10.1074/jbc.M001471200
http://www.ncbi.nlm.nih.gov/pubmed/23201971
http://dx.doi.org/10.1038/nn.3277
http://www.ncbi.nlm.nih.gov/pmc/articles/3979286
https://f1000.com/prime/717097868
http://www.ncbi.nlm.nih.gov/pubmed/22578505
http://dx.doi.org/10.1016/j.neuron.2012.03.021
http://www.ncbi.nlm.nih.gov/pmc/articles/3398391
https://f1000.com/prime/717097868
https://f1000.com/prime/727683974
http://www.ncbi.nlm.nih.gov/pubmed/28577431
http://dx.doi.org/10.1016/j.conb.2017.05.019
http://www.ncbi.nlm.nih.gov/pmc/articles/5557338
https://f1000.com/prime/727683974
http://www.ncbi.nlm.nih.gov/pubmed/27117477
http://dx.doi.org/10.1038/ncomms11264
http://www.ncbi.nlm.nih.gov/pmc/articles/5227094
https://f1000.com/prime/727563181
http://www.ncbi.nlm.nih.gov/pubmed/28452394
http://dx.doi.org/10.1111/jnc.14056
http://www.ncbi.nlm.nih.gov/pmc/articles/5601282
https://f1000.com/prime/727563181
http://www.ncbi.nlm.nih.gov/pubmed/21481779
http://dx.doi.org/10.1016/j.str.2011.01.011
http://www.ncbi.nlm.nih.gov/pmc/articles/3075556
https://f1000.com/prime/11732960
http://www.ncbi.nlm.nih.gov/pubmed/21712388
http://dx.doi.org/10.1074/jbc.M111.258897
http://www.ncbi.nlm.nih.gov/pmc/articles/3191031
https://f1000.com/prime/11732960
http://www.ncbi.nlm.nih.gov/pubmed/24591565
http://dx.doi.org/10.1002/embj.201386356
http://www.ncbi.nlm.nih.gov/pmc/articles/4194110
https://f1000.com/prime/735799781
http://www.ncbi.nlm.nih.gov/pubmed/31108111
http://dx.doi.org/10.1016/j.neuropharm.2019.05.019
https://f1000.com/prime/735799781
http://www.ncbi.nlm.nih.gov/pubmed/17124177
http://dx.doi.org/10.1073/pnas.0605238103
http://www.ncbi.nlm.nih.gov/pmc/articles/1693737
http://www.ncbi.nlm.nih.gov/pubmed/21190942
http://dx.doi.org/10.1074/jbc.M110.182600
http://www.ncbi.nlm.nih.gov/pmc/articles/3045010

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

hippocampal synapses. J Neurosci. 2013; 33(21): 9150-60.
PubMed Abstract | Publisher Full Text | Free Full Text

Groc L, Choquet D, Stephenson FA, et al.. NMDA receptor surface trafficking
and synaptic subunit composition are developmentally regulated by the
extracellular matrix protein Reelin. J Neurosci. 2007; 27(38): 10165-75.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Gambrill AC, Barria A: NMDA receptor subunit composition controls
synaptogenesis and synapse stabilization. Proc Nat/ Acad Sci U S A. 2011;
108(14): 5855—60.

PubMed Abstract | Publisher Full Text | Free Full Text

Incontro S, Diaz-Alonso J, lafrati J, et al.: The CaMKII/NMDA receptor complex
controls hippocampal synaptic trar ion by kinase-dependent and
independent mechanisms. Nat Commun. 2018; 9(1): 2069.

PubMed Abstract | Publisher Full Text | Free Full Text

Halt AR, Dallapiazza RF, Zhou Y, et al.: CaMKII binding to GIuN2B is critical
during memory consolidation. EMBO J. 2012; 31(5): 1203-16.
PubMed Abstract | Publisher Full Text | Free Full Text

McKay S, Ryan TJ, McQueen J, et al.: The Developmental Shift of NMDA
Receptor Composition Proceeds Independently of GIuN2 Subunit-Specific
GluN2 C-Terminal Sequences. Cell Rep. 2018; 25(4): 841-851.e4.

PubMed Abstract | Publisher Full Text | Free Full Text

Lowenthal MS, Markey SP, Dosemeci A: Quantitative mass spectrometry
measurements reveal stoichiometry of principal postsynaptic density
proteins. J Proteome Res. 2015; 14(6): 2528-38.

PubMed Abstract | Publisher Full Text | Free Full Text

Cheng D, Hoogenraad CC, Rush J, et al.: Relative and absolute quantification of
postsynaptic density proteome isolated from rat forebrain and cerebellum. Mo/
Cell Proteomics. 2006; 5(6): 1158-70.

PubMed Abstract | Publisher Full Text

Wayman GA, Lee YS, Tokumitsu H, et al.: Calmodulin-kinases: modulators of
neuronal development and plasticity. Neuron. 2008; 59(6): 914-31.
PubMed Abstract | Publisher Full Text | Free Full Text

Keith RE, Azcarate JM, Keith MJ, et al.: Direct Intracellular Signaling by the
Carboxy terminus of NMDA Receptor GluN2 Subunits Regulates Dendritic
Morphology in Hippocampal CA1 Pyramidal Neurons. Neuroscience. 2019; 396:
138-53.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation
Smith GB, Heynen AJ, Bear MF: Bidirectional synaptic mechanisms of ocular
dominance plasticity in visual cortex. Philos Trans R Soc Lond B Biol Sci. 2009;
364(1515): 357-67.

PubMed Abstract | Publisher Full Text | Free Full Text

Lussier MP, Sanz-Clemente A, Roche KW: Dynamic Regulation of N-Methyl-
d-aspartate (NMDA) and a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic
Acid (AMPA) Receptors by Posttranslational Modifications. J Biol Chem. 2015;
290(48): 28596-603.

PubMed Abstract | Publisher Full Text | Free Full Text

Sanz-Clemente A, Matta JA, Isaac JT, et al.: Casein kinase 2 regulates the NR2
subunit composition of synaptic NMDA receptors. Neuron. 2010; 67(6): 984-96.
PubMed Abstract | Publisher Full Text | Free Full Text

Sanz-Clemente A, Gray JA, Ogilvie KA, et al.: Activated CaMKII couples
GluN2B and casein kinase 2 to control synaptic NMDA receptors. Cell Rep.
2013; 3(3): 607-14.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation
Lavezzari G, McCallum J, Lee R, et al.: Differential binding of the AP-2 adaptor
complex and PSD-95 to the C-terminus of the NMDA receptor subunit NR2B
regulates surface expression. Neuropharmacology. 2003; 45(6): 729-37.
PubMed Abstract | Publisher Full Text

Quinlan EM, Philpot BD, Huganir RL, et al.: Rapid, experience-dependent
expression of synaptic NMDA receptors in visual cortex in vivo. Nat Neurosci.
1999; 2(4): 352-7.

PubMed Abstract | Publisher Full Text

Quinlan EM, Olstein DH, Bear MF: Bidirectional, experience-dependent
regulation of N-methyl-D-aspartate receptor subunit composition in the rat
visual cortex during postnatal development. Proc Natl Acad Sci U S A. 1999;
96(22): 12876-80.

PubMed Abstract | Publisher Full Text | Free Full Text

Storey GP, Opitz-Araya X, Barria A: Molecular determinants controlling NMDA
receptor synaptic incorporation. J Neurosci. 2011; 31(17): 6311-6.

PubMed Abstract | Publisher Full Text | Free Full Text

Morris RG: NMDA receptors and memory encoding. Neuropharmacology. 2013;
74: 32—-40.

PubMed Abstract | Publisher Full Text

Hardingham NR, Hardingham GE, Fox KD, et al.: Presynaptic efficacy directs
normalization of synaptic strength in layer 2/3 rat neocortex after paired
activity. J Neurophysiol. 2007; 97(4): 2965-75.

PubMed Abstract | Publisher Full Text

Lisman J: Glutamatergic synapses are structurally and biochemically
complex because of multiple plasticity processes: long-term potentiation,
long-term depression, short-term potentiation and scaling. Philos Trans R Soc
Lond B Biol Sci. 2017; 372(1715): pii: 20160260.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

F1000Research 2019, 8(F1000 Faculty Rev):1547 Last updated: 13 SEP 2019

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Paoletti P, Neyton J: NMDA receptor subunits: function and pharmacology. Curr
Opin Pharmacol. 2007; 7(1): 39-47.
PubMed Abstract | Publisher Full Text

Edman S, McKay S, MacDonald LJ, et al.: TCN 201 selectively blocks GIuN2A-
containing NMDARs in a GluN1 co-agonist dependent but non-competitive
manner. Neuropharmacology. 2012; 63(3): 441-9.

PubMed Abstract | Publisher Full Text | Free Full Text

E Maki BA, Aman TK, Amico-Ruvio SA, et al.: C-terminal Domains of N-Methyl-
d-aspartic Acid Receptor Modulate Unitary Channel Conductance and Gating.
J Biol Chem. 2012; 287: 36071-80.

Publisher Full Text | F1000 Recommendation

Punnakkal P, Jendritza P, Kohr G: Influence of the intracellular GIuN2 C-terminal
domain on NMDA receptor function. Neuropharmacology. 2012; 62(5-6):
1985-92.

PubMed Abstract | Publisher Full Text

Foster KA, McLaughlin N, Edbauer D, et al.: Distinct roles of NR2A and NR2B
cytoplasmic tails in long-term potentiation. J Neurosci. 2010; 30(7): 2676-85.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Jacobs S, Cui Z, Feng R, et al.: Molecular and genetic determinants of the
NMDA receptor for superior learning and memory functions. PLoS One. 2014;
9(10): e111865.

PubMed Abstract | Publisher Full Text | Free Full Text

Barria A, Malinow R: NMDA receptor subunit composition controls synaptic
plasticity by regulating binding to CaMKII. Neuron. 2005; 48(2): 289-301.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Leonard AS, Bayer KU, Merrill MA, et al.: Regulation of Calcium/Calmodulin-
dependent Protein Kinase Il Docking to N-Methyl-d-aspartate Receptors by
Calcium/Calmodulin and a-Actinin. J Biol Chem. 2002; 277: 48441-8.

Publisher Full Text

Choi DW: Glutamate neurotoxicity and diseases of the nervous system.
Neuron. 1988; 1(8): 623-34.
PubMed Abstract | Publisher Full Text

Simon RP, Swan JH, Griffiths T, et al.: Blockade of N-methyl-D-aspartate
receptors may protect against ischemic damage in the brain. Science. 1984;
226(4676): 850-2.

PubMed Abstract | Publisher Full Text

Tymianski M, Charlton MP, Carlen PL, et al.: Source specificity of early calcium
neurotoxicity in cultured embryonic spinal neurons. J Neurosci. 1993; 13(5):
2085-104.

PubMed Abstract | Publisher Full Text

Sattler R, Charlton MP, Hafner M, et al.: Distinct influx pathways, not calcium
load, determine neuronal vulnerability to calcium neurotoxicity. J Neurochem.
1998; 71(6): 2349-64.

PubMed Abstract | Publisher Full Text

Sattler R, Xiong Z, Lu WY, et al.: Specific coupling of NMDA receptor activation
to nitric oxide neurotoxicity by PSD-95 protein. Science. 1999; 284(5421):
1845-8.

PubMed Abstract | Publisher Full Text

Izumi Y, Benz AM, Clifford DB, et al.: Nitric oxide inhibitors attenuate N-methyl-
D-aspartate excitotoxicity in rat hippocampal slices. Neurosci Lett. 1992; 135(2):
227-30.

PubMed Abstract | Publisher Full Text

Dawson VL, Dawson TM, Bartley DA, et al.: Mechanisms of nitric oxide-mediated
neurotoxicity in primary brain cultures. J Neurosci. 1993; 13(6): 2651-61.
PubMed Abstract | Publisher Full Text

Aarts M, Liu Y, Liu L, et al.: Treatment of ischemic brain damage by
perturbing NMDA receptor- PSD-95 protein interactions. Science. 2002;
298(5594): 846-50.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Cook DJ, Teves L, Tymianski M: Treatment of stroke with a PSD-95 inhibitor
in the gyrencephalic primate brain. Nature. 2012; 483(7388): 213-7.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Hill MD, Martin RH, Mikulis D, et al.: Safety and efficacy of NA-1 in patients
with iatrogenic stroke after endovascular aneurysm repair (ENACT): a phase 2,
randomised, double-blind, placebo-controlled trial. Lancet Neurol. 2012; 11(11):
942-50.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Ballarin B, Tymianski M: Discovery and development of NA-1 for the
treatment of acute ischemic stroke. Acta Pharmacol Sin. 2018; 39(5): 661-8.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Muir KW: Glutamate-based therapeutic approaches: clinical trials with NMDA
antagonists. Curr Opin Pharmacol. 2006; 6(1): 53—-60.
PubMed Abstract | Publisher Full Text

Baxter PS, Hardingham GE: Adaptive regulation of the brain’s antioxidant
defences by neurons and astrocytes. Free Radic Biol Med. 2016; 100: 147-52.
PubMed Abstract | Publisher Full Text | Free Full Text

Hardingham GE, Lipton SA: Regulation of neuronal oxidative and nitrosative
stress by endogenous protective pathways and di prc Antioxid
Redox Signal. 2011; 14(8): 1421-4.

PubMed Abstract | Publisher Full Text

Page 8 of 10


http://www.ncbi.nlm.nih.gov/pubmed/23699525
http://dx.doi.org/10.1523/JNEUROSCI.0829-13.2013
http://www.ncbi.nlm.nih.gov/pmc/articles/3755730
https://f1000.com/prime/1091413
http://www.ncbi.nlm.nih.gov/pubmed/17881522
http://dx.doi.org/10.1523/JNEUROSCI.1772-07.2007
https://f1000.com/prime/1091413
http://www.ncbi.nlm.nih.gov/pubmed/21427228
http://dx.doi.org/10.1073/pnas.1012676108
http://www.ncbi.nlm.nih.gov/pmc/articles/3078406
http://www.ncbi.nlm.nih.gov/pubmed/29802289
http://dx.doi.org/10.1038/s41467-018-04439-7
http://www.ncbi.nlm.nih.gov/pmc/articles/5970233
http://www.ncbi.nlm.nih.gov/pubmed/22234183
http://dx.doi.org/10.1038/emboj.2011.482
http://www.ncbi.nlm.nih.gov/pmc/articles/3297991
http://www.ncbi.nlm.nih.gov/pubmed/30355491
http://dx.doi.org/10.1016/j.celrep.2018.09.089
http://www.ncbi.nlm.nih.gov/pmc/articles/6218242
http://www.ncbi.nlm.nih.gov/pubmed/25874902
http://dx.doi.org/10.1021/acs.jproteome.5b00109
http://www.ncbi.nlm.nih.gov/pmc/articles/5597335
http://www.ncbi.nlm.nih.gov/pubmed/16507876
http://dx.doi.org/10.1074/mcp.D500009-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18817731
http://dx.doi.org/10.1016/j.neuron.2008.08.021
http://www.ncbi.nlm.nih.gov/pmc/articles/2664743
https://f1000.com/prime/734490840
http://www.ncbi.nlm.nih.gov/pubmed/30471357
http://dx.doi.org/10.1016/j.neuroscience.2018.11.021
http://www.ncbi.nlm.nih.gov/pmc/articles/6311441
https://f1000.com/prime/734490840
http://www.ncbi.nlm.nih.gov/pubmed/18977732
http://dx.doi.org/10.1098/rstb.2008.0198
http://www.ncbi.nlm.nih.gov/pmc/articles/2674473
http://www.ncbi.nlm.nih.gov/pubmed/26453298
http://dx.doi.org/10.1074/jbc.R115.652750
http://www.ncbi.nlm.nih.gov/pmc/articles/4661374
http://www.ncbi.nlm.nih.gov/pubmed/20869595
http://dx.doi.org/10.1016/j.neuron.2010.08.011
http://www.ncbi.nlm.nih.gov/pmc/articles/2947143
https://f1000.com/prime/717988700
http://www.ncbi.nlm.nih.gov/pubmed/23478024
http://dx.doi.org/10.1016/j.celrep.2013.02.011
http://www.ncbi.nlm.nih.gov/pmc/articles/3615108
https://f1000.com/prime/717988700
http://www.ncbi.nlm.nih.gov/pubmed/14529712
http://dx.doi.org/10.1016/s0028-3908(03)00308-3
http://www.ncbi.nlm.nih.gov/pubmed/10204542
http://dx.doi.org/10.1038/7263
http://www.ncbi.nlm.nih.gov/pubmed/10536016
http://dx.doi.org/10.1073/pnas.96.22.12876
http://www.ncbi.nlm.nih.gov/pmc/articles/23143
http://www.ncbi.nlm.nih.gov/pubmed/21525271
http://dx.doi.org/10.1523/JNEUROSCI.5553-10.2011
http://www.ncbi.nlm.nih.gov/pmc/articles/3092540
http://www.ncbi.nlm.nih.gov/pubmed/23628345
http://dx.doi.org/10.1016/j.neuropharm.2013.04.014
http://www.ncbi.nlm.nih.gov/pubmed/17267749
http://dx.doi.org/10.1152/jn.01352.2006
https://f1000.com/prime/727219253
http://www.ncbi.nlm.nih.gov/pubmed/28093558
http://dx.doi.org/10.1098/rstb.2016.0260
http://www.ncbi.nlm.nih.gov/pmc/articles/5247596
https://f1000.com/prime/727219253
http://www.ncbi.nlm.nih.gov/pubmed/17088105
http://dx.doi.org/10.1016/j.coph.2006.08.011
http://www.ncbi.nlm.nih.gov/pubmed/22579927
http://dx.doi.org/10.1016/j.neuropharm.2012.04.027
http://www.ncbi.nlm.nih.gov/pmc/articles/3384000
https://f1000.com/prime/717955536
http://dx.doi.org/10.1074/jbc.M112.390013
https://f1000.com/prime/717955536
http://www.ncbi.nlm.nih.gov/pubmed/22245680
http://dx.doi.org/10.1016/j.neuropharm.2011.12.018
https://f1000.com/prime/3266970
http://www.ncbi.nlm.nih.gov/pubmed/20164351
http://dx.doi.org/10.1523/JNEUROSCI.4022-09.2010
http://www.ncbi.nlm.nih.gov/pmc/articles/2840640
https://f1000.com/prime/3266970
http://www.ncbi.nlm.nih.gov/pubmed/25360708
http://dx.doi.org/10.1371/journal.pone.0111865
http://www.ncbi.nlm.nih.gov/pmc/articles/4216132
https://f1000.com/prime/1029106
http://www.ncbi.nlm.nih.gov/pubmed/16242409
http://dx.doi.org/10.1016/j.neuron.2005.08.034
https://f1000.com/prime/1029106
http://dx.doi.org/10.1074/jbc.M205164200
http://www.ncbi.nlm.nih.gov/pubmed/2908446
http://dx.doi.org/10.1016/0896-6273(88)90162-6
http://www.ncbi.nlm.nih.gov/pubmed/6093256
http://dx.doi.org/10.1126/science.6093256
http://www.ncbi.nlm.nih.gov/pubmed/8097530
http://dx.doi.org/10.1523/JNEUROSCI.13-05-02085.1993
http://www.ncbi.nlm.nih.gov/pubmed/9832133
http://dx.doi.org/10.1046/j.1471-4159.1998.71062349.x
http://www.ncbi.nlm.nih.gov/pubmed/10364559
http://dx.doi.org/10.1126/science.284.5421.1845
http://www.ncbi.nlm.nih.gov/pubmed/1625799
http://dx.doi.org/10.1016/0304-3940(92)90442-a
http://www.ncbi.nlm.nih.gov/pubmed/7684776
http://dx.doi.org/10.1523/JNEUROSCI.13-06-02651.1993
https://f1000.com/prime/1010172
http://www.ncbi.nlm.nih.gov/pubmed/12399596
http://dx.doi.org/10.1126/science.1072873
https://f1000.com/prime/1010172
https://f1000.com/prime/714647856
http://www.ncbi.nlm.nih.gov/pubmed/22388811
http://dx.doi.org/10.1038/nature10841
https://f1000.com/prime/714647856
https://f1000.com/prime/717961804
http://www.ncbi.nlm.nih.gov/pubmed/23051991
http://dx.doi.org/10.1016/S1474-4422(12)70225-9
https://f1000.com/prime/717961804
https://f1000.com/prime/732900801
http://www.ncbi.nlm.nih.gov/pubmed/29565039
http://dx.doi.org/10.1038/aps.2018.5
http://www.ncbi.nlm.nih.gov/pmc/articles/5943917
https://f1000.com/prime/732900801
http://www.ncbi.nlm.nih.gov/pubmed/16359918
http://dx.doi.org/10.1016/j.coph.2005.12.002
http://www.ncbi.nlm.nih.gov/pubmed/27365123
http://dx.doi.org/10.1016/j.freeradbiomed.2016.06.027
http://www.ncbi.nlm.nih.gov/pmc/articles/5145800
http://www.ncbi.nlm.nih.gov/pubmed/20977364
http://dx.doi.org/10.1089/ars.2010.3573

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Bell KF, Hardingham GE: The influence of synaptic activity on neuronal health.
Curr Opin Neurobiol. 2011; 21(2): 299-305.
PubMed Abstract | Publisher Full Text | Free Full Text

Hasel P, Dando O, Jiwaji Z, et al.: Neurons and neuronal activity control gene
expression in astrocytes to regulate their development and metabolism. Nat
Commun. 2017; 8: 15132.

PubMed Abstract | Publisher Full Text | Free Full Text

Al-Mubarak B, Soriano FX, Hardingham GE: Synaptic NMDAR activity
suppresses FOXO1 expression via a cis-acting FOXO binding site: FOXO1 is a
FOXO target gene. Channels (Austin). 2009; 3(4): 233-8.

PubMed Abstract | Publisher Full Text | Free Full Text

lkonomidou C, Turski L: Why did NMDA receptor antagonists fail clinical trials
for stroke and traumatic brain injury? Lancet Neurol. 2002; 1(6): 383-6.
PubMed Abstract | Publisher Full Text

Bell KF, Hardingham GE: CNS peroxiredoxins and their regulation in health and
disease. Antioxid Redox Signal. 2011; 14(8): 1467-77.
PubMed Abstract | Publisher Full Text

Bell KF, Fowler JH, Al-Mubarak B, et al.: Activation of Nrf2-regulated glutathione
pathway genes by ischemic preconditioning. Oxid Med Cell Longev. 2011; 2011:
689524.

PubMed Abstract | Publisher Full Text | Free Full Text

Martel MA, Soriano FX, Baxter P, et al.: Inhibiting pro-death NMDA receptor
signaling dependent on the NR2 PDZ ligand may not affect synaptic function
or synaptic NMDA receptor signaling to gene expression. Channels (Austin).
2009; 3(1): 12-5.

PubMed Abstract | Publisher Full Text

Milani D, Cross JL, Anderton RS, et al.: Delayed 2-h post-stroke administration of
R18 and NA-1 (TAT-NR2B9c) peptides after permanent and/or transient middle
cerebral artery occlusion in the rat. Brain Res Bull. 2017; 135: 62-8.

PubMed Abstract | Publisher Full Text

Soriano FX, Martel MA, Papadia S, et al.: Specific targeting of pro-death NMIDA
receptor signals with differing reliance on the NR2B PDZ ligand. J Neurosci.
2008; 28(42): 10696-710.

PubMed Abstract | Publisher Full Text | Free Full Text

Soriano FX, Hardingham GE: Compartmentalized NMDA receptor signalling to
survival and death. J Physiol. 2007; 584(Pt 2): 381-7.
PubMed Abstract | Publisher Full Text | Free Full Text

Puddifoot C, Martel MA, Soriano FX, et al.: PGC-1a. negatively regulates
extrasynaptic NMDAR activity and excitotoxicity. J Neurosci. 2012; 32(20):
6995-7000.

PubMed Abstract | Publisher Full Text | Free Full Text

Wahl AS, Buchthal B, Rode F, et al.: Hypoxic/ischemic conditions induce
expression of the putative pro-death gene Cica1 via activation of extrasynaptic
N-methyl-D-aspartate receptors. Neuroscience. 2009; 158(1): 344-52.

PubMed Abstract | Publisher Full Text

Vieira MM, Schmidt J, Ferreira JS, et al.: Multiple domains in the C-terminus
of NMDA receptor GIuN2B subunit contribute to neuronal death following

in vitro ischemia. Neurobiol Dis. 2016; 89: 223-34.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Tu W, Xu X, Peng L, et al.: DAPK1 interaction with NMDA receptor NR2B
subunits mediates brain damage in stroke. Cell. 2010; 140(2): 222-34.
PubMed Abstract | Publisher Full Text | Free Full Text

McQueen J, Ryan TJ, McKay S, et al.: Pro-death NMDA receptor signaling is
promoted by the GIuN2B C-terminus independently of Dapk1. eLife. 2017; 6:
pii: e17161.

PubMed Abstract | Publisher Full Text | Free Full Text

Gupta K, Chandran S, Hardingham GE: Human stem cell-derived astrocytes and
their application to studying Nrf2-mediated neuroprotective pathways and
therapeutics in neurodegeneration. Br J Clin Pharmacol. 2013; 75(4): 907—-18.
PubMed Abstract | Publisher Full Text | Free Full Text

Bano D, Nicotera P: Ca?* signals and neuronal death in brain ischemia. Stroke.
2007; 38(2 Suppl): 674-6.

PubMed Abstract | Publisher Full Text

Duchen MR: Mitochondria, calcium-dependent neuronal death and
neurodegenerative disease. Pflugers Arch. 2012; 464(1): 111-21.

PubMed Abstract | Publisher Full Text | Free Full Text

F1000Research 2019, 8(F1000 Faculty Rev):1547 Last updated: 13 SEP 2019

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Nakamura T, Lipton SA: Redox modulation by S-nitrosylation contributes to
protein misfolding, mitochondrial dynamics, and neuronal synaptic damage in
neurodegenerative diseases. Cell Death Differ. 2011; 18(9): 1478-86.

PubMed Abstract | Publisher Full Text | Free Full Text

Lai TW, Zhang S, Wang YT: Excitotoxicity and stroke: identifying novel targets
for neuroprotection. Prog Neurobiol. 2014; 115: 157-88.
PubMed Abstract | Publisher Full Text

Panayotis N, Karpova A, Kreutz MR, et al.: Macromolecular transport in synapse
to nucleus communication. Trends Neurosci. 2015; 38(2): 108—16.

PubMed Abstract | Publisher Full Text

Qiu J, Tan YW, Hagenston AM, et al.: Mitochondrial calcium uniporter Mcu
controls excitotoxicity and is transcriptionally repressed by neuroprotective
nuclear calcium signals. Nat Commun. 2013; 4: 2034.

PubMed Abstract | Publisher Full Text | Free Full Text

Peng TI, Greenamyre JT: Privileged access to mitochondria of calcium influx
through N-methyl-D-aspartate receptors. Mol Pharmacol. 1998; 53(6): 974—-80.
PubMed Abstract

E Hardingham GE, Fukunaga Y, Bading H: Extrasynaptic NMDARs oppose
synaptic NMDARs by triggering CREB shut-off and cell death pathways. Nat
Neurosci. 2002; 5(5): 405—-14.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Fuller S, Steele M, Miinch G: Activated astroglia during chronic inflammation in
Alzheimer’s disease--do they neglect their neurosupportive roles? Mutat Res.
2010; 690(1-2): 40-9.

PubMed Abstract | Publisher Full Text

Ong WY, Tanaka K, Dawe GS, et al.: Slow excitotoxicity in Alzheimer’s disease.
J Alzheimers Dis. 2013; 35(4): 643-68.

PubMed Abstract | Publisher Full Text

Talantova M, Sanz-Blasco S, Zhang X, et al.: AP induces astrocytic glutamate
release, extrasynaptic NMDA receptor activation, and synaptic loss. Proc Nat/
Acad Sci U S A. 2013; 110(27): E2518-27.

PubMed Abstract | Publisher Full Text | Free Full Text

Hoey SE, Williams RJ, Perkinton MS: Synaptic NMDA receptor activation
stimulates alpha-secretase amyloid precursor protein processing and inhibits
amyloid-beta production. J Neurosci. 2009; 29(14): 4442-60.

PubMed Abstract | Publisher Full Text | Free Full Text

Bordiji K, Becerril-Ortega J, Nicole O, et al.: Activation of extrasynaptic, but
not synaptic, NMDA receptors modifies amyloid precursor protein expression
pattern and increases amyloid-B production. J Neurosci. 2010; 30(47):
15927-42.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Ittner LM, Gétz J: Amyloid-f and tau--a toxic pas de deux in Alzheimer’s
disease. Nat Rev Neurosci. 2011; 12(2): 67-72.
PubMed Abstract | Publisher Full Text

Rapoport M, Dawson HN, Binder LI, et al.: Tau is essential to beta -amyloid-
induced neurotoxicity. Proc Nat/ Acad Sci U S A. 2002; 99(9): 6364-9.
PubMed Abstract | Publisher Full Text | Free Full Text

Ittner LM, Ke YD, Delerue F, et al.: Dendritic function of tau mediates
amyloid-beta toxicity in Alzheimer’s disease mouse models. Cell. 2010; 142(3):
387-97.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Um JW, Nygaard HB, Heiss JK, et al.: Alzheimer amyloid-f oligomer bound
to postsynaptic prion protein activates Fyn to impair neurons. Nat Neurosci.
2012; 15(9): 1227-35.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation
Dore K, Aow J, Malinow R: The Emergence of NMDA Receptor Metabotropic
Function: Insights from Imaging. Front Synaptic Neurosci. 2016; 8: 20.

PubMed Abstract | Publisher Full Text | Free Full Text

Aow J, Dore K, Malinow R: Conformational signaling required for synaptic
plasticity by the NMDA receptor complex. Proc Natl Acad Sci U S A. 2015;
112(47): 14711-6.

PubMed Abstract | Publisher Full Text | Free Full Text

Zhu F, Cizeron M, Qiu Z, et al.: Architecture of the Mouse Brain Synaptome.
Neuron. 2018; 99(4): 781-799.e10.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Page 9 of 10


http://www.ncbi.nlm.nih.gov/pubmed/21292474
http://dx.doi.org/10.1016/j.conb.2011.01.002
http://www.ncbi.nlm.nih.gov/pmc/articles/3160470
http://www.ncbi.nlm.nih.gov/pubmed/28462931
http://dx.doi.org/10.1038/ncomms15132
http://www.ncbi.nlm.nih.gov/pmc/articles/5418577
http://www.ncbi.nlm.nih.gov/pubmed/19690465
http://dx.doi.org/10.4161/chan.3.4.9381
http://www.ncbi.nlm.nih.gov/pmc/articles/2837199
http://www.ncbi.nlm.nih.gov/pubmed/12849400
http://dx.doi.org/10.1016/S1474-4422(02)00164-3
http://www.ncbi.nlm.nih.gov/pubmed/20868292
http://dx.doi.org/10.1089/ars.2010.3567
http://www.ncbi.nlm.nih.gov/pubmed/21904646
http://dx.doi.org/10.1155/2011/689524
http://www.ncbi.nlm.nih.gov/pmc/articles/3166574
http://www.ncbi.nlm.nih.gov/pubmed/19221512
http://dx.doi.org/10.4161/chan.3.1.7864
http://www.ncbi.nlm.nih.gov/pubmed/28964774
http://dx.doi.org/10.1016/j.brainresbull.2017.09.012
http://www.ncbi.nlm.nih.gov/pubmed/18923045
http://dx.doi.org/10.1523/JNEUROSCI.1207-08.2008
http://www.ncbi.nlm.nih.gov/pmc/articles/2602846
http://www.ncbi.nlm.nih.gov/pubmed/17690142
http://dx.doi.org/10.1113/jphysiol.2007.138875
http://www.ncbi.nlm.nih.gov/pmc/articles/2277150
http://www.ncbi.nlm.nih.gov/pubmed/22593067
http://dx.doi.org/10.1523/JNEUROSCI.6407-11.2012
http://www.ncbi.nlm.nih.gov/pmc/articles/3359835
http://www.ncbi.nlm.nih.gov/pubmed/18616988
http://dx.doi.org/10.1016/j.neuroscience.2008.06.018
https://f1000.com/prime/725947846
http://www.ncbi.nlm.nih.gov/pubmed/26581639
http://dx.doi.org/10.1016/j.nbd.2015.11.007
https://f1000.com/prime/725947846
http://www.ncbi.nlm.nih.gov/pubmed/20141836
http://dx.doi.org/10.1016/j.cell.2009.12.055
http://www.ncbi.nlm.nih.gov/pmc/articles/2820131
http://www.ncbi.nlm.nih.gov/pubmed/28731405
http://dx.doi.org/10.7554/eLife.17161
http://www.ncbi.nlm.nih.gov/pmc/articles/5544426
http://www.ncbi.nlm.nih.gov/pubmed/23126226
http://dx.doi.org/10.1111/bcp.12022
http://www.ncbi.nlm.nih.gov/pmc/articles/3612708
http://www.ncbi.nlm.nih.gov/pubmed/17261713
http://dx.doi.org/10.1161/01.STR.0000256294.46009.29
http://www.ncbi.nlm.nih.gov/pubmed/22615071
http://dx.doi.org/10.1007/s00424-012-1112-0
http://www.ncbi.nlm.nih.gov/pmc/articles/3387496
http://www.ncbi.nlm.nih.gov/pubmed/21597461
http://dx.doi.org/10.1038/cdd.2011.65
http://www.ncbi.nlm.nih.gov/pmc/articles/3178424
http://www.ncbi.nlm.nih.gov/pubmed/24361499
http://dx.doi.org/10.1016/j.pneurobio.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25534890
http://dx.doi.org/10.1016/j.tins.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/23774321
http://dx.doi.org/10.1038/ncomms3034
http://www.ncbi.nlm.nih.gov/pmc/articles/3709514
http://www.ncbi.nlm.nih.gov/pubmed/9614198
https://f1000.com/prime/1006391
http://www.ncbi.nlm.nih.gov/pubmed/11953750
http://dx.doi.org/10.1038/nn835
https://f1000.com/prime/1006391
http://www.ncbi.nlm.nih.gov/pubmed/19748514
http://dx.doi.org/10.1016/j.mrfmmm.2009.08.016
http://www.ncbi.nlm.nih.gov/pubmed/23481689
http://dx.doi.org/10.3233/JAD-121990
http://www.ncbi.nlm.nih.gov/pubmed/23776240
http://dx.doi.org/10.1073/pnas.1306832110
http://www.ncbi.nlm.nih.gov/pmc/articles/3704025
http://www.ncbi.nlm.nih.gov/pubmed/19357271
http://dx.doi.org/10.1523/JNEUROSCI.6017-08.2009
http://www.ncbi.nlm.nih.gov/pmc/articles/6665739
https://f1000.com/prime/10801956
http://www.ncbi.nlm.nih.gov/pubmed/21106831
http://dx.doi.org/10.1523/JNEUROSCI.3021-10.2010
http://www.ncbi.nlm.nih.gov/pmc/articles/6633754
https://f1000.com/prime/10801956
http://www.ncbi.nlm.nih.gov/pubmed/21193853
http://dx.doi.org/10.1038/nrn2967
http://www.ncbi.nlm.nih.gov/pubmed/11959919
http://dx.doi.org/10.1073/pnas.092136199
http://www.ncbi.nlm.nih.gov/pmc/articles/122954
https://f1000.com/prime/4712956
http://www.ncbi.nlm.nih.gov/pubmed/20655099
http://dx.doi.org/10.1016/j.cell.2010.06.036
https://f1000.com/prime/4712956
https://f1000.com/prime/717968094
http://www.ncbi.nlm.nih.gov/pubmed/22820466
http://dx.doi.org/10.1038/nn.3178
http://www.ncbi.nlm.nih.gov/pmc/articles/3431439
https://f1000.com/prime/717968094
http://www.ncbi.nlm.nih.gov/pubmed/27516738
http://dx.doi.org/10.3389/fnsyn.2016.00020
http://www.ncbi.nlm.nih.gov/pmc/articles/4963461
http://www.ncbi.nlm.nih.gov/pubmed/26553983
http://dx.doi.org/10.1073/pnas.1520029112
http://www.ncbi.nlm.nih.gov/pmc/articles/4664326
https://f1000.com/prime/733732841
http://www.ncbi.nlm.nih.gov/pubmed/30078578
http://dx.doi.org/10.1016/j.neuron.2018.07.007
http://www.ncbi.nlm.nih.gov/pmc/articles/6117470
https://f1000.com/prime/733732841

FIOOOResearch F1000Research 2019, 8(F1000 Faculty Rev):1547 Last updated: 13 SEP 2019

Open Peer Review

Current Peer Review Status: ¥

Editorial Note on the Review Process

F1000 Faculty Reviews are written by members of the prestigious F1000 Faculty. They are commissioned and
are peer reviewed before publication to ensure that the final, published version is comprehensive and accessible.
The reviewers who approved the final version are listed with their names and affiliations.

The reviewers who approved this article are:

1 Lynn A Raymond
Department of Psychiatry, Djavad Mowafaghian Centre for Brain Health, The University of British Columbia,
Vancouver, Canada
Competing Interests: No competing interests were disclosed.

o> Michael S Levine
Intellectual and Developmental Disabilities Research Center, Department of Psychiatry and Biobehavioral
Sciences, Semel Institute for Neuroscience and Human Behavior, Brain Research Institute, UCLA, Los
Angeles, CA, USA
Carlos Cepeda
Intellectual and Developmental Disabilities Research Center, Department of Psychiatry and Biobehavioral
Sciences, Semel Institute for Neuroscience and Human Behavior, Brain Research Institute, UCLA, Los
Angeles, CA, USA
Competing Interests: No competing interests were disclosed.

The benefits of publishing with F1000Research:

®  Your article is published within days, with no editorial bias

®  You can publish traditional articles, null/negative results, case reports, data notes and more
® The peer review process is transparent and collaborative

®  Your article is indexed in PubMed after passing peer review

® Dedicated customer support at every stage

For pre-submission enquiries, contact research@f1000.com F](m Resea rCh

Page 10 of 10


https://f1000research.com/browse/f1000-faculty-reviews
http://f1000.com/prime/thefaculty

