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Abstract——Many physiologic effects of L-glutamate,
the major excitatory neurotransmitter in the mamma-
lian central nervous system, are mediated via signaling
by ionotropic glutamate receptors (iGluRs). These
ligand-gated ion channels are critical to brain function
and are centrally implicated in numerous psychiatric
and neurologic disorders. There are different classes of
iGluRs with a variety of receptor subtypes in each class
that play distinct roles in neuronal functions. The diver-
sity in iGluR subtypes, with their unique functional
properties and physiologic roles, has motivated a large
number of studies. Our understanding of receptor sub-
types has advanced considerably since the first iGluR
subunit gene was cloned in 1989, and the research focus
has expanded to encompass facets of biology that have
been recently discovered and to exploit experimental
paradigms made possible by technological advances.
Here, we review insights from more than 3 decades of

iGluR studies with an emphasis on the progress that has
occurred in the past decade. We cover structure, func-
tion, pharmacology, roles in neurophysiology, and ther-
apeutic implications for all classes of receptors
assembled from the subunits encoded by the 18 iono-
tropic glutamate receptor genes.

Significance Statement Glutamate receptors
play important roles in virtually all aspects of
brain function and are either involved in mediat-
ing some clinical features of neurological disease
or represent a therapeutic target for treatment.
Therefore, understanding the structure, function,
and pharmacology of this class of receptors will
advance our understanding of many aspects of
brain function at molecular, cellular, and system
levels and provide new opportunities to treat
patients.

I. Introduction

Glutamate mediates most excitatory neurotransmis-
sion in the mammalian central nervous system (CNS)
via binding to metabotropic glutamate receptors
(mGluRs), which are G protein—coupled receptors, and
ionotropic glutamate receptors (iGluRs), which are cat-
ion-permeable ligand-gated ion channels. The activation
of mGluRs and iGluRs produces distinct cellular
responses on vastly different time scales. The iGluRs
are divided into different functional classes, namely
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
(AMPA) receptors, kainate receptors, N-methyl-p-aspar-
tate (NMDA) receptors, and GluD receptors (also

known as delta or 6 receptors) (Fig. 1). Functional clas-
ses were initially identified by pharmacological proper-
ties, such as a selective activating agonist (Watkins and
Jane, 2006). However, the distinction between the clas-
ses was precisely defined when cloning of the different
subunits revealed strong correlation between sequence
identity and pharmacological properties of receptor sub-
types (Seeburg, 1993; Hollmann and Heinemann,
1994). The GluD receptors are unusual in this respect,
since these receptors were cloned and categorized as
iGluRs based on sequence identity, yet it remains
uncertain whether they form ion channels that function
by passing current in the CNS (Kakegawa et al., 2007b;
Kakegawa et al., 2009; Schmid et al., 2009; Matsuda
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Fig. 1. Structural and functional diversity of iGluRs. (A) Ionotropic gluta-
mate receptors are divided into four functional classes: AMPA, kainate,
NMDA, and GluD receptors. Multiple subunits have been cloned in each
of these classes that bind either glutamate or glycine/D-serine. (B) Subu-
nits from separate functional classes are unable to assemble as functional
ion channels, but subunits within each functional class can assemble
guided by specific sets of rules. AMPA receptor subunits can form func-
tional homomers and heteromers, but GluA2-containing heteromers
prevail throughout the CNS. Kainate receptor subunits GluK1-3 can
assemble as functional homomers and heteromers, but GluK4-5 must
coexpress with GluK1-3 to form functional receptors. NMDA receptors
are strictly heteromeric receptors with two GluN1 subunits and two
GluN2 subunits (GluN1/2) or two GluN3 subunits (GluN1/3). Trihe-
teromeric NMDA receptors (not shown) contain two GluN1 subunits
and two different GluN2 subunits (i.e., three types of subunits). GluD
subunits form homomers that appear incapable of mediating ionotropic
signaling.

et al., 2010; Elegheert et al., 2016; Dadak et al., 2017).
There are also examples in which specific iGIuR sub-
types that typically mediate current responses (i.e., ion-
otropic signaling) also appear capable of promoting
intracellular signaling (i.e., metabotropic signaling)
through a variety of mechanisms [reviewed in Dore
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et al. (2016), Perez-Otano et al. (2016), Valbuena and
Lerma (2016, 2021), Yuzaki and Aricescu (2017), Reiner
and Levitz (2018)].

Remarkable variation exists in the physiologic roles
and functional properties among AMPA, kainate, and
NMDA receptors. Vesicular presynaptic release of glu-
tamate at central synapses activates excitatory post-
synaptic currents (EPSCs) that give rise to excitatory
postsynaptic potentials (EPSPs), which typically com-
prise a rapidly rising and decaying component medi-
ated by AMPA receptors and a component mediated
by NMDA receptors with a markedly slower time
course (Hestrin et al., 1990; Sah et al., 1990; Trussell
et al., 1993; Geiger et al., 1997) (Section IV. Receptor
Activation, Deactivation, and Desensitization). In
some synapses, activation of postsynaptic kainate
receptors produces EPSCs with a decay time course
that is intermediate to those of AMPA and NMDA
receptors (Contractor et al., 2011). Unlike AMPA and
kainate receptors, NMDA receptors exhibit voltage-
dependent Mg?" block and high permeability to Ca®*,
and their activation requires simultaneous binding of
two different agonists, glycine (or pD-serine) and gluta-
mate (Fig. 1). Vesicular glutamate release mediates
the phasic activation of NMDA receptors, as tonic lev-
els of extracellular glycine (or p-serine) can bind to
synaptic and extrasynaptic NMDA receptors (Section
VII. Pharmacology of Orthosteric Ligands and Chan-
nel Blockers). NMDA receptor ion channels are
blocked by physiologic levels of extracellular Mg®* at
resting membrane potentials, but presynaptic gluta-
mate release and subsequent rapid activation of
AMPA/kainate receptors or other mechanisms, such
as back propagation of action potentials (Tazerart
et al., 2020), can depolarize the membrane potential,
thereby relieving the voltage-dependent Mg?* block
of NMDA receptors and allowing the flow of inward
current (i.e., positive ions moving into the cell)
(Mayer et al., 1984; Nowak et al., 1984) (Section IV.
Receptor Activation, Deactivation, and Desensitiza-
tion). Thus, NMDA receptors serve as coincidence
detectors that require simultaneous presynaptic glu-
tamate release and postsynaptic depolarization to
produce a slow Ca®*-permeable component of the
EPSC (Bourne and Nicoll, 1993; Seeburg et al., 1995).
The resulting increase in intracellular Ca®" can trig-
ger signaling events in the postsynaptic neuron that
are accompanied by changes in synaptic efficacy and
neuronal morphology (i.e., synaptic plasticity), a cellu-
lar correlate of memory and learning (Section V. Glu-
tamate Receptors in Neuronal Functions and Synaptic
Plasticity).

Given the many roles of iGluRs in normal brain func-
tion, it is not surprising that their dysregulation is
involved in numerous pathophysiological conditions
(Lau and Zukin, 2007; Traynelis et al., 2010; Paoletti
et al., 2013; Parsons and Raymond, 2014). Historically,
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there has been limited success in the development of
iGluR ligands as therapeutic agents, but drug discovery
efforts have been reinvigorated by the approval of the
AMPA receptor antagonist perampanel as an antiepi-
leptic drug and the NMDA receptor antagonist keta-
mine as an antidepressant. Furthermore, our improved
understanding of disease mechanisms and genetics as
well as the physiologic roles (Section V. Glutamate
Receptors in Neuronal Functions and Synaptic Plastic-
ity) and localization (Section VI. Developmental and
Regional Expression in the Central Nervous System) of
iGluRs has increased interest in selective targeting of
these receptors (Sections VII. Pharmacology of Orthos-
teric Ligands and Channel Blockers and IX. Exogenous
Positive and Negative Allosteric Modulators) for poten-
tial treatment of CNS disorders (Section X. Glutamate
Receptors in Disease).

In the recent decade, advances in X-ray crystallogra-
phy and cryo-EM have increased available structural
data for iGluR subtypes, and this information has cata-
lyzed studies exploring the relationship between struc-
ture, function, and allosteric modulation of iGluRs
(Sections II. Receptor Structure and VIII. Endogenous
Allosteric Regulation). Similarly, our understanding of
auxiliary subunits that associate with native iGluRs has
increased profoundly (Section III. Auxiliary Subunits).
These auxiliary subunits play key roles in the regulation
of receptor biogenesis and trafficking as well as receptor
function and allosteric regulation and account for much
of the diversity in neuronal receptor function reported at
distinct excitatory synapses (Section IV. Receptor Activa-
tion, Deactivation, and Desensitization). Technical
advances have made it possible to determine the expres-
sion profiles of iGluR subtypes with increased precision
at cellular and subcellular levels (Sections V. Glutamate
Receptors in Neuronal Functions and Synaptic Plasticity
and VI. Developmental and Regional Expression in the
Central Nervous System), which has highlighted the
diverse roles for iGluR subtypes within individual cells
and in neural circuits. In this review, we summarize our
understanding of the functional and physiologic roles of
iGluRs, with an emphasis on mammalian receptors and
aspects of their roles that have seen notable progress in
this decade. We focus here on recognizing foundational
studies that elucidated new principles and precedents.
Although we have made efforts to recognize the full
range of studies that have contributed to progress in
the field, we regret that space has not allowed us to
recognize in a truly comprehensive fashion all of the
work that underpins each conceptual advance, and
many excellent papers could not be included.

II. Receptor Structure

All iGluRs are integral membrane proteins assem-
bled from four large (>850 residues) multidomain
subunits to form an ion channel, which is a central
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ion-permeable pore that spans the membrane. The
four iGluR classes are composed of different subunits:
GluA1-4 for AMPA receptors (encoded by the GRIAI-
4 genes); GluK1-5 for kainate receptors (encoded by
GRIK1-5); GluN1, GluN2A-D, and GIuN3A-B for
NMDA receptors (encoded by GRIN1, GRIN2A-D,
GRIN3A-B); and GluD1-2 for GluD receptors (encoded
by GRID1-2) (Fig. 1). Most iGluR subunits bind gluta-
mate as the activating endogenous agonist, with the
exception of GluN1, GluN3A-B, and GluD1-2, which
primarily bind glycine and p-serine. This diversity in
subunit composition and endogenous agonists gives
rise to variation in structural and functional proper-
ties between AMPA, kainate, NMDA, and GluD recep-
tors and between receptor subtypes within each
functional class.

A. Subunit Stoichiometry and Domain Organization

Functional iGluRs are assembled only by subunits
from within the same class; for example, AMPA and
kainate receptor subunits do not assemble to form a
functional receptor (Fig. 1). AMPA receptor subunits
form functional homotetramers and heterotetramers
[reviewed in Hollmann and Heinemann (1994), Bowie
(2012), Herguedas et al. (2013)], but GluA2-contain-
ing heterotetramers are most common in the CNS
(Wenthold et al., 1996; Lu et al., 2009; Zhao et al.,
2019). Kainate receptor subunits GluK1-3 can also
express as functional homotetramers and heterote-
tramers, but GluK4-5 must coassemble with at least
one GluK1-3 subunit to form functional heteromeric
kainate receptors (Herb et al., 1992; Cui and Mayer,
1999; Jaskolski et al., 2005a; Reiner et al., 2012;
Meyerson et al., 2014, 2016). Homomeric AMPA and
kainate receptors have been extensively studied in
heterologous expression systems (e.g., HEK293 cells
or Xenopus oocytes), but the extent to which these
homomeric receptors are found in native tissue is not
understood. NMDA receptors are obligate heterote-
tramers composed of two glycine-binding GluN1 subu-
nits and either two identical glutamate-binding
GluN2 subunits (i.e., diheteromeric receptors contain-
ing two types of subunits), or two different GlulN2
subunits (i.e., triheteromeric receptors containing
three types of subunits) (Monyer et al., 1992; Ulbrich
and Isacoff, 2007, 2008; Hansen et al., 2014; Karakas
and Furukawa, 2014; Lee et al., 2014; Lu et al.,
2017). NMDA receptors composed of two GluN1 and
two GluN3 subunits (GluN1/3), which do not bind glu-
tamate, are expressed in neurons (Grand et al., 2018;
Otsu et al., 2019; Zhu et al., 2020), and triheteromeric
receptors composed of GluN1, GluN2, and GluN3 sub-
units (GluN1/GluN2/GluN3) might also exist [reviewed
in Perez-Otano et al. (2016), but see Ulbrich and Isacoff
(2008)]. GluD1 and GluD2 subunits form homote-
tramers that serve as trans-synaptic adhesion com-
plexes (i.e., synapse organizers) or require as yet
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unidentified factors to form functional ion channels
(Mayat et al., 1995; Zuo et al., 1997; Kohda et al., 2000;
Naur et al., 2007; Elegheert et al., 2016; Burada et al.,
2020b). Whether GluD1 and GluD2 can assemble as
heteromeric receptors is unresolved.

The iGluR subunits share a common modular design
and membrane topology despite having modest primary
sequence identity (Wo and Oswald, 1995; Paas, 1998)
(Fig. 2). Each subunit includes a large extracellular
region comprising the N-terminal domain (NTD), also
referred to as amino-terminal domain (ATD), which
mediates receptor assembly, trafficking and functional
regulation, and the agonist binding domain (ABD), also
referred to as ligand binding domain (LBD), which har-
bors binding sites for agonists, competitive antagonists,
and some allosteric modulators. Each ABD is composed
of two segments of the polypeptide chain, S1 and S2,
separated by two transmembrane helices (M1 and
M3) and a membrane reentrant loop (M2). The M1-
M2-M3 regions together with a fourth transmembrane
helix (M4) compose the transmembrane domain (TMD)
(Fig. 2). The cytoplasmic C-terminal domain (CTD)
directs receptor localization and regulation, is a locus of
post-translational modifications (e.g., phosphorylation
and palmitoylation), and varies in length and sequence
among subunits (Sections ILE. The Intracellular C-Ter-
minal Domain and IL.F. Alternative Splicing, RNA Edit-
ing, and Post-Translational Modifications).

NTD
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The iGluR subunits assemble into a tetrameric
receptor with a layered architecture comprising the
most extracellular NTD layer at the top followed by
the ABD layer sandwiched between the NTD and
TMD layers and the structurally unresolved intracel-
lular CTD layer (Nakagawa et al., 2005; Nakagawa
et al., 2006; Sobolevsky et al., 2009; Karakas and Fur-
ukawa, 2014; Meyerson et al., 2016; Burada et al.,
2020b) (Fig. 2). In the tetramer, the four TMDs come
together to form the cation-selective ion channel. The
four subunits reside in positions within the tetramer
(denoted A, B, C, and D) that can be divided into two
diagonal pairs, A/C and B/D, based on a 2-fold rota-
tional symmetry of the extracellular region (Fig. 2).
As a result of this 2-fold symmetry, the conformations
are similar for subunits within these pairs (i.e., A and
C are similar) and different between the two subunit
pairs (i.e., A and B are different) (Fig. 2). Thus, the
same subunit must adopt two distinct conformations
in homomeric iGluRs. In homomeric GluA2 receptors,
for example, these differences are emphasized by the
presence of an intrasubunit NTD-ABD interface in
subunits A and C and its absence in subunits B and
D (Fig. 2). The conformational differences between
the subunit pairs typically reveal themselves as vari-
ation in the relative domain positioning and confor-
mations of the peptide linkers that connect the NTD,

Fig. 2. Common architecture of iGluRs. (A and B) Linear representation of the iGluR subunit polypeptide chain and cartoon of the iGluR subunit topol-
ogy, illustrating the NTD, the S1 and S2 segments that together form the ABD, the TMD formed by M1-M2-M3 and M4, and the CTD. (C and D) Struc-
tures of distinct subunit conformations adopted in homomeric GluA2 receptors with similarly oriented ABDs. Oval in (C) indicates the NTD-ABD
interface that is present in subunit positions A and C but not in positions B and D. Different orientations of NTD and TMD in subunit B compared with
subunit A are indicated in (D). (E) Structure of GluA2 homomer (PDB: 3KG2) viewed parallel to the membrane, with interfaces indicated by ovals and
labeled with numbers that increase as the interface surface area decreases. (F-H) The NTD (F), ABD (G), and TMD (H) layers viewed extracellularly
perpendicular to the membrane, with the black ovals indicating the receptor overall (larger symbols at dimer-dimer interface) and NTD and ABD
dimers local (smaller symbols within dimers) 2-fold rotational symmetry and black square indicating the 4-fold symmetry of the TMD layer. The subu-
nit domains arrange as dimer-of-dimers, but switch dimer partner between the ABD and NTD layers (i.e., subunit crossover).
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ABD, and TMD layers, whereas the
domains maintain similar conformations.

Pairs of subunit dimers assemble together as a tet-
ramer by forming a number of intersubunit interfa-
ces, including NTD dimer, ABD dimer, and TMD
interfaces and weak interfaces between the two NTD
dimers and between the two ABD dimers (Fig. 2)
(Sun et al., 2002; Kumar et al., 2009; Karakas et al.,
2011; Rossmann et al., 2011). The network of interfa-
ces maintains the tetrameric structure of receptors
composed of complex multidomain subunits while also
allowing the conformational freedom that makes
iGluRs highly dynamic structures. With the exception
of homomeric GluD1 and GluD2 receptors, there is an
intriguing swapping of domains between the NTD
and ABD layers in iGluR structures (Fig. 3). Domain
swapping results in NTD dimers formed by A/B and
C/D subunits, whereas ABD dimers are formed by
subunits A/D and B/C (Fig. 3). The domain swapping
in iGluRs consequently creates a symmetry mismatch
between the NTD and ABD layers, and the overall 2-
fold symmetry of the extracellular region mismatches
the pseudo 4-fold symmetry of the TMD layer forming
the ion channel (Fig. 2). The only known exceptions to
this canonical architecture are the homotetrameric
GluD1 and GluD2 receptors, which do not exhibit
domain swapping of subunits between the NTD and
ABD layers (Burada et al., 2020a,b). Otherwise, the
overall domain arrangement and symmetrical organi-
zation are preserved in AMPA, kainate, and NMDA
receptors (Fig. 3).

Numerous iGluRs have been identified in nonmam-
mals (Mayer and Jegla, 2018), such as insects (Benton
et al.,, 2009; Li et al.,, 2016b; Prieto-Godino et al.,
2016), worms (Maricq et al., 1995), plants (Lam et al.,
1998), and single-cell organisms (Chen et al., 1999a;
Lomash et al., 2013; Alberstein et al., 2015). The sub-
units in those organisms share their modular domain
organization and architecture with the mammalian
receptors, and the structures of isolated ABDs are
similar (Mayer et al., 2001; Lomash et al., 2013;
Alberstein et al., 2015; Han et al., 2015b; Li et al.,
2016b; Alfieri et al., 2020; Stroebel and Paoletti, 2021;
Gangwar et al., 2021). However, there are substantial
differences in pharmacology, gating kinetics (Lomash
et al., 2013; Alberstein et al., 2015; Prieto-Godino et al.,
2017), and the role of auxiliary subunits (Zheng
et al., 2004; Walker et al., 2006; Wang et al., 2012; Han
et al., 2015b).

1. Structures of Tetrameric Ionotropic Glutamate
Receptor Subtypes. The initial glimpses of tetrameric
AMPA receptor structures at low resolution (~20-30
A) (Nakagawa et al., 2005; Nakagawa et al., 2006;
Midgett and Madden, 2008) were followed by the first
X-ray structure of the tetrameric GluA2 receptor at a
resolution of 3.6 A (Sobolevsky et al., 2009).

individual
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Tremendous progress has been made in the past
decade using X-ray crystallography and cryo-EM to
obtain insights into the different functional states
(e.g., closed, open, and desensitized conformations)
(Section IV. Receptor Activation, Deactivation, and
Desensitization), the structural basis for allosteric
modulation (Section IX. Exogenous Positive and Nega-
tive Allosteric Modulators), and regulation by auxil-
iary subunits (Section I1I. Auxiliary Subunits).

The majority of tetrameric iGluR structures were
preceded by more than a decade of studies with high-
resolution structures of individual subunit ABDs and
NTDs that in some cases formed physiologically rele-
vant homodimer or heterodimer structures. Resolution
of isolated domains provided the first views of subu-
nit interfaces and resulted in structural models for
activation, antagonism, and desensitization that are
central to our appreciation of iGluR function (Sec-
tions II.B. The Extracellular Agonist Binding
Domain and II.C. The Extracellular N-Terminal
Domain). Importantly, these isolated ABD and NTD
structures have been recapitulated in recent struc-
tures of tetrameric iGluRs. Before discussing the
structures of individual ABDs and NTDs (Sections
II.B. The Extracellular Agonist Binding Domain
and II.C. The Extracellular N-Terminal Domain),
we will summarize the major discoveries provided
by X-ray and cryo-EM structures of tetrameric
iGluRs. These structures were all obtained with
subunits lacking their CTDs (Section II.E. The
Intracellular C-Terminal Domain).

a. Structures of tetrameric AMPA receptors. After
the first crystal structure of the homotetrameric
GluA2 receptor in the closed, competitive antagonist-
bound state (Sobolevsky et al., 2009), structural
efforts focused on solving tetrameric AMPA receptor
structures in additional conformational states. It took
5 years before new crystal structures of GluA2 in
complex with agonists were reported (Chen et al.,
2014b; Durr et al., 2014; Yelshanskaya et al., 2014).
The channels in these structures were all in the
closed conformation despite having been resolved
with full or partial agonists as well as with the posi-
tive allosteric modulators (R,R)-2b or con-ikot-ikot, a
peptide toxin from the Conus striatus cone snail. The
ABDs in these complexes adopted incompletely closed
conformations that could be interpreted as transi-
tional states visited en route to channel opening; they
were therefore referred to as preactive states (Two-
mey and Sobolevsky, 2018). X-ray crystallography
yielded apo state structures of GluA2 in the absence
of agonist binding (Durr et al., 2014; Yelshanskaya
et al., 2016b). These apo structures adopted the same
conformation as the competitive antagonist-bound
structure (Sobolevsky et al., 2009), confirming that
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C NMDA receptor D GluD receptor

Ifenprodil

Fig. 3. Representative structures of iGluR subtypes. (A) Homomeric GluA2 AMPA receptor in complex with competitive antagonist ZK 200775 (ZK)
(PDB: 3KG2). (B) Homomeric GluK2 kainate receptor in complex with agonist SYM2081 (MG) (PDB: 5KUF). (C) GluN1/2B NMDA receptor in complex
with Glu and Gly and the allosteric inhibitor ifenprodil (PDB: 4PE5). (D) Homomeric GluD1 receptor in complex with Ca®" and the competitive antago-
nist 7-CKA (ligands not resolved) (PDB: 6KSS). The upper row shows iGluRs viewed parallel to the membrane, and the lower row shows ABD layers
viewed extracellularly (GluK2 is presumably in the desensitized state). Black ovals indicate the receptor overall (larger symbols at dimer-dimer inter-
face) and NTD and ABD dimers local (smaller symbols within dimers) 2-fold rotational symmetry, and black square indicates the 4-fold symmetry.
GluD1 is unique by not having domain swapping between ABD and NTD layers.

the antagonist-bound structures are faithful represen-
tations of the AMPA receptor closed state.

The “resolution revolution” in cryo-EM (Kuhl-
brandt, 2014) made visualization of both open and
desensitized states possible once the AMPA receptor
interactome was elucidated, and multiple auxiliary
subunits were isolated (Jackson and Nicoll, 2011a;
Bettler and Fakler, 2017) (Section III. Auxiliary Sub-
units). To solve the open-state structures (Chen et al.,
2017a; Twomey et al., 2017a), GluA2 was fused or
coexpressed with the auxiliary subunit stargazin
[transmembrane AMPA receptor regulatory protein
(TARP) y-2], which promotes channel opening, and
GluA2 was bound to the agonists glutamate or quis-
qualate and the positive allosteric modulators cyclo-
thiazide or (R,R)-2b. The desensitized state was
resolved in structures of GluA2 either fused to the
desensitization-promoting auxiliary subunit germ
cell-specific gene 1-like (GSG1L) or coexpressed with
stargazin (TARP y-2) (both with quisqualate) (Chen
et al., 2017a; Twomey et al., 2017b) (Section III. Aux-
tliary Subunits).

Noncompetitive inhibition (i.e., negative allosteric
modulation, NAM) of AMPA receptors was studied by
cocrystallizing GluA2 with the antiepileptic drug per-
ampanel and mechanistically related GYKI-53655
and CP-465,022 (Yelshanskaya et al., 2016b). These

noncompetitive inhibitors bound at the extracellular
collar of the channel in a cavity formed by the pre-M1
linker and top portions of M3 and M4, where the
NAMs were proposed to act as wedges to prevent con-
formational changes in the ion channel associated
with pore opening (Twomey et al., 2017a; Twomey
and Sobolevsky, 2018) (Section IX. Exogenous Positive
and Negative Allosteric Modulators). More recently,
X-ray crystallography was used to determine the site
of action for noncompetitive inhibition by ¢rans-4-
butylcyclohexane carboxylic acid (4-BCCA), which
binds in the side portals leading from membrane to
the ion channel pore (Yelshanskaya et al., 2020), simi-
lar to local anesthetics in voltage-gated Na™ channels.
A variety of positively charged small molecules and
peptide toxins occlude ion permeation of iGluRs
through pore blockade (Section VII. Pharmacology of
Orthosteric Ligands and Channel Blockers). The
structural basis for channel block of AMPA receptors
was elucidated using cryo-EM and open-state struc-
tures of the GluA2-stargazin complex (Twomey et al.,
2018). Toxins and toxin-like molecules act as high-
affinity pore blockers of calcium-permeable AMPA
receptors by placing their bulky hydrophobic head
groups in a central ion channel cavity and their posi-
tively charged polyamine tails into the narrow, nega-
tively charged selectivity filter [reviewed in Bowie
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(2018)]. The negatively charged selectivity filter was
also proposed to bind the endogenous polyamines
spermine and spermidine, which lack the bulky
hydrophobic head groups found in toxins (Twomey
et al., 2018). As a result, intracellular polyamines act
as low-affinity blockers of calcium-permeable AMPA
receptors and yield the characteristic inward rectifica-
tion of AMPA receptor-mediated currents by occluding
outward current flow at depolarized potentials (Sec-
tion VIII. Endogenous Allosteric Regulation). Compar-
ison of the blocker-bound open-state structures with
the closed-state structure allowed visualization of the
molecular mechanism of blocker trapping (Twomey
et al., 2018). Cryo-EM also made it possible to study
AMPA receptor complexes that included auxiliary
subunits as well as heteromeric assemblies of AMPA
receptor subunits. In heteromeric AMPA receptors,
the subunits appeared to arrange with the GluA2
subunit preferentially occupying the B/D positions
(Herguedas et al., 2019; Zhao et al., 2019), and this
placement may be influenced by features of the signal
peptide preceding the NTD (He et al., 2016), but see
also Duan et al. (2018).

b. Structures of tetrameric kainate receptors.  Efforts
toward structural resolution of tetrameric kainate
receptors have not been as successful as those for
AMPA receptors. The initial low-resolution structure
at ~21 A (Schauder et al., 2013), which was followed
by cryo-EM structure at 7.6 A of the homotetrameric
GluK2 receptor obtained in the presence of the high-
affinity agonist 2S,4R-4-methylglutamate (SYM2081),
revealed a surprising 4-fold symmetry of the ABD
layer (Meyerson et al., 2014) (Fig. 3). The resolution
of this structure, which was proposed to represent a
desensitized receptor state, was further improved to
3.8 A and was accompanied by a low-resolution struc-
ture at 11.6 A of GluK2 in the presence of the compet-
itive antagonist LY466195 that was reminiscent of
the closed-state structure of GluA2 (Meyerson et al.,
2016). More recently, low-resolution structures of
GluK3 were obtained in the presence of kainate or
SYM2081 as well as competitive antagonists UBP301
and UBP310, with the latter showing significant
asymmetric distortions at the ABD layer (Kumari
et al., 2019, 2020). The gating mechanism of kainate
receptors is unknown because neither the apo nor the
open-state structures of kainate receptors have been
resolved. When compared with the closed-state AMPA
receptor structure, the putative desensitized state
structures of kainate receptors predict unusually
large conformational changes associated with desensi-
tization (Meyerson et al., 2014, 2016; Kumari et al.,
2019, 2020). Recently, the cryo-EM structure of
GluK2/5 heteromer was solved in the apo, antagonist-
bound, and desensitized states (Khanra et al., 2021).
The receptor assembles with two copies of each
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subunit with the GluK5 subunits positioned proximal
to the channel, and GluK2 subunits but not GluK5
subunits undergo major structural rearrangements
during desensitization, which is mediated by the pep-
tide linkers connecting the pore helices. These data
suggest that GluK2 and GluK5 subunits of the het-
eromer fulfill distinct roles to bring about channel
desensitization and activation, respectively. The
desensitized structures of kainate receptor homomers
and heteromers reveal that kainate receptors undergo
unusually large conformational changes to reach the
desensitized state(s) compared with AMPA receptors
(Meyerson et al., 2014, 2016; Kumari et al., 2019,
2020; Khanra et al., 2021).

c. Structures of tetrameric NMDA receptors.  Struc-
tural studies of NMDA receptors lagged behind those
of AMPA receptors because of the technical difficulties
associated with assembling two different subunits
GluN1 and GluN2, which are essential for formation
of functional channels. The first two X-ray structures
of GluN1/2B NMDA receptors represented the alloste-
rically inhibited state in which the ion channel is
closed, the GluN1 and GluN2B ABDs are bound to
agonists, and the GluN1/2B NTD dimer interfaces are
occupied by the GluN2B-selective NAMs, ifenprodil or
Ro025-6981 (Karakas and Furukawa, 2014; Lee et al.,
2014) (Fig. 3). The GluN1 and GluN2 subunits are
arranged in the 1-2-1-2 order in NTD, ABD, and TMD
domain layers similar to that of AMPA and kainate
receptors. That is, the NTDs and ABDs are arranged
as a dimer of GluN1-GluN2 heterodimers, and the
heterodimeric pairs swap between the NTD and ABD
layers. GIuN1 has a conformation similar to subunits
in the A/C position in AMPA and kainate receptors,
whereas GluN2 has a conformation similar to subu-
nits in the B/D position [e.g., see Salussolia et al.
(2011b)] (Fig. 3).

One key distinctive feature of NMDA receptors is
the more extensive packing of NTDs and ABDs com-
pared with non-NMDA receptors, which enables tight
interdomain coupling. The existence of the NTD-ABD
intradimer interface in each of the four subunits as
well as additional interfaces between the NTD of one
subunit and the ABD of the neighboring subunit cre-
ate a more compact balloon shape of the NMDA
receptor compared with AMPA and kainate receptors
(Karakas and Furukawa, 2014; Lee et al., 2014;
Tajima et al., 2016; Zhu et al., 2016; Lu et al., 2017;
Regan et al., 2018) (Figs. 2 and 3). In this arrange-
ment, changes in domain conformations and subunit
orientation in the NTD layer would affect those of the
ABD layer and vice versa. This structural feature is
consistent with involvement of NMDA receptor NTDs
in functional regulation, including deactivation kinet-
ics, open probability, and agonist potency (Gielen
et al., 2009; Yuan et al., 2009). Furthermore, small
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compounds and antibodies that bind NMDA receptor
NTDs (Dalmau et al., 2008; Karakas et al., 2011;
Chan et al.,, 2020) or between the NTD and ABD
(Khatri et al., 2014) allosterically modulate receptor
function. By contrast, the NTDs in AMPA and kainate
receptors minimally regulate their function, consis-
tent with the limited NTD-ABD interaction (Fig. 3).
Previous studies on structures of the isolated NTDs
and ABDs revealed that GIuN2A or GluN2B NTD
clamshells are closed in the presence of allosteric
inhibitors, such as Zn?", ifenprodil, and protons (i.e.,
low pH), but open in the absence of allosteric inhibi-
tors (e.g., at higher pH 7.4-8; Section VIII. Endoge-
nous Allosteric Regulation). ABD clamshells adopt a
closed conformation in the presence of agonists and a
more open conformation in the apo state or in pres-
ence of competitive antagonists (Fig. 4 and Section
VII. Pharmacology of Orthosteric Ligands and Chan-
nel Blockers). At the level of a tetramer, the patterns
of conformational changes are more complex as NTDs
and ABDs from GluN1 and GluN2 move in a con-
certed manner (Chou et al., 2020). In the presence of
agonists at physiologic pH, the receptors reside in
three major conformations, two nonactive states, and
one active state, which are characterized by different
orientations between the two GluN1-GluN2 ABD het-
erodimers and changes in the GluN1-GluN2 NTD het-
erodimer interfaces (Chou et al., 2020). There is tight
conformational coupling of NTDs and ABDs that pro-
vide a mechanism by which the function of NMDA
receptors can be regulated by targeting either of the
domains (Sections VIII. Endogenous Allosteric Regu-
lation and IX. Exogenous Positive and Negative Allo-
steric Modulators).

Channel blockers of NMDA receptors, such as mem-
antine and ketamine, have therapeutic potential in a
range of CNS disorders (Section X. Glutamate Recep-
tors in Disease). Crystal structures described the
binding within the pore of MK-801, a high-affinity
channel blocker in the same class as memantine and
ketamine (Lu et al., 2017; Regan et al., 2018; Song
et al., 2018). Truncation of the NTDs yielded crystals
with an improved diffraction quality (3.2 A) that
showed that loss of the NTD resulted in two types of
subunit arrangements in ABDs (Song et al., 2018).
One conformation was consistent with the tetrameric
receptor containing the NTDs, and the other confor-
mation displayed swapped ABD dimer pairs, under-
scoring the importance of NTDs in promoting
appropriate subunit assembly and receptor function.
These studies also revealed the role of the Asn resi-
dues at and adjacent to the Q/R/N site at the apex of
the M2 reentrant loop (Sections II.D. The Transmem-
brane Domain and VIII. Endogenous Allosteric Regu-
lation) in binding of channel blockers (Song et al.,
2018). Moreover, vestibules extended from the pore to
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the cell membrane, which could provide a potential
path through which small blocker molecules might
exit the closed channel (Song et al., 2018).

The majority of NMDA receptors in glutamatergic
synapses on excitatory neurons are presumably repre-
sented by the triheteromeric GluN1/2A/2B subtype
(Al-Hallaq et al., 2007; Luo et al., 1997; Sheng et al.,
1994). One of the key functional features of the trihe-
teromeric GluN1/2A/2B receptor is that its functional
properties resemble those of the diheteromeric
GluN1/2A NMDA receptor compared with the dihe-
teromeric GluN1/2B NMDA receptor (Hatton and
Paoletti, 2005; Hansen et al., 2014; Stroebel et al.,
2014; Cheriyan et al., 2016; Sun et al., 2017b; Yi
et al., 2019) (Section VIII. Endogenous Allosteric Reg-
ulation). Cryo-EM revealed that triheteromeric recep-
tors were formed from a GluN1-GluN2A-GluN1-
GIluN2B subunit arrangement (Lu et al., 2017) in a
similar pattern to the diheteromeric GluN1/2A
(Jalali-Yazdi et al., 2018; Zhang et al., 2018b; Wang
et al., 2021) and GluN1/2B receptors (Karakas and
Furukawa, 2014; Lee et al., 2014). An important
structural feature that likely shapes GluN1/2A/2B
receptor function is the extensive interaction between
the GluN2A NTD and the GluN1 ABD compared with
that between the GluN2B NTD and the GluN1 ABD.
The GluN1/2A/2B receptor structure was determined
for protein samples prepared at low pH (6.5), suggest-
ing the functional state represents a proton-inhibited
state (Lu et al., 2017).

NMDA receptors containing the GluN1-1b splice
isoform harbor a 21-amino-acid loop motif in the
NTD, which is encoded by exon 5 (hereafter the N1
cassette, Section II.F. Alternative Splicing, RNA Edit-
ing, and Post-Translational Modifications), and
exhibit lower sensitivity to proton inhibition (Trayne-
lis et al., 1995) and faster deactivation kinetics com-
pared with receptors lacking the N1 cassette (e.g., in
the GluN1-1a isoform) (Rumbaugh et al., 2000; Vance
et al., 2012; Regan et al., 2018; Yi et al., 2018, 2019).
Cryo-EM analysis with GIluN1-1b/2B receptors
revealed that residues of the N1 cassette are located
at the NTD-ABD domain interface on “top” of the het-
erodimer interface between GIluN1 and GluN2B
ABDs and in vicinity of the GluN2B NTD-ABD linker,
indicating that the N1 cassette can control pH sensi-
tivity by influencing the strength of the GluN1 and
GluN2 ABD dimer interface (Regan et al., 2018) (Sec-
tion VIII. Endogenous Allosteric Regulation). GluN1/
2A receptors are inhibited by protons and Zn®" in a
synergistic manner, and cryo-EM structures have
been obtained in various pH values (pH 6.1 — 8) and
Zn®" concentrations (1 pM and 1 mM) (Section VIII.
Endogenous Allosteric Regulation).

d. Structures of tetrameric GluD receptors. GluD
receptors bind D-serine (and glycine) but appear
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Fig. 4. Conformational changes in the AMPA receptor ABDs during activation and desensitization. Crystal structures of the GluA2 ABD homodimer
in conformations representing the resting apo state (PDB: 1FTO0), the activated glutamate-bound state (PDB: 1FTJ), and the desensitized state (PDB:
2I3V). The ABDs are shaped as bilobed structures, with the agonist binding site located within the cleft between the two lobes referred to as D1 and
D2. The Gly-Thr (GT) peptide linker positioned at the bottom of D2 replaces the TMDs in the full-length subunits. Agonist binding induces cleft closure
in the ABD, thereby separating the linkers that replace the TMD. By contrast, the Ca-Cu distance between Gly residues at the top of the dimer remains
relatively unchanged between apo and glutamate-bound ABD structures. After glutamate binding and ABD cleft closure, separation of the linkers can
trigger reorientation of the transmembrane helices and channel opening. The activated receptor conformation is unstable, resulting in either reopen-
ing of the ABD or rearrangement at the ABD dimer interface, which results in desensitization by permitting repositioning the transmembrane helices

to close the channel while glutamate remains bound.

incapable of producing current in response to agonist
binding (Section IV. Receptor Activation, Deactivation,
and Desensitization). Isolated GluD2 ABDs in the apo
form crystallize as homodimers in the presence of
Ca®" jons, which bind to and stabilize the ABD dimer
interface (Naur et al., 2007; Chaudhry et al., 2009a;
Hansen et al., 2009). GluD2 receptors may
“predesensitize” in response to agonist binding,
thereby precluding a current response, in part due to
weak ABD dimer interactions (Chaudhry et al.,
2009a; Hansen et al., 2009), but see Tapken et al.
(2017) and Chin et al. (2020). Binding of Ca®t to
GluD2 cannot stabilize the ABD dimer interface
enough to prevent this “predesensitization,” but
extracellular Ca®" ions can potentiate spontaneously
activated currents mediated by GluD2 receptors car-
rying the lurcher mutation GluD2-A654T (Wollmuth
et al., 2000; Hansen et al., 2009). The residues that
coordinate Ca®" jons in GluD2 are conserved in
GluD1, and spontaneously active GluD1 receptors
(GluD1-F655A) are also potentiated by Ca®* (Yadav
et al., 2011). p-Serine binding reduces spontaneously
active currents from both GluD2-A654T and GluD1-
F655A, presumably by triggering desensitization
(Naur et al., 2007; Hansen et al., 2009; Yadav et al.,
2011) (Section V. Glutamate Receptors in Neuronal
Functions and Synaptic Plasticity).

Cryo-EM structures of the tetrameric GluD1 receptor
in two conformations (compact and splayed) and the
tetrameric GluD2 receptor in a single conformation
have been solved at low resolution (Burada et al.,
2020a,b). These structures were determined in the

presence of Ca®" and the competitive antagonist 7-
chlorokynurenic acid (7-CKA), which binds to the
GluD2 ABD (Kristensen et al., 2016a). Thus, these
structures are presumed to reflect “nonactive” states in
the absence of agonist binding and with the ABD dimer
interface stabilized by Ca®" binding. These structures
revealed that both GluD1 and GluD2 receptors assem-
ble with a unique architecture in which domain swap-
ping is not observed between the NTD and ABD layers
(Fig. 3) and are the only known exception to the canoni-
cal architecture of AMPA, kainate, and NMDA recep-
tors. The GluD structures maintained the distinct
three-layered arrangement of the NTD, ABD, and TMD
regions, and both the NTDs and ABDs are arranged as
2-fold symmetric dimers. The GluD1 receptor adopted
an overall Y-shaped structure with the NTDs and
ABDs in 2-fold symmetric dimer-of-dimers arrangement
(Burada et al., 2020b) similar to other iGluRs. However,
the NTD and ABD layers of A/B and C/D subunit posi-
tions pack directly on top of each other perpendicular to
the membrane because of the nonswapped architec-
ture of GluD1, and the two linear NTD-ABD arms of
A/B and C/D subunit pairs adopted splayed confor-
mations relative to each other (Fig. 3). The GluD2
structure was different from GluD1 by showing an
asymmetric organization of the NTD and ABD
layers, in which the NTD-ABD domain arm of subu-
nits in the C/D position adopts a bent conformation
that enables the upper regions of the C/D NTDs to
interact with the lower regions of the A/B NTDs
(Burada et al., 2020a). It is unresolved whether the
apparent higher conformational freedom in the
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GluD NTD layers compared with other tetrameric
iGluR structures is facilitated by the unique non-
swapped architecture or is caused by the experimen-
tal conditions (Burada et al.,, 2020a,b). This
conformational freedom might be important for the
unique roles of postsynaptic GluD receptors as synaptic
organizer proteins through interactions between their
NTD and secreted cerebellin (Cbln) 1-4 proteins, which
at the same time interact with presynaptic neurexins
(Yuzaki and Aricescu, 2017; Yuzaki, 2018) (Sections IV.
Receptor Activation, Deactivation, and Desensitization
and V. Glutamate Receptors in Neuronal Functions and
Synaptic Plasticity). Thus, the conformational freedom
during cryo-EM imaging of GluD may reflect the absence
of these stabilizing trans-synaptic interactions that
would otherwise limit domain movements.

B. The Extracellular Agonist Binding Domain

The extracellular ABD comprises the S1 and S2
amino acid segments (Stern-Bach et al., 1994; Kuusi-
nen et al., 1995; Arvola and Keinanen, 1996), which
are separated by the M1 and M3 transmembrane
helices and the M2 pore loop (Hollmann et al., 1994,
Wo and Oswald, 1994) (Fig. 2). The ABD is joined to
the NTD through the NTD-S1 polypeptide linker and
to the TMD through the S1-M1, M3-S2, and S2-M4
linkers. The ABD-TMD linkers transmit conforma-
tional changes resulting from agonist binding to chan-
nel gating, whereas the NTD-ABD linkers alter ABD
dynamics after binding of allosteric modulators to the
NTD (Sections VIII. Endogenous Allosteric Regulation
and IX. Exogenous Positive and Negative Allosteric
Modulators). The S1 and S2 segments fold into
bilobed ABD structures with an upper lobe (D1) and a
lower, membrane-proximal lobe (D2). The binding site
for agonists and competitive antagonists resides in
the cleft between the D1 and D2 lobes (Section VII.
Pharmacology of Orthosteric Ligands and Channel
Blockers), and binding sites for both negative and pos-
itive allosteric modulators exist at the interface
formed by adjacent ABDs (Section IX. Exogenous Pos-
itive and Negative Allosteric Modulators). The conser-
vation in tertiary structure is remarkable among
vertebrates and invertebrates, presumably due to evo-
lution from a common bacterial ancestor, but subtle
variations at key amino acid positions in the ABD
result in different agonist binding properties across
species (Mayer, 2021; Stroebel and Paoletti, 2021).

1. AMPA Receptor Agonist Binding Domains. The
S1 and S2 segments were identified as two discontin-
uous segments, each of ~150 amino acid residues,
that when exchanged between the GluA3 AMPA
receptor subunit and the GluK2 kainate receptor sub-
unit also converted agonist pharmacology (Stern-
Bach et al., 1994). Soluble AMPA receptor ABDs could
be generated by linking the S1 and S2 segments with
an artificial peptide linker (Kuusinen et al., 1995;
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Arvola and Keinanen, 1996) and exhibited ligand
binding profiles comparable to those in full-length
receptors, suggesting that structural integrity and
characteristics of the agonist binding pocket are
retained in isolated ABDs. These insights led to the
first crystal structure of the GluA2 ABD with kainate
bound in the cleft formed by the D1 and D2 lobes
(Armstrong et al., 1998). The structure of the GluA2
ABD without bound ligand (apo form) or in complex
with the competitive antagonist DNQX revealed that
competitive antagonists stabilize the open apo confor-
mation of the ABD, and agonists stabilize a closed
conformation (Armstrong and Gouaux, 2000). Thus,
agonist-induced closure of the ABD was proposed to
be the conformational change initiating receptor acti-
vation (Fig. 4). This idea was supported by ABD
structures in complex with various partial and full
agonists, demonstrating that the extent of ligand-
induced ABD closure around the agonist correlates
with the extent of AMPA receptor activation and
desensitization (Armstrong and Gouaux, 2000;
Hogner et al., 2002; Jin et al., 2003). In the majority
of these studies, the GluA2 ABDs crystallize as “back-
to-back” dimers in which the dimer interface is
formed exclusively by contacts in D1, whereas D2 is
free to move after agonist binding (Armstrong and
Gouaux, 2000; Sun et al., 2002; Jin et al., 2003, 2005;
Horning and Mayer, 2004). Thus, when ABDs adopt
the closed conformation after agonist binding, the
pair of linkers at the bottom of D2 that connect to the
TMD swing apart in the dimeric ABD structures, and
this movement can transmit agonist binding to chan-
nel opening in full-length receptors by triggering reor-
ientation of transmembrane helices (Fig. 4).
Evaluation of GluA2 ABD structures established the
mechanism by which mutations at the dimer interface
(e.g., GluA2-1.483Y) or positive allosteric modulators
(e.g., cyclothiazide) can stabilize the dimer interface
and thereby reduce desensitization (Sun et al., 2002;
Horning and Mayer, 2004; Jin et al., 2005; Armstrong
et al., 2006; Weston et al., 2006b; Yonkunas et al.,
2017). These studies suggested a structural mecha-
nism for iGluR desensitization in which agonist-
induced ABD closure and movements of D1 and D2
relative to each other produce instability at the TMD
and at the ABD dimer interface. This instability can
subsequently be mitigated by either ABD reopening
or by rearrangement at the ABD dimer interface
(Fig. 4). ABD reopening is the first step in the process
of agonist dissociation and receptor deactivation,
whereas rearrangement at the ABD dimer interface
would result in desensitization by enabling reposition-
ing of transmembrane helices to a more relaxed con-
formation, thereby closing the ion channel. These
initial insights from AMPA receptor ABD structures
provided the iGluR field with the first structural
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framework for receptor activation, deactivation, and
desensitization (Fig. 4), and hundreds of AMPA recep-
tor ABD structures [e.g., see Pohlsgaard et al., (2011)]
have revealed key ligand-receptor interactions that
mediate binding and subunit selectivity of agonists
and competitive antagonists (Section VII. Pharmacol-
ogy of Orthosteric Ligands and Channel Blockers).

In the past decade, structural studies on AMPA
receptor ABDs have looked beyond the initial models
to more dynamic mechanisms that can explain partial
agonism (i.e., agonist efficacy) and account for the
behavior of ABDs in full-length receptors. In general,
strong correlation is observed between agonist effi-
cacy on full-length AMPA receptors and the degree of
ligand-induced ABD cleft closure in crystal structures
of GluA2 ABDs (Hogner et al., 2002; Jin et al., 2002,
2003). However, these static crystal structures only
capture a single conformation of the isolated ABD
that may be favored by contacts in the crystal lattice
and could be further influenced by the lack of NTD
and TMD interactions. These caveats to structures of
the isolated ABDs have become more salient as addi-
tional structural data emerged [e.g., see Holm et al.
(2005) and Zhang et al. (2008b)]. Furthermore, the
cleft closure/agonist efficacy relationship observed in
most isolated GluA2 ABDs is less evident in struc-
tures of GluA3 and GluA4 ABDs (Gill et al., 2008;
Ahmed et al., 2009b; Birdsey-Benson et al., 2010;
Poon et al., 2011) as well as kainate receptor ABDs
[reviewed in Mollerud et al. (2017a)], and this correla-
tion is not found in NMDA receptor ABDs (Furukawa
and Gouaux, 2003; Inanobe et al., 2005; Vance et al.,
2011; Hansen et al., 2013; Wang et al., 2020).

To elucidate the mechanisms governing agonist
efficacy, the dynamic behavior of AMPA receptor
ABDs has been investigated using molecular dynam-
ics simulations, fluorescence resonance energy trans-
fer (FRET), small-angle X-ray scattering, and NMR
spectroscopy (Madden et al., 2005; Ahmed et al.,
2007; Lau and Roux, 2007, 2011; Gonzalez et al.,
2008; Maltsev et al., 2008; Fenwick and Oswald,
2010; Landes et al., 2011; Ramaswamy et al., 2012).
These studies show that the ABDs sample a range of
conformations in response to ligand binding in addi-
tion to the conformations observed in crystal struc-
tures. Thus, the evolving consensus is that agonist
efficacy, presumably in all iGluR subunits, reflects the
frequency at which the ABD samples a closed-cleft
conformation permissible for channel opening. Sup-
port for this conformational selection mechanism of
agonist efficacy came from molecular dynamics simu-
lations using umbrella sampling to estimate the free
energy landscapes that govern conformational changes
in the GluA2 ABD in response to agonist and antagonist
binding (Lau and Roux, 2007, 2011). These studies sug-
gested that isolated ABDs are dynamic even when bound
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to agonists or antagonists and populate a range of confor-
mations to varying degrees, with agonists adopting
closed conformations more frequently than antagonists.
The dynamic behaviors in these simulations are consis-
tent with SAXS and single-molecule FRET measure-
ments, which also showed that isolated GluA2 ABDs
access a wide range of conformations in solution (Mad-
den et al., 2005; Landes et al., 2011; Ramaswamy et al.,
2012). Additional support was provided using NMR spec-
troscopy to show that the average GluA2 ABD conforma-
tions in solution are not strongly correlated with agonist
efficacy (Maltsev et al., 2008; Ahmed et al., 2009a; Fen-
wick and Oswald, 2010). Evaluation of hydrogen bonding
showed that different interlobe hydrogen bonds are
formed between ABD residues and full or partial ago-
nists, confirming these agents stabilize different receptor
conformations (Ahmed et al., 2013). Crystal structures of
the GluA2 ABD locked in the closed cleft conformation
using disulfide bonds showed that the fully closed ABD
conformation is capable of accommodating binding of kai-
nate, iodowillardiine, and even the antagonist CNQX
(Ahmed et al., 2011a). Thus, it is possible for partial ago-
nists and even some antagonists to sample a fully closed
ABD conformation by rearranging side chains in the ago-
nist binding pocket. However, the fully closed ABD con-
formation sampled by partial agonists and antagonists is
energetically unfavorable and would therefore occur with
low probability (Lau and Roux, 2007, 2011; Landes et al.,
2011; Postila et al., 2011; Ramaswamy et al., 2012). In
summary, these studies on the isolated GluA2 ABDs
suggest that channel gating is triggered by a closed
cleft conformation of the ABD, which could be accessed
by all agonists, but that it is the stability of this closed
cleft conformation of the ABD as well as stability of
the ABD dimer interface that primarily determines
agonist efficacy. Mechanisms of receptor activation will
be discussed in more detail in Section IV. Receptor
Activation, Deactivation, and Desensitization.

An important limitation to isolated ABDs is the
lack of interacting domains (e.g., NTDs and TMDs) in
the context of the full tetrameric receptor. Conse-
quently, the dynamic behavior of ABDs will likely be
more complex in tetrameric receptors. Recent studies
that investigated crystal structures of tetrameric
GluA2 ABD assemblies rather than the abundant
dimer ABD structures revealed that the ABD layer
can adopt multiple distinct conformations in response
to agonist binding and that full agonists appear more
effective at inducing active ABD conformations than
do partial agonists (Lau et al., 2013; Baranovic et al.,
2016; Salazar et al., 2017).

AMPA receptor positive allosteric modulators
(PAMs) exert their effects by increasing the stability
of the ABD dimer interface to slow entry into the
desensitized state or by slowing receptor deactivation
(Jin et al., 2005; Mitchell and Fleck, 2007). Structures
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revealed that different PAMs can have distinct bind-
ing modes at different subsites within the ABD dimer
interface (Sun et al., 2002; Jin et al., 2005; Kaae
et al., 2007; Hald et al., 2009; Ptak et al., 2009; Sobo-
levsky et al., 2009; Ahmed et al., 2010; Timm et al.,
2011; Krintel et al., 2013; Norholm et al., 2013; Goffin
et al., 2018; Laulumaa et al., 2018). This discovery
has stimulated development of newer classes of
modulators with improved potency (Kaae et al.,
2007; Ahmed and Oswald, 2010; Pohlsgaard et al.,
2011; Ptak et al., 2014; Laulumaa et al., 2018) (Sec-
tion IX. Exogenous Positive and Negative Allosteric
Modulators).

2. Kainate Receptor Agonist Binding Domains.  Since
the first X-ray crystal structures of isolated GluK1
and GluK2 ABDs in complex with agonists (Mayer,
2005; Mayer et al., 2006; Hald et al., 2007), there has
been a rapid expansion in available kainate subunit
ABD structures [reviewed in Mollerud et al. (2017a)],
including GluK3 and GluK4 ABDs (Venskutonyte
et al., 2011b, 2012, 2014; Veran et al., 2012; Assaf
et al., 2013; Kristensen et al., 2016b; Mollerud et al.,
2017b; Brogi et al., 2018; Kumari et al., 2019). These
structures provided insights into the mechanisms of
desensitization, the distinct features of their agonist
binding pockets that enabled design of agonists and
competitive antagonists (Section VII. Pharmacology of
Orthosteric Ligands and Channel Blockers), and the
structural basis for kainate receptor modulation by
cations and anions (Section VIII. Endogenous Alloste-
ric Regulation).

Kainate receptor ABDs generally crystallize as
“back-to-back” dimers similar to the GluA2 AMPA
receptor ABDs [reviewed in Mollerud et al. (2017a)].
Like AMPA receptors, kainate receptors require rear-
rangement at the ABD dimer interface to enter the
desensitized state. For example, the ABD structure of
the nondesensitizing GluA2-L483Y mutant (Sun
et al., 2002) was used as a guide to introduce cysteine
mutations that stabilize the ABD dimer interface and
produce nondesensitizing versions of GluK1, GluK2,
and GluK3 receptors (Weston et al., 2006b). Further-
more, structures have revealed the binding sites for
Na* and CI ions at the ABD dimer interface and
showed that binding of these ions affects desensiti-
zation by limiting dimer interface rearrangement
(Plested and Mayer, 2007, 2009; Plested et al., 2008;
Chaudhry et al., 2009a; Dawe et al., 2013) (Section
VIII. Endogenous Allosteric Regulation). The intro-
duction of a Lys residue at the dimer interface (e.g.,
GluK2-D776K) designed to substitute for the posi-
tive charge provided by Na® enhances kainate
receptor activation and prevents desensitization,
whereas mutations that disrupt Na* binding impair
receptor activation (Nayeem et al., 2009, 2011;
Dawe et al.,, 2013). Extracellular Zn2" slows

313

desensitization and enhances glutamate potency
selectively for GluK3-containing kainate receptors,
and this effect is mediated by Asp759, which is
unique to the GluK3 ABD among the kainate recep-
tor subunits (Veran et al., 2012). Structures of the
isolated GluK3 ABD suggested that Zn?* reduces
desensitization by stabilizing the ABD dimer assem-
bly (Veran et al., 2012).

Kainate receptors recover markedly slower from
desensitization compared with AMPA receptors,
which has been attributed in part to interactions
between the D1 and D2 lobes that are conserved in
kainate receptor subunits but absent in AMPA recep-
tors and that stabilize the closed-cleft agonist-bound
ABD conformation (Weston et al., 2006a; Chaudhry
et al., 2009b; Wied et al., 2019). Disruptions of these
interlobe D1-D2 contacts reduced agonist potency,
accelerated receptor deactivation, and enabled faster
recovery from desensitization.

The development of allosteric modulators of kainate
receptor function has lagged behind AMPA and NMDA
receptors (Section IX. Exogenous Positive and Negative
Allosteric Modulators). However, one study reported
structures of the isolated GluK1 ABD dimer with posi-
tive allosteric modulators bound at two equivalent
sites in the dimer interface (Larsen et al., 2017). These
modulators, which are nonselective and more potent at
AMPA receptors, enhanced kainate receptor responses
by slowing the rate of desensitization.

3. NMDA Receptor Agonist Binding Domains. Crys-
tal structures of isolated ABDs from GluN1, GIuN2A,
GluN2D, GluN3A, and GluN3B subunits have been
solved in complex with agonists and competitive
antagonists (Section VII. Pharmacology of Orthosteric
Ligands and Channel Blockers), as well as GluN2A-
selective allosteric modulators (Section IX. Exogenous
Positive and Negative Allosteric Modulators). Struc-
tures for the isolated GluN1 ABD in complex with full
and partial agonists as well as competitive antago-
nists (Furukawa and Gouaux, 2003; Inanobe et al.,
2005) were followed by a structure of the GIuN2A
ABD in complex with the GluN1 ABD, which pro-
vided the first structural insights into the GluN1-
GluN2 subunit interface (Furukawa et al., 2005). The
stabilization of GluN1/2 ABDs in the closed conforma-
tion by agonist binding and in the open conformation
by binding of competitive antagonists is similar to the
structural changes found for AMPA and kainate
receptor ABDs (Furukawa and Gouaux, 2003; Kvist
et al., 2013b; Jespersen et al., 2014; Yi et al., 2016;
Lind et al., 2017; Romero-Hernandez and Furukawa,
2017; Chou et al., 2020; Wang et al., 2020; Wang et
al., 2021). The agonist-mediated ABD closure in
GluN1 and GluN2 subunits is enforced by the forma-
tion of interlobe interactions between residues in the
D1 and D2 lobes that stabilize the agonist-bound
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ABD structure (Kalbaugh et al., 2004; Paganelli
et al., 2013; Yu and Lau, 2018). Unlike structures of
GluA2 AMPA receptor ABDs in complex with partial
agonists, the GluN1 and GluN2 ABD structures with
bound partial agonists (e.g., p-cycloserine, ACPC, and
ACBC in GluN1 or NMDA, homoquinolinate, and Pr-
NHP5G in GluN2) show almost identical domain clo-
sure compared with structures with full agonists (Ina-
nobe et al., 2005; Vance et al., 2011; Hansen et al.,
2013; Chou et al., 2020; Wang et al., 2021). Studies of
the dynamic behavior of the isolated GluN1 and
GluN2 ABDs suggest that they fluctuate between
open and closed cleft conformations even in the
absence of agonist, but binding of full agonists favors
the fully closed ABD conformations more than bind-
ing of partial agonists does (Rambhadran et al., 2011;
Yao et al., 2013; Dai et al., 2015; Dai and Zhou, 2015;
Dolino et al., 2015, 2016). This conformational selec-
tion mechanism likely accounts for partial agonist
efficacy in NMDA receptors and is similar to the
mechanism of partial agonism in AMPA receptor
ABDs (Section I1.B.1. AMPA Receptor Agonist Bind-
ing Domains).

The ABD dimer interface in GluN1/2 receptors is
largely unchanged after agonist binding (Borschel
et al., 2011; Chou et al., 2020), and NMDA receptors
display less desensitization compared with AMPA and
kainate receptors (Section IV. Receptor Activation,
Deactivation, and Desensitization). Nonpolar interac-
tions between hydrophobic residues stabilize the ABD
interface in NMDA receptors and mediate heterodi-
merization of GluN1 and GluN2 ABDs (Furukawa
et al., 2005). Despite these stabilizing interactions,
dynamics within the ABD heterodimer interface can
influence factors controlling deactivation, such as ago-
nist dissociation or channel open time (Furukawa
et al., 2005; Borschel et al., 2015). Interfaces within
the ABD heterodimer and between ABD heterodimers
are important for mediating allosteric modulation of
NMDA receptor function by NTD-binding modulators,
such as ifenprodil, Zn?", and protons (Gielen et al.,
2008; Esmenjaud et al., 2019) (Section VIII. Endoge-
nous Allosteric Regulation). The interface between
ABD heterodimers also mediates a glutamate-depen-
dent increase in glycine dissociation rate and vice
versa (i.e., negative cooperativity between binding of
the two agonists) (Durham et al., 2020) (Section IV.
Receptor Activation, Deactivation, and Desensitiza-
tion). Furthermore, the GluN1-GluN2A ABD hetero-
dimer interface contains binding sites for both
positive and negative allosteric modulators with selec-
tivity for GIuN2A-containing NMDA receptors
(Hackos et al., 2016; Villemure et al., 2016; Volgraf
et al., 2016; Yi et al., 2016) (Section IX. Exogenous
Positive and Negative Allosteric Modulators). Muta-
tions at Tyr535 in GluN1, a residue located centrally
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in the ABD dimer interface and whose aromatic ring
is in a similar position to the positive allosteric modu-
lator aniracetam in AMPA receptors, altered the deac-
tivation time course and could enable potentiation of
NMDA receptor responses by aniracetam (Furukawa
et al., 2005; Borschel et al., 2015). Structures have
revealed variation between agonist binding pockets of
GluN1 and GluN3 subunits, although both bind gly-
cine and p-serine (Furukawa and Gouaux, 2003; Ina-
nobe et al., 2005; Yao et al., 2008, 2013), and these
structural differences have been exploited in the
development of GlulN3-preferring orthosteric ligands
(Kvist et al., 2013a,b) (Section VII. Pharmacology of
Orthosteric Ligands and Channel Blockers).

4. GluD Receptor Agonist Binding Domains. The
GluD subunits were initially designated as orphan
subunits, since their activating endogenous agonist
was unknown, and ion channel currents could only be
measured from spontaneously active GluD2 receptors
containing the lurcher mutation GluD2-A654T [e.g.,
see Yuzaki and Aricescu (2017)]. However, the orphan
subunit designation changed when crystal structures
of the isolated GluD2 ABD identified p-serine as a
ligand capable of inducing ABD cleft closure that
results in reduced spontaneously active currents from
GluD2-A654T receptors (Naur et al., 2007). Later, p-
serine was established as an endogenous GluD2
receptor agonist that mediates metabotropic signal-
ing; that is, wild-type GluD receptors appear incapa-
ble of producing current responses to agonist binding
(Kakegawa et al., 2011) (Section IV. Receptor Activa-
tion, Deactivation, and Desensitization). The ABD
dimer interface in GluD2 receptors contains a binding
site for Ca®?" ions, as described in Section II.B.4.
GluD Receptor Agonist Binding Domains.

C. The Extracellular N-Terminal Domain

The ~400 N-terminal residues of iGluRs fold into
the semi-autonomous NTD that forms a bilobate
structure, and like the ABDs, the NTDs assemble into
local dimers. Modulation of receptor function via the
NTD has so far only been described for NMDA recep-
tors [reviewed in Zhu and Paoletti (2015) and Hansen
et al. (2018)]. Deletion of non-NMDA receptor NTDs
leads to minor changes in gating kinetics upon
expression in heterologous systems (Horning and
Mayer, 2004; Plested and Mayer, 2007; Cais et al.,
2014; Moykkynen et al., 2014). By contrast, removal
of the NTD produces marked changes in NMDA
receptor properties (Gielen et al., 2009; Yuan et al.,
2009). The NTDs also play key roles in receptor bio-
genesis [reviewed in Hansen et al. (2010a) and Her-
guedas et al. (2013)] and emerging roles in receptor
organization at synapses (Section V. Glutamate Recep-
tors in Neuronal Functions and Synaptic Plasticity).
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1. N-Terminal Domain Structure and Organi-
zation. Crystal structures of NTDs have been
determined for members from all four iGluR families
as homodimers or heterodimers (Jin et al., 2009; Kar-
akas et al., 2009, 2011; Kumar et al., 2009, 2011;
Farina et al., 2011; Sukumaran et al., 2011; Yao et al.,
2011; Dutta et al., 2012; Elegheert et al., 2016; Her-
guedas et al., 2016, 2019). The two lobes are con-
nected by three hinges, and the upper (R1) lobe
encompasses a highly sequence-conserved region that
mediates dimer formation in all iGluRs (Herguedas
et al., 2013). Each NTD in the dimer contributes two
o-helices and a loop [also termed “flap” (Jin et al.,
2009)], which wedges into the dimer interface and dif-
fers in length among subunits. The lower (R2) lobes
are less conserved and form interface contacts in all
non-NMDA receptors contributing to dimer stability
in a subtype-specific manner. As a result, AMPA, kai-
nate, and GluD receptor NTDs form rigid dimeric
assemblies that are glued together with low nM affin-
ity, which likely plays a role during subunit assembly
(Rossmann et al., 2011; Zhao et al., 2017). An excep-
tion is the AMPA receptor GluA3 NTD, which exhibits
a spectrum of conformations due to repulsion between
the R2 lobes caused by charged residues (Sukumaran
et al., 2011; Dutta et al., 2012). The GluA3 R2 inter-
face has the capacity to bind ligands and coordinates
a phosphate ion, potentially modulating interface
strength (Lee et al., 2019). Dynamic movement is
unique to GluA3 NTD homodimers and is not appar-
ent in GluA2/3 heteromers (Herguedas et al., 2016),
which form tight contacts, as seen for all other AMPA
receptor NTDs. The functional consequence of these
GluA3-specific structural features is unknown.
Although interlayer contacts between the NTD and
ABD layers are loose in non-NMDA receptors, contact
points have been described in AMPA receptor struc-
tures (Sobolevsky et al., 2009; Herguedas et al., 2019;
Nakagawa, 2019) and are also predicted in the GluD
receptor structures that harbor an additional «-helix
that projects toward the ABD (Elegheert et al., 2016).
The crystal structure of GluA2 with the Conus snail
toxin (con-ikot-ikot) wedged between NTD and ABD
also confirms the flexibility that exists between the
two layers in AMPA receptors (Chen et al., 2014b).

2. Allosteric Function of NMDA Receptor N-Terminal
Domains. The lower (R2) lobes in NMDA receptors
are signal transducers triggered by binding of Zn?*,
polyamines, and synthetic modulators. NMDA recep-
tors also lack a loop element in the upper NTD lobe
that wedges into the NTD dimer interface in non-
NMDA receptors. These two structural features con-
fer flexibility and allosteric activity in NMDA receptor
NTDs: Lack of the loop element facilitates twisting
motions of the NTD monomer (Karakas et al., 2009;
Zhu et al., 2013), whereas the “loose” R2 lobes permit
intradimer and interdimer motions as well as
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interlayer communication with the ABD (Tajima
et al., 2016) (Section IX. Exogenous Positive and Neg-
ative Allosteric Modulators). The R2 interface is pro-
posed to be a structural determinant of polyamine
modulation, which can stabilize contacts in GluN1/2B
NTD heterodimers, exerting positive allosteric action
(Mony et al., 2011) (Section VIII. Endogenous Allosteric
Regulation). This region is also regulated by alternative
splicing of exon 5 in the GluN1 NTD, which encodes a
positively charged loop segment that, like polyamines,
affects deactivation kinetics and pH sensitivity (Section
II.A.1.c. Structures of tetrameric N-Methyl-p-aspartate
receptors).

D. The Transmembrane Domain

Within an individual subunit, the TMD consists of
three transmembrane helices, M1, M3, and M4, and a
reentrant M2 pore loop (Fig. 5). The transmembrane
helices are connected to the ABD by peptide linkers
S1-M1, M3-S2, and S2-M4 (Fig. 5). The ion channel is
formed by assembly of the four subunit TMDs. When
viewed down an axis perpendicular to the membrane,
the individual TMDs are positioned in a largely sym-
metrical fashion around the central axis of the pore or
permeation pathway (Sobolevsky et al., 2009; Kara-
kas and Furukawa, 2014; Lee et al., 2014; Meyerson
et al., 2014; Burada et al., 2020b).

The iGluRs are members of the pore loop superfam-
ily of ion channels that includes different K™ chan-
nels, voltage-gated Na® and Ca®" channels, cyclic-
nucleotide—gated channels, and transient receptor
potential channels. This superfamily is defined by a
pore domain consisting of two membrane-spanning
segments joined by a non—-membrane-spanning pore
loop that enters and exits on the same side of the
membrane (i.e., re-entrant loop). In iGluRs, the pore
domain consists of the M1 and M3 transmembrane
helices and an M2 pore loop re-entering the mem-
brane from the intracellular side (Wollmuth and Sobo-
levsky, 2004; Traynelis et al., 2010; Huettner, 2015;
Tikhonov and Zhorov, 2020). This M1-M2-M3 pore
domain is present in all iGluRs across phyla, but the
M4 segment is a eukaryote-specific transmembrane
helix that is located to the periphery of the pore
domain (Stroebel and Paoletti, 2021).

The iGluR pore domain shares some sequence simi-
larity to the pore domain of K" channels but is
inverted in the membrane by 180° (Wo and Oswald,
1995; Wood et al., 1995; Tikhonov and Zhorov, 2020).
This relationship to K™ channels was supported by
the identification of a prokaryotic iGluRO that is miss-
ing the NTD and the M4 helix but has an iGluR-like
ABD attached to an inverted K" -selective ion channel
(Chen et al., 1999a) with the “TXVGYG” sequence of
the selectivity filter found in K channels (Janovjak
et al., 2011). Glutamate-driven ion channel gating can
be recreated when a minimal viral K" channel
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Cytoplasmic view of the TMD through the central ion channel pore. (D) Key functional features of the TMD pore. The M3 segments contain SYTAN-
LAAF, the most highly conserved motif in iGluRs. At their apex, the M3 segments form an activation gate that prevents the flux of ions in the closed
state. The M2 pore loop forms the narrow constriction. (E) M4 wrapping, in which the M4 segment of one subunit is associated with the M1-M2-M3 seg-
ment of an adjacent subunit. In AMPA receptors, the M4 is required for receptor assembly, which is presumably stabilized by interactions between M4
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replaces M1-M3 in the background of a eukaryotic
iGluR (Schonrock et al., 2019). Structures of iGluR
TMDs have confirmed the structural homology of the
iGluR pore domain with that for K™ channels (Sobo-
levsky et al., 2009; Karakas and Furukawa, 2014; Lee
et al., 2014; Meyerson et al., 2014).

1. The Pore Domain or Ion Channel Core. The M3
transmembrane helices line the extracellular half of
the permeation pathway (Beck et al., 1999; Sobolev-
sky et al., 2002a), whereas the M2 pore loops line the
intracellular half of the pore (Kuner et al., 1996,
2001) (Fig. 5). The iGluR structures revealed a cross-
ing of the M3 helices at their extracellular apex
(Sobolevsky et al., 2009; Karakas and Furukawa,
2014; Lee et al., 2014; Meyerson et al., 2014). This
helical bundle crossing of the M3 segments forms an
activation gate, which is the structural element that
precludes the flux of ions in the closed state (Chang
and Kuo, 2008; Sobolevsky et al., 2009; Traynelis
et al., 2010) (Section IV. Receptor Activation, Deacti-
vation, and Desensitization). For ion flux to occur
across the membrane, the M3 segments must be
splayed away from the central axis of the pore (Chen

et al.,, 2017a; Twomey et al., 2017a; Twomey and
Sobolevsky, 2018). This general mechanism of pore
opening appears conserved across AMPA, kainate,
and NMDA receptors (Wilding and Huettner, 2019,
2020) and possibly also in GluD receptors (Hansen
et al., 2009; Schmid et al., 2009).

The extracellular part of the M3 segment around
the helical bundle crossing contains the SYTAN-
LAAF motif, the most highly conserved motif in
iGluR subunits. Residues in SYTANLAAF are ele-
ments of the activation gate (Sobolevsky et al.,
2009) as well as the site of the lurcher mutation
(SYTANLAAF) that initially identified the M3 seg-
ment as a gating element (Zuo et al., 1997). Cryo-
EM structures of AMPA receptors in the open state
revealed an alanine hinge in SYTANLAAF that
allows the activation gate to open (Twomey et al.,
2017a). Although open-state structures do not pres-
ently exist for other iGluRs, mutations at this site
in NMDA receptors (Sobolevsky et al., 2007) and
GluD1 receptors (Yadav et al., 2011) strongly influ-
ence gating, suggesting that this site carries out a
common role across iGluRs. In addition, patient-
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derived variants in these regions can perturb
iGluR function (Section X. Glutamate Receptors in
Disease).

2. The Membrane M2 Re-Entrant Pore Loop. The
M2 loop forms a narrow constriction in the pore that
controls ion selectivity, including Ca®?* permeation,
single-channel conductance, and channel block (Woll-
muth and Sobolevsky, 2004; Traynelis et al., 2010;
Glasgow et al., 2015; Huettner, 2015; Hansen et al.,
2018). The narrow constriction resides about halfway
across the membrane near the apex of the re-entrant
M2 pore loop (Fig. 5; Section IV. Receptor Activation,
Deactivation, and Desensitization for more detail).

Structures of tetrameric AMPA receptors have indi-
cated that in the closed state, the M2 loops from the
different subunits are positioned in close apposition,
whereas in the open state they are spread apart (Two-
mey et al., 2017a). Although the tip of M2 appears to
function structurally as a lower gate (Twomey et al.,
2017a), the functional significance of the gating-asso-
ciated M2 loop rearrangement is unknown [but see
Smith and Howe (2000), Smith et al. (2000), and
Prieto and Wollmuth (2010)]. In heteromeric GluA1/2
receptors, the unedited GluA1(Q) subunits occupy
positions A and C in the tetramer, whereas the edited
GluA2(R) subunits occupy positions B and D (see Sec-
tion ILF. Alternative Splicing, RNA Editing, and
Post-Translational Modifications for description of
RNA editing). This subunit order places the M2 loop
tip Q/R/N residues in alternating manner, with Arg
residues projecting their side chains along the pore
axis toward the central cavity (Herguedas et al.,
2019). The M2 loop in NMDA receptors is a locus for
gain-of-function human variants that can reduce
Mg®* block, alter Ca®?* permeability, and in some
cases alter channel function and surface expression
(Fedele et al., 2018; Vyklicky et al., 2018; Li et al.,
2019a; Marwick et al., 2019) (Section X. Glutamate
Receptors in Disease).

3. The Transmembrane M4 Helix and Receptor
Assembly. The M4 helix is a eukaryote-specific
transmembrane segment located at the periphery of
the pore domain. Notably, the M4 segments of one
subunit are associated with the pore domain (M1-M2-
M3) of an adjacent subunit (Sobolevsky et al., 2009;
Karakas and Furukawa, 2014; Lee et al., 2014;
Meyerson et al., 2014). The significance of this trans-
arrangement of the M4 segments is unknown, but it
may help stabilize the tetramer (Gan et al., 2015).
The M4 segment is a critical component for tetrameri-
zation of AMPA receptor subunits (Salussolia et al.,
2011a, 2013). Without the M4 segment, GluAl as well
as GluA2 subunits fail to form tetrameric assemblies
(Salussolia et al., 2013). In AMPA receptor structures
[e.g., Sobolevsky et al. (2009)], the M4 from each sub-
unit is fit into a groove formed by the M1 and M3
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helices of an adjacent subunit (Fig. 5). Trp substitu-
tions in this “M4 interaction face” (e.g., V795W and
E813W) but not on the backside of the helix (e.g.,
L811W) disrupt tetramerization (Salussolia et al.,
2013; Gan et al., 2016). The extracellular third of the
AMPA receptor M4 segments may also play more
prominent roles in receptor gating (Schmid et al.,
2007; Yuan et al., 2014; Yelshanskaya et al., 2017; Shi
et al., 2019). The role of M4 segments in NMDA
receptor assembly is more complex (Meddows et al.,
2001; Cao et al., 2011). Indeed, in contrast to AMPA
receptors, a tryptophan screen of the M4 segments in
GluN1 and GluN2A subunits revealed no dramatic
role in receptor assembly (Amin et al., 2017). On the
other hand, the M4 segments are required for func-
tional NMDA receptors (Schorge and Colquhoun,
2003), which may reflect a critical role in gating (Ren
et al., 2003a, 2008; Honse et al., 2004; Terhag et al.,
2010; Perszyk et al., 2020a).

Upon channel opening in AMPA receptors, the S2-
M4 linker that connects the ABD to the extracellular
side of M4 shows complete unwinding of the short
pre-M4 helices and stretching of the S2-M4 linkers
toward the central pore axis to contribute to the ion
permeation pathway (Twomey et al., 2017a; Twomey
and Sobolevsky, 2018). This finding helps to explain
why M4 is not only critical for the receptor tetrameric
assembly but has effects on iGluR gating and is impli-
cated in human pathologies (Section X. Glutamate
Receptors in Disease). The intracellular part of M4 is
directly attached to the highly modifiable intracellu-
lar CTD, which can also affect receptor gating (Maki
et al., 2012; Murphy et al., 2014) and Ca®?* permeabil-
ity (Aman et al., 2014).

E. The Intracellular C-Terminal Domain

The CTD of all glutamate receptor subunits resides
within the intracellular compartment and is highly
diverse even within each subtype class (Traynelis
et al., 2010). The diversification of the NMDA recep-
tor CTD among the four GluN2 subunits is proposed
to allow specialized and complex roles in neuronal
function (Ryan et al., 2008, 2013; Warnet et al., 2020).
The CTD varies in length between the different recep-
tor subtypes, being shortest for GluN1, AMPA, and
kainate receptor subunits and longest for GluN2 sub-
units, with multiple splice isoforms described within
the AMPA, kainate, and NMDA receptor CTDs (Tray-
nelis et al., 2010) (Section ILF. Alternative Splicing,
RNA Editing, and Post-Translational Modifications).
The CTD shares no sequence homology to any known
proteins, and no structural information exists other
than for small portions of the CTD for various subu-
nits (Ataman et al., 2007; Jenkins et al., 2014). The
prevailing hypothesis is that the CTDs are flexible
and lack overall tertiary structure (i.e., they are
intrinsically disordered) (Choi et al., 2013; Chatterjee
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et al., 2019), which allows them to bind a host of
intracellular binding partners with important func-
tional and structural consequences as well as respond
to phosphorylation, sometimes with structural
changes (Choi et al., 2013; Jenkins et al., 2014; Chat-
terjee et al., 2019) [reviewed in Purkey and Dell’Ac-
qua (2020) and Warnet et al. (2020)]. Similar to many
transmembrane proteins, the intracellular CTDs of
iGluR subunits participate in trafficking to the mem-
brane, localization, and degradation [reviewed in
Anggono and Huganir (2012), Evans et al. (2019), and
Warnet et al. (2020)]. Multiple reports suggest the
CTD can move during receptor activation and can
impact receptor function (Sager et al., 2009; Maki
et al., 2013; Aman et al., 2014; Aow et al., 2015; Dore
et al., 2015; Zachariassen et al., 2016; Amin et al.,
2018; Sapkota et al., 2019). Yet, removal of the CTD
does not abolish function for AMPA, kainate, or
NMDA receptors but does alter some functional prop-
erties (Yan et al., 2004; Puddifoot et al., 2009; Maki
et al., 2012; Punnakkal et al., 2012; Jenkins et al.,
2014).

Several endoplasmic reticulum (ER) retention sig-
nals reside in alternatively spliced exons of the
GluN1 CTD (Scott et al., 2001, 2003; Horak and
Wenthold, 2009) and have also been suggested in the
CTD of GluN2B (Hawkins et al., 2004) and the CTD
of GluN2C (Lichnerova et al., 2014) [also reviewed in
Horak et al. (2014)]. Some isoforms of kainate recep-
tor subunits (Section ILF. Alternative Splicing, RNA
Editing, and Post-Translational Modifications) also
contain discrete regions in their CTDs that promote
forward trafficking in GluK2a and GluK3a (Yan et al.,
2004; Jaskolski et al., 2005b) or ER retention of
GluK1-2b and GluK5 subunits (Ren et al., 2003Db,
2003c; Nasu-Nishimura et al., 2006; Hong et al.,
2019). There is also a short span of conserved
sequence immediately C-terminal to M4 in GluN2
subunits that participates in trafficking (Vissel et al.,
2001a; Hawkins et al., 2004). Endocytic motifs that
facilitate surface delivery of subunits have been iden-
tified within CTDs of GluN1, GluN2A, GluN2B, and
GIluN3A, and these motifs could mediate changes in
NMDA receptor subunit composition during synaptic
plasticity (Lavezzari et al., 2004; Scott et al., 2004;
Chowdhury et al., 2013). Moreover, there is a nuclear
localization signal within the intracellular CTD of
GIluN1 that could participate in activity-dependent
nuclear signaling (Zhou and Duan, 2018).

All iGluR subunits can bind to a number of intracel-
lular scaffold and signaling proteins [reviewed Dby
Coussen (2009), Perez-Otano et al. (2016), Yuzaki and
Aricescu (2017), Jacobi and von Engelhardt (2018),
Wild and Dell’Acqua (2018), Buonarati et al. (2019),
Evans et al. (2019), Matt et al. (2019), Vieira et al.
(2020), and Warnet et al. (2020)]. Figure 6 provides a
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depiction of many of the proteins that can bind to glu-
tamate receptor CTDs, including the PDZ domain
ligands that the different iGluRs harbor at their C
termini [comprehensive tables are also found in Tray-
nelis et al. (2010)]. Classes of iGluR binding partners
include scaffolding, anchoring, cytoskeletal, adaptor,
ATPase, and signaling proteins. In addition to indi-
rect linkage of iGluRs to signaling proteins mediated
via scaffold proteins, several iGluR subunits bind
directly to components of signaling complexes, includ-
ing GluAl to cGMP-dependent protein kinase II
(PKG) (Serulle et al., 2007), GluA4 to protein kinase
C (PKC) (Correia et al., 2003), and NMDA receptor
and kainate receptor subunits to Ca®*/calmodulin-
dependent protein kinase II (CaMKII) [(Gardoni
et al., 1998; Strack and Colbran, 1998; Leonard et al.,
1999, 2002; Strack et al., 2000; Carta et al., 2013);
reviewed in Bayer and Schulman (2019)], and death-
associated protein kinase 1 (DAPK1) (Tu et al., 2010)
as well as several tyrosine kinases and phosphatases
[reviewed in Groveman et al. (2012) and Won and
Roche (2021)]. These interactions can influence intra-
cellular signaling networks and may provide spatial
and temporal specificity to receptor function. For
example, recent studies have indicated that competi-
tion between DAPK1 versus CaMKII binding to the
GluN2B CTD helps determine whether NMDA recep-
tor activation of CaMKII signaling will promote long-
term depression (LTD) versus long-term potentiation
(LTP), respectively (Coultrap et al., 2014; Goodell
et al., 2017) (Section V. Glutamate Receptors in Neuro-
nal Functions and Synaptic Plasticity). Synaptic iGluRs
are embedded within a specialization of the postsynap-
tic membrane known as the postsynaptic density
(PSD), which is formed by an elaborate protein-protein
interaction network that is prominently organized by
the iGluR-associated scaffolding, cytoskeletal, and sig-
naling proteins [reviewed in Sheng and Kim (2011)]
(Fig. 6). Emerging evidence indicates that liquid-liquid
phase separation mediated by the multivalent protein-
protein interactions within the PSD is important for
organizing the synapse to control synaptic transmission
and signaling that mediates plasticity [reviewed in
Chen et al. (2020b)].

The CTD regulates multiple important roles in neu-
ronal function, which is a conclusion supported by
genetic deletion studies that remove the CTD or parts
thereof. For example, removal of a large portion of
the CTD from GluN2B produces a lethal phenotype
(Mori et al., 1998; Sprengel et al., 1998). Deletion of
the GluN2A CTD reduces GluN2A-containing synap-
tic receptors, with consequent deficits in cellular mod-
els of learning (Sprengel et al., 1998; Steigerwald
et al., 2000). Similar effects are observed in mice lack-
ing the GIuN2C CTD (Rossi et al., 2002). Studies in
which the GIuN2A and GluN2B CTDs are swapped or
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the binding site for CaMKII in GluN2B is disrupted
support a critical role of the CTD in synapse develop-
ment, plasticity, and brain function [(Barria and Mali-
now, 2005; Gambrill and Barria, 2011; Halt et al.,
2012); but see McKay et al. (2018)] and suggest differ-
ential sensitivity to excitotoxicity (Martel et al.,
2012). Mice in which the GluAl CTD was removed
were still able to undergo forms of synaptic plasticity,
arguing that post-translational modification of the
GluAl CTD is not required for LTP expression (Diaz-
Alonso et al., 2020). However, other studies have found
impacts on both LTP and LTD in mice expressing chime-
ras swapping the CTDs of GluAl and GluA2 or point
mutations eliminating phosphorylation sites in the
GluAl CTD (Lee et al., 2003; Zhou et al., 2018) (see Sec-
tion V. Glutamate Receptors in Neuronal Functions and
Synaptic Plasticity for additional details).

F. Alternative Splicing, RNA Editing, and Post-
Translational Modifications

In addition to differences in subunit composition,
diversity in function and pharmacology of iGluR sub-
types can also be influenced by RNA editing,

alternative splicing, and post-translational modifica-
tions of iGluR subunits.

1. Regulation of Receptor Function by RNA Editing.
RNA editing is a post-transcriptional modification in
which adenosine deaminases acting on RNA (ADARs)
alter sequences by converting a specific adenosine
nucleotide to inosine (A-to-I), which is read as guano-
sine during translation of the mRNA (Gott and Eme-
son, 2000; Bass, 2002). Depending on the modified
codon, RNA editing can change the amino acid
sequence of the encoded gene product. AMPA receptor
GluA2, GluA3, and GluA4 and kainate receptor
GluK1 and GluK2 subunits undergo RNA editing to
shape their functional properties and physiologic roles
[reviewed in Hood and Emeson (2012) and Filippini
et al. (2017)] (Fig. 7).

The permeation and channel block properties of
GluA2-containing AMPA receptors and GluK1- and
GluK2-containing kainate receptors are profoundly
modified by RNA editing at the Q/R site (i.e., Gln is
converted to Arg; also denoted the Q/R/N site) located
at the narrow constriction formed by the M2 pore loop
(Sommer et al., 1991) (Section IV. Receptor Activation,
Deactivation, and Desensitization). AMPA or kainate
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receptors containing the edited forms (e.g., GluA2(R)),
which place a charged residue (Arg) within the pore,
are virtually impermeable to Ca2*, permeable to CI’,
and insensitive to polyamine channel block (Verdoorn
et al., 1991; Egebjerg and Heinemann, 1993; Burna-
shev et al., 1995, 1996) (Section VIII. Endogenous
Allosteric Regulation). These receptors possess a
nearly linear current/voltage (I/V) relationship and
show substantially reduced single-channel conduc-
tance (Section IV. Receptor Activation, Deactivation,
and Desensitization, Supplemental Tables 1 and 2).
By contrast, AMPA or kainate receptors that lack
edited subunits or contain the unedited forms (e.g.,
GluA2(Q)) are permeable to Ca®" and sensitive to
polyamine channel block and display inwardly rectify-
ing I/V relationships [reviewed in Bowie (2018)]. In
the CNS, virtually all mRNAs for GluA2 are edited at
the Q/R site throughout development (Sommer et al.,
1991; Burnashev et al., 1992a), and native AMPA
receptor subtypes are therefore typically categorized as
Ca®*-permeable (GluA2-lacking) or Ca®"-impermeable
(GluA2-containing) receptors (Section V. Glutamate
Receptors in Neuronal Functions and Synaptic Plastic-
ity). RNA editing at the Q/R site in GluK1 and GluK2
subunits occurs with low efficiency early in develop-
ment but increases to ~40% and ~80%, respectively,
within the first postnatal days (Belcher and Howe,
1997; Paschen et al., 1997; Bernard et al., 1999).
AMPA receptor subunits GluA2, GluA3, and
GluA4 can also undergo RNA editing at the R/G site
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located in the S2 segment of the ABD, preceding the
flip/flop region that undergoes alternative splicing
(Fig. 7). Editing at this R/G site increases with neu-
ronal maturation and is influenced by neuronal
activity (Lomeli et al., 1994; Orlandi et al., 2011;
Sanjana et al., 2012; Balik et al., 2013). AMPA
receptors with GluA2-flop subunits that are edited
at the R/G site display faster rates of desensitiza-
tion and faster recovery from desensitization
(Lomeli et al., 1994; Krampfl et al., 2002). However,
the vicinity to the flip/flop region makes these
effects of R/G editing effective in flop but not in flip
isoforms of GluA2 (Wen et al., 2017). Furthermore,
both RNA editing at the Q/R and R/G sites in AMPA
receptors influences subunit biogenesis and receptor
assembly (Section V. Glutamate Receptors in Neuro-
nal Functions and Synaptic Plasticity).

In addition to Q/R editing, the GluK2 kainate
receptor subunit can undergo RNA editing at I/V and
Y/C sites located in the M1 transmembrane helix
(Fig. 7). Editing at I/V and Y/C sites in GluK2 affects
permeation properties in a manner dependent on edit-
ing at the Q/R site, with the effects of Q/R editing on
Ca”" permeability being enhanced by editing at the I/
V and Y/C sites (Kohler et al., 1993; Burnashev et al.,
1995).

2. Regulation of Receptor Function by Alternative
Splicing. The mutually exclusive alternative splic-
ing of exons 14 and 15 in all four AMPA receptor sub-
units produces two isoforms termed flip and flop that

A flip B c
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Fig. 7. RNA editing and alternative splicing of iGIuR subunits. Linear depictions of the polypeptide chains illustrate sites of amino acid changes result-
ing from RNA editing (indicated by arrows) and isoforms resulting from alternative RNA splicing (indicated by dashed lines). The subunits are not
scaled accurately but indicate the relative sizes. (A) AMPA receptor subunits exist as either flip or flop isoforms that differ in the S2 region of the ABD.
Alternative splicing also produces two isoforms of GluA2 and GluA4 with different lengths of their CTDs. RNA editing at the GIn/Arg (Q/R; also
denoted Q/R/N) site in the M2 region of GluA2 regulates Ca?* permeability and channel rectification of GluA2-containing AMPA receptors. GluA3 and
GluA4 also undergo RNA editing at the Arg/Gly (R/G) site in the S2 region of the ABD. (B) Alternative splicing results in GluK1 isoforms with (GluK1-
1) or without (GluK1-2) an insertion in the NTD. GluK1-3 also have variable CTDs as a result of alternative splicing. GluK1 and GluK2 undergo RNA
editing at Q/R site in the M2 region, similar to GluA2. GluK2 undergoes additional RNA editing at Ile/Val (I/V) and Tyr/Cys (Y/C) sites in the M1
region. (C) GluN1 exists in 8 different isoforms because of alternative splicing of exon 5, exon 21, and exon 22; N1 (21 aa) in the NTD is encoded by
exon 5, and C1 (37 aa) in the CTD is encoded by exon 21, whereas C2 (38 aa) in the CTD is encoded by exon 22. Deletion of exon 22 creates a shift in the
open reading frame, resulting in the alternate exon 22’ that encodes C2' (22 aa). GluN2A exists in two isoforms with short and long CTDs, although
the short form appears to be primate-specific (i.e., not found in rodents). Alternative splicing creates the GluN3A-L isoform with a 20-aa insertion in
the CTD, but this long isoform is not found in human. (D) GluD subunits do not appear to exist in multiple isoforms.
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are different in the S2 segment of the ABD [(Sommer
et al., 1990); reviewed in Sukumaran et al. (2012)]
(Fig. 7). The flip/flop region influences the rates of
desensitization and deactivation (Section IV. Receptor
Activation, Deactivation, and Desensitization) and the
effects of auxiliary subunits (Section III. Auxiliary
Subunits) as well as sensitivity to allosteric modula-
tors that bind at the ABD dimer interface (Sections
VIII. Endogenous Allosteric Regulation and IX. Exoge-
nous Positive and Negative Allosteric Modulators).
Alternative splicing to produce flip/flop isoforms is
developmentally regulated, with flip isoforms promi-
nent from birth and throughout development, and
flop isoforms occurring after birth and reaching adult
levels at P14 in rodents (Monyer et al., 1991). Flop
isoforms generally display faster desensitization com-
pared with flip isoforms (Mosbacher et al., 1994), and
flop isoforms are generally less sensitive to AMPA
receptor PAMs, such as cyclothiazide (Section IX.
Exogenous Positive and Negative Allosteric Modula-
tors). The complexity among AMPA receptor subunits
is enhanced by additional alternative splicing to cre-
ate variation in the CTD of GluA2 and GluA4 subu-
nits [reviewed in Shepherd and Huganir (2007) and
Diering and Huganir (2018)] (Fig. 7). GluAl and
GluA4 and the GluA2-L isoform have long CTDs,
whereas the predominant splice form of GluA2 has a
short CTD similar to GluA3 and the GluA4-S isoform.
The splice isoforms of AMPA receptor CTDs influence
interactions with specific intracellular binding part-
ners and affect regulation by post-translational modi-
fications (e.g., protein phosphorylation) [reviewed in
Shepherd and Huganir (2007) and Diering and Huga-
nir (2018)].

Alternative splicing can produce two isoforms of the
NTD in the GluK1 kainate receptor subunit, which
are denoted GluK1-1 (15-amino-acid insertion) and
GluK1-2 (Bettler et al., 1990) (Fig. 7). The CTD of
GluK1 also exists in several isoforms, GluKla,
GluK1b, and GluK1c (Sommer et al., 1992) as well as
an additional isoform, GluK1d, which is only found in
human (Gregor et al.,, 1993; Barbon and Barlati,
2000). Splice isoforms of the CTDs in GluK2 and
GluK3 subunits have also been reported (Gregor
et al., 1993; Schiffer et al., 1997; Barbon et al., 2001)
(Fig. 7). The variation in the CTDs of kainate receptor
subunit isoforms influences cell surface trafficking,
subcellular localization, and interactions with intra-
cellular proteins involved in tuning of neuronal func-
tions [reviewed in Contractor et al. (2011), Lerma and
Marques (2013), Pahl et al. (2014), and Valbuena and
Lerma (2021)].

The GluN1 NMDA receptor subunit occurs in eight
different isoforms that arise from alternative splicing
of three exons (Durand et al., 1992; Nakanishi et al.,
1992; Sugihara et al., 1992; Hollmann et al., 1993)
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(Fig. 7). Exon 5 encodes 21 amino acids in the NTD
(i.e., the N1 region), exon 21 encodes 37 amino acids
(C1) in the CTD, and exon 22 encodes 38 amino acids
(C2) in the CTD. Deletion of exon 22 removes the stop
codon, resulting in the inclusion of 22 amino acids
(C2). The different GluN1 isoforms have distinct
regional and developmental expression patterns (Sec-
tion VI. Developmental and Regional Expression in
the Central Nervous System), and alternative splicing
of exon 5 produces marked differences in NMDA
receptor function (Sections IV. Receptor Activation,
Deactivation, and Desensitization and V. Glutamate
Receptors in Neuronal Functions and Synaptic Plas-
ticity) and pharmacology (Sections VIII. Endogenous
Allosteric Regulation and IX. Exogenous Positive and
Negative Allosteric Modulators). Alternative splicing
produces a long and short form of the CTD in the
GluN2A subunit, but the short form, GluN2A-S,
which lacks 343 amino acids, appears to be specific to
primates and has not been found in rodents (Warming
et al.,, 2019). By contrast, a long isoform of the
GluN3A CTD, GluN3A-L, which has an insertion of
20 amino acids, has been found in rodents (Sun et al.,
1998) but is lacking from human (Andersson et al.,
2001).

3. Post-Translational Modifications of Glutamate
Receptor Subunits. All iGluR subunits are subject to
various forms of post-translational modifications,
such as glycosylation (Standley and Baudry, 2000)
and disulfide bond formation in extracellular
domains, S-nitrosylation (Nakamura and Lipton,
2016; Morris et al., 2018a), ubiquitylation (Goo et al.,
2015), palmitoylation (Thomas and Huganir, 2013;
Han et al.,, 2015a; Sohn and Park, 2019; Hayashi,
2021), and phosphorylation of intracellular residues
(Sanz-Clemente et al., 2013; Wang et al., 2014d; Gha-
fari et al., 2015; Purkey and Dell’Acqua, 2020) as well
as proteolytic cleavage (Wiera and Mozrzymas, 2015;
Curcio et al., 2016). In many cases, the post-transla-
tional modifications are dynamically regulated to con-
trol receptor trafficking to the membrane, subcellular
localization, and degradation (Anggono and Huganir,
2012; Pahl et al., 2014; Evans et al., 2019; Purkey
and Dell’Acqua, 2020; Warnet et al., 2020). All iGluR
subunits are glycosylated to facilitate proper subu-
nit folding during biogenesis and shape the func-
tional properties of the receptor (Standley and
Baudry, 2000). Numerous specific sites for phosphor-
ylation, S-nitrosylation, ubiquitylation, and palmi-
toylation have been reported in iGluR subunits that
are critical to their physiologic roles and regulation
in the CNS. Many excellent reviews summarize the
physiologic effects mediated by these post-transla-
tional modifications (Traynelis et al., 2010; Glad-
ding and Raymond, 2011; Mao et al., 2011; Lussier
et al., 2015; Diering and Huganir, 2018).
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II1. Auxiliary Subunits

Auxiliary subunits are integral but not obligatory
members of the glutamate receptor complex and
directly interact with the receptor and modulate its
function and localization but do not assemble alone to
create receptors that bind agonist and undergo activa-
tion or gating. The past decade has seen a large num-
ber of studies that validate the essential role of
auxiliary subunits in modifying all aspects of receptor
function. The interfaces formed by auxiliary subunits
and glutamate receptor subunits are also drug targets
with the potential to tune receptor function selec-
tively (Section IX. Exogenous Positive and Negative
Allosteric Modulators).

A. AMPA Receptor Auxiliary Subunits

A substantial proportion of native AMPA receptors
contain auxiliary subunits that include a surprisingly
diverse range of structurally unrelated proteins
(Jackson and Nicoll, 2011a; Straub and Tomita, 2012;
Greger et al., 2017; Chen and Gouaux, 2019; Twomey
et al., 2019; Kamalova and Nakagawa, 2021). AMPA
receptor auxiliary subunits include TARPs (Chen
et al., 2000; Tomita et al., 2003, 2005a; Kato et al.,
2008), cornichons (CNIHs) (Schwenk et al., 2009), cys-
teine-knot AMPA receptor modulating proteins
(CKAMPS) (termed shisa proteins in the genome
database) (von Engelhardt et al., 2010; Farrow et al.,
2015), GSG1L (Schwenk et al., 2012; Shanks et al.,
2012), and synapse differentiation-induced gene 4
(SynDIG4) [also known as proline rich transmem-
brane protein 1 (Prrtl)] (Matt et al., 2018) (Fig. 8).
Auxiliary subunits can influence receptor localization,
trafficking, pharmacology, response time course, ion
permeation, and block by intracellular polyamines
(Figs. 8 and 9). The expression patterns of auxiliary
subunits vary substantially in the brain because each
has different upstream promotors that respond to dis-
tinct signaling pathways (Tomita et al., 2003; Kato
et al., 2007; Schwenk et al., 2014; Yamasaki et al.,
2016).

1. Transmembrane AMPA Receptor Regulatory Proteins
(TARPs). Stargazin (TARP y-2) was the first AMPA
receptor auxiliary subunit discovered. It is homolo-
gous to the y-1 subunit of voltage-gated calcium chan-
nels and is the protein encoded by the causative gene
for the stargazer mutant mouse, whose phenotypes
are cerebellar ataxia, abnormal head tossing, and
absence seizures (Letts et al., 1998). Recordings from
cerebellar granule cells in stargazer mice revealed
that AMPA receptors were absent from the plasma
membrane (Hashimoto et al., 1999; Chen et al., 2000).
Stargazin regulates both trafficking and gating of
AMPA receptors (Chen et al., 2000; Tomita et al.,
2005a) and thus is the founding member of a family
of proteins referred to as TARPs, which consists of
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three subfamilies based on phylogeny: type Ia (y-2
and y-3), type Ib (y-4, and y-8), and type II (y-5 and
y-7) (Tomita et al., 2003; Kato et al., 2008; Jackson
and Nicoll, 2011a).

a. TARP structure.  The architecture of AMPA
receptor and type I TARP complexes in open and
closed conformations has been studied using cryo-EM
(Twomey et al., 2016, 2017b; Zhao et al., 2016b; Chen
et al., 2017a; Herguedas et al., 2019) (Fig. 10). The
stoichiometries observed are one, two, or four y-2 per
homomeric GluA2 (Twomey et al., 2016, 2017b, 2018;
Zhao et al., 2016b; Chen et al., 2017a), whereas two
copies of -8 were found in heteromeric GluAl/2
receptors (Gill et al., 2011; Herguedas et al., 2019).
The current view is that multiple types of TARPs and
also cornichons (see below) can coassemble into the
same synaptic AMPA receptor complex (Kato et al.,
2010; Studniarczyk et al., 2013; Khodosevich et al.,
2014; Zhao et al., 2019). TARPs are homologous to
claudins and share a similar overall architecture
(Suzuki et al., 2014; Saitoh et al., 2015; Nakamura
et al., 2019). The topology of TARPs comprises four
transmembrane helices (TM1-4) with a cytoplasmic N
terminus immediately preceding TM1 (Figs. 8 and
10). The extracellular domain is shaped like a hand
and consists of five f-strands, an extracellular helix,
and four flexible loops. The TM3 and TM4 of TARPs
interface with the molecular surface formed by M1
and M4 of adjacent AMPA receptor subunits (Twomey
et al., 2016), indicating that AMPA receptor subunit
assembly is required for TARP binding (Section V.
Glutamate Receptors in Neuronal Functions and Syn-
aptic Plasticity). As a consequence of the overall 2-
fold symmetry of AMPA receptors, two distinct TARP
binding sites are present and referred to as the A'/C’
and B'/D’ sites (Zhao et al., 2016b), which bear no
relation to the A/C and B/D subunit positions defined
within the AMPA receptor tetramer (Section II.
Receptor Structure). Each of the two modes of associa-
tion induces different interaction interfaces between
the TARPs and AMPA receptor subunits, creating
potentially unique drug binding sites (see Section IX.
Exogenous Positive and Negative Allosteric Modula-
tors). The extracellular domain arrangement of
TARPs relative to the ABD and the ABD-TMD link-
ers in AMPA receptors differ substantially in the
two types of TARP binding sites. The A’/C’' sites
beneath ABD dimers are sterically more restricted
than the B//D’ sites, which are located beneath the
ABD dimer of dimers. Hence, TARPs may shape
function of AMPA receptors differently depending
on which binding site they occupy within the recep-
tor complex. Lipids are preferentially recruited to
the surface adjacent to TM4 of y-8 in the GluAl/
GluA2/y-8 complex (Fig. 10) and may contribute to
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Fig. 8. Functional effects of different classes of AMPA receptor auxiliary subunits. The top panel illustrates membrane topologies of AMPA receptor
auxiliary subunits (CKAMPs and SynDIG4 are based on prediction). The lower panel summarizes functional characteristics of AMPA receptors associ-
ated with the respective auxiliary subunits. Adapted with permission from Kamalova and Nakagawa (2021).

TARP-dependent modulation of function (Herguedas
et al., 2019).

A cytoplasmic C-terminal tail extends from TM4
and terminates with a PDZ domain binding motif in
type I TARPs, whereas type II TARPs lack this motif.
The interaction between the intracellular C terminus
and PSD-95 and possibly other synaptic scaffolding
proteins can contribute to diffusional trapping of the
AMPA receptors into the postsynaptic density (Bats
et al., 2007; Opazo et al., 2010; Constals et al., 2015).
Such spatial reorganization of postsynaptic AMPA
receptors at the millisecond time scale can contribute
to synaptic plasticity (Heine et al., 2008; Penn et al.,
2017). Both the PDZ domain binding motif and the
membrane proximal elements in the C terminus of

type I TARPs (y-2 and y-8) interact with PSD-95, and
the formation of the complex induces a macromolecu-
lar condensation that results in small organelle-like
subcellular compartments devoid of surrounding
membrane, a phenomenon referred to as liquid-phase
condensation (Zeng et al., 2019) (Section IL.F. Alterna-
tive Splicing, RNA Editing, and Post-Translational
Modifications). Phosphorylation at the C terminus
of type I TARPs regulates the interaction with
PSD-95 (Tomita et al., 2005b; Sumioka et al., 2010,
2011; Sheng et al., 2018; Zeng et al., 2019). Fur-
thermore, the C-terminal tail of y-2 interacts with
adaptor proteins that regulate receptor endocytosis
(Matsuda et al., 2008). The regulation of this inter-
action by phosphorylation is suggested as a
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Fig. 9. Examples of the action of AMPA receptor auxiliary subunits. (A) Recordings from cerebellar granule cells from wild type and stargazer (stg)
mice that lack TARP y-2. Left panel: whole cell synaptic currents evoked by mossy fiber stimulation. A near-complete loss of AMPA receptor-mediated
synaptic transmission was observed in stg mice (slower NMDA receptor component remains). Right panel: Spontaneous synaptic currents were signifi-
cantly reduced in homozygous stg/stg mice compared with heterozygous +/stg mice. (B) Outside-out patch-clamp recording of recombinant GluA4 and
GluA4 with TARP -2 (stg) expressed in HEK cells. Receptors were activated by fast glutamate application and single-channel unitary currents were
resolved in the tails of peak currents. Longer bursts or clusters of openings were observed in in the presence of the TARP y-2. (C) Right panel: whole
cell current recordings from hippocampal CA1 pyramidal cells evoked by stimulation of Schaffer collaterals before and after LTP induction in wild type
(+/+) and TARP y-8 KO mice. Left panel: average amplitudes of evoked synaptic responses before and after the induction of LTP. (D) Whole-cell current
recordings from mossy hilar cells in the hippocampus. Spontaneous synaptic currents were compared between cells treated with short hairpin RNA
(shRNA) of CNIH2 (red and blue are different cells) and untreated wild-type cells. Reproduced with permission from Hashimoto et al. (1999) (Copy-
right 1999 Society for Neuroscience) (A), Chen et al. (2000) (A), Tomita et al. (2005a) (B), Rouach et al. (2005) (C), and Boudkkazi et al. (2014) (D).

mechanism for LTD (Matsuda et al., 2013). The
membrane proximal region in the C terminus of y-2
also binds to the plasticity-regulated protein Arc
(Zhang et al., 2015) but with unknown functional
consequence.

b. Functional effects of TARPs. Stargazin y-2
increases the duration and frequency of AMPA recep-
tor channel openings to higher conductance levels
(Tomita et al., 2005a; Zhang et al., 2014a). TARPs
also alter the pharmacological properties of AMPA
receptors; in the presence of y-2, the partial agonist
kainate induces current with substantially greater
amplitude (Tomita et al., 2006), and competitive
antagonist CNQX but not NBQX is converted to a

partial agonist (Menuz et al., 2007). Measurements of
NBQX binding and unbinding rates as well as lumi-
nescence resonance energy transfer measurements
indicated that y-2 facilitated a higher degree of cleft
closure of the ABD (MacLean et al., 2014), which
might underlie the higher agonist efficacy observed in
the presence of y-2 (MacLean et al., 2014). Thus, the
small degree of ABD closure induced by CNQX is suf-
ficient for receptor activation in the presence of y-2.
TARPs also alter the effects of positive allosteric mod-
ulators (e.g., LY-450295 and CX-614) at AMPA recep-
tors (Schober et al., 2011; Radin et al., 2018a,b).

In the presence of TARPs, desensitization is less
prominent (Coombs et al., 2017), and the deactivation
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Fig. 10. Structures of AMPA receptor in complex with various auxiliary
subunits. Ribbon diagrams are derived from cryo-EM maps of AMPA
receptors in complex with TARP y-2 (PDB: 5WEO), TARP 7-8 (PDB:
6QKC), GSG1L (PDB:5WEL), and CNIH3 (PDB: 6PEQ). Only the ABD
and TMD of the AMPA receptor tetramers (GluA2: light orange, GluA1:
light yellow) are shown. Side (left) and bottom (right) views are displayed.
y-2, 7-8, GSG1L, and CNIH3 bind to identical surfaces of AMPA receptor
tetramer. The binding sites are indicated as A/, B/, C/, and D’ site. The
overall 2-fold symmetric architecture of AMPA receptor tetramers produ-
ces two types of binding interfaces: the equivalent B'/D’ sites and equiva-
lent A’/C’ sites.

time course after removal of glutamate is slowed, pro-
longing the response time course and increasing
charge transfer (Figs. 8 and 9, see Table 2). The rate
of recovery from desensitization changes in a manner
dependent on the combination of TARPs and AMPA
receptor subunits. y-2 and 7-8 accelerate recovery
from desensitization for GluAl-containing receptors
(Priel et al., 2005; Gill et al., 2012), whereas -8 slows
recovery from desensitization for GluA2- and GluA3-
containing receptors (Gill et al., 2012; Cais et al.,
2014) (Fig. 11). As many as four TARPs may associate
concurrently with a single AMPA receptor, and the
characteristics of gating modulation by TARPs depend
on the stoichiometry (Miguez-Cabello et al., 2020).
Figure 11 and Table 2 summarize the effect of TARPs
on AMPA receptor function. The association of AMPA
receptors with y-4, y-7, and y-8 induces resensitization
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upon prolonged (several seconds) exposure to gluta-
mate (Kato et al., 2010). Resensitization is defined as
a slowly increasing steady-state current after desensi-
tization in the continued presence of glutamate
(Supplemental Fig. 1). This phenomenon involves an
extracellular linker domain in TARP 7-8 (Riva et al.,
2017) and involves transitions to higher conductance
levels while the receptor is in the desensitized state,
which is similar to effects observed at the single-chan-
nel level for compounds that block desensitization (e.g.,
cyclothiazide) (Carrillo et al., 2020b) (Supplemental Fig.
1). Compounds that bind at the interface between 7-8
and the AMPA receptor TMD block resensitization
(Kato et al., 2016; Maher et al., 2016; Dohrke et al.,
2020) (Section IX. Exogenous Positive and Negative
Allosteric Modulators). AMPA receptors with y-2 and
7-8 have been shown to undergo superactivation upon
repetitive high-frequency activation (i.e., response
amplitudes increase with each subsequent activation),
a phenomena that has also been termed resensitization
(Carbone and Plested, 2016). Such resensitization prop-
erties mediated by TARPs may be relevant in synapses
with slow glutamate clearance, such as, for example,
mossy fiber terminals in the hippocampal CA3 region
(Savtchenko and Rusakov, 2004).

The efficacy for activation of steady-state currents
by agonists can also be altered by TARPs and shows a
bell-shaped curve with a decrease in amplitude at
high glutamate concentration (>100 pM) (Morimoto-
Tomita et al., 2009). Whether the inactivation at high
glutamate concentration is mediated by intrinsic gat-
ing properties or physical decoupling of TARPs from
AMPA receptor has not been fully resolved (Morimoto-
Tomita et al., 2009; Semenov et al., 2012; Straub and
Tomita, 2012; Coombs et al., 2017). CaMKII can poten-
tiate homomeric GluAl channels lacking TARPs, but
association of y-2 or y-8 with GluA1/2 receptors is neces-
sary for the increase in channel conductance after phos-
phorylation of Ser831 in GluAl (Kristensen et al.,
2011). TARPs can also reduce the affinity of polyamine
block of Ca®"-permeable AMPA receptors (Brown et al.,
2018).

c. Structural determinants of TARP action. The
regions of the extracellular and cytoplasmic domains
of y-2 and y-4 that impact receptor function have been
identified (Tomita et al., 2005a; Turetsky et al., 2005;
Cho et al., 2007). The residues in the lower lobe of the
AMPA receptor ABD are critical for y-2—mediated gat-
ing modulation (Dawe et al., 2016) and are hypothe-
sized to interact with the extracellular domain of
TARPs (Twomey et al., 2019). The action of y-2 in
slowing desensitization of GluA2 AMPA receptors is
substantially attenuated in flop isoforms compared
with flip isoforms (Dawe et al., 2019). Within the flip/
flop cassette, residue 775 (Ser in flip, Asn in flop) is a
key determinant that governs y-2-mediated slowing of
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Fig. 11. Gating modulation of GluA1l and GluA1/GluA2 AMPA receptors by auxiliary subunits. (A) Channel conductance (ypgan), (B) deactivation time
constant (TaupgacrivaTe), (C) desensitization time constant (Taupgsgns), and (D) ratio of amplitudes of steady state (Igg) over peak currents (Ipgax) are
depicted by the location of the colored balloon that represents various auxiliary subunits in complex with the indicated receptor. The upper number line
represents effects on the homomeric GluA1 (A1), whereas the lower number line represents effects on the heteromeric GluA1/2 (A1/A2). The white bal-
loons indicate values for AMPA receptors without any auxiliary subunits. Values are from Table 2 and associated references. GL, GSG1L; CN, CNIH;
CK, CKAMP; SD, SynDIG4. TARP subtypes are indicated as y-2, y-3, y-4, y-5 and y-8.

desensitization. In addition, y-2 overcomes the effect of a
mutation in the ABD that destabilizes the agonist-bound
closed clamshell conformation (MacLean et al., 2014).
For type I TARPs, residues in the 1-$2 loop (Fig. 8) of
the extracellular domain control the slowing of desensi-
tization (Hawken et al., 2017; Riva et al., 2017). When
the cytoplasmic C terminus of y-2 is deleted, TARP-
mediated modulation of receptor function is attenuated
(Priel et al., 2005; Tomita et al., 2005a; Turetsky et al.,
2005). Furthermore, membrane-embedded elements
that form the interaction interface between AMPA
receptor subunits and TARPs were also mapped as crit-
ical sites for gating modulation (Ben-Yaacov et al.,
2017; Hawken et al., 2017).

FRET investigations showed a TARP-induced shift
to a more compact conformation of the ABD layer in
AMPA receptors when bound to agonists (MacLean

et al., 2014; Shaikh et al., 2016; Carrillo et al.,
2020b). Treatment of receptors with Cys substituted into
the ABD dimer interface with bifunctional crosslinkers of
varying lengths can also produce a shift toward a more
compact arrangement in the extracellular domains of
AMPA receptors associated with y-2 and 7-8, which corre-
lates with higher steady-state currents for y-2 and resen-
sitization for y-8 (Baranovic and Plested, 2018).

d. Different modulatory actions of type-I and type-
II TARPs. Functional modulation of AMPA recep-
tors by type II TARPs (y-5 and y-7) differs from type I
TARPs in their selective actions on different AMPA
receptor subunits and in their mixture of positive and
negative effects on gating and trafficking (Kato et al.,
2007, 2008; Soto et al., 2009; Bats et al., 2012; Stud-
niarczyk et al., 2013). Similar to type I TARPs, type 11
TARPs increase channel conductance and attenuate
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polyamine block with y-5 having less of an effect than
7-7 (Soto et al., 2009). y-5 is unique among all TARPs
in its ability to reduce peak open probability of
GluA2-lacking, Ca®"-permeable AMPA receptors. As
observed in Bergmann glial cells, in which y-5 and
Ca®"-permeable AMPA receptors are abundantly
expressed, -5 increases conductance and reduces
peak open probability but does not change the rate of
desensitization of GluAl and GluA4 subunit-contain-
ing AMPA receptors (Soto et al., 2009). The long cyto-
plasmic tails of GluAl and GluA4 are molecular
determinants for the selective action of y-5 on these
subunits (Kato et al., 2008; Soto et al., 2009). The
expression of y-5 in the CNS is spatially restricted
and the lowest among the TARPs, albeit y-5 is
enriched in the hippocampal CA2 region and in Berg-
mann glia (Fukaya et al., 2005b; Schwenk et al.,
2012, 2014; Shanks et al., 2012).

TARP v-7 increases the conductance of AMPA
receptors and suppresses synaptic trafficking of
GluA2-containing, Ca2'-impermeable AMPA recep-
tors (Studniarczyk et al., 2013). y-7 is expressed
broadly in the cerebellum and is found in granule
cells, Purkinje cells, stellate cells, and Bergmann glial
cells (Yamazaki et al.,, 2010). The function of y-7 is
best understood in granule cells and stellate cells
(Bats et al., 2012; Studniarczyk et al., 2013), where it
mediates resensitization of GluAl-containing AMPA
receptor currents, similar to y-4 and y-8 (Kato et al.,
2008, 2010). Notably, although CNQX acts as an ago-
nist at AMPA receptors associated with y-2, CNQX
remains an antagonist at AMPA receptors associated
with y-7 (Bats et al., 2012).

Initial studies concluded that cerebellar granule
cells in stargazer mice, which are deficient in y-2
(Letts et al., 1998), lack surface expression of AMPA
receptors (Chen et al., 1999b, 2000; Hashimoto et al.,
1999). However, mice lacking both -2 and y-7 had
AMPA receptor-mediated synaptic currents in cerebel-
lar granule cells, albeit reduced relative to wild-type
mice and similar to the phenotype of heterozygous y-2
KO (+/-) mice, suggesting a more complex interac-
tion between the auxiliary subunits (Yamazaki
et al., 2015). Surprisingly, synaptic AMPA receptor-
mediated currents were observed upon knockdown of
7-7 in granule cells from y-2 KO mice, reversing the
absence of AMPA receptor-mediated synaptic events
in these y-2 KO mice (Studniarczyk et al., 2013). Fur-
thermore, overexpression of y-7 but not y-5 rescued
AMPA receptor surface expression in cerebellar gran-
ule cells of y-2 KO mice (Kato et al., 2007). These dis-
parate observations can be explained by a mechanism
in which knockdown of y-7 in granule cells removes
its negative effect on trafficking of GluA2-containing
AMPA receptors, thereby allowing synaptic expres-
sion in the absence of y-2, whereas overexpression
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reduces the proportion of GluA2-containing AMPA
receptors relative to GluA2-lacking AMPA receptors.
In cerebellar Purkinje cells of y-2 KO mice, AMPA
receptor-mediated EPSCs are reduced but not elimi-
nated because of a functional compensation by y-7
(Yamazaki et al., 2010, 2015). y-2 is necessary in Pur-
kinje cells for maintaining basal EPSC amplitudes at
climbing fiber synapses (Kawata et al., 2014). AMPA
receptor-mediated EPSCs in neurons of the reticular
thalamic nucleus are reduced in stargazer mice
(Menuz and Nicoll, 2008; Chetkovich, 2009). In the
absence of y-2, the refinement at the retinogeniculate
synapse is disrupted during experience-dependent
synaptic plasticity (Louros et al., 2014). Furthermore,
y-2—containing AMPA receptors exhibit a slow compo-
nent of current decay that underlies EPSCs with
unusual kinetics in unipolar brush cells in the cere-
bellar granule cell layer (Balmer and Trussell, 2019).

Rare de novo mutations in TARPs and other auxil-
iary subunits might contribute to neurologic deficits.
For example, the p.V143L variant in TM3 of human
7-2 has been found in a patient with intellectual dis-
ability (Hamdan et al., 2011). Double and triple TARP
knockout mice express varying degrees of deficits in
AMPA receptor-mediated synaptic transmission and
in some cases lethality (Jackson and Nicoll, 2011a). In
addition, TM3 and TM4, which form the interaction
sites with AMPA receptors, are intolerant to variation
in the healthy population (Supplemental Figs. 2 and 3).

2. Germ Cell-Specific Gene 1-Like (GSGIL) Pro-
tein. GSGI1L, a distant homolog of TARPs (Fig. 8),
was identified by mass spectrometry among the pro-
teins that copurify with native AMPA receptors
(Schwenk et al., 2012; Shanks et al., 2012). GSG1L
stands out from other auxiliary subunits for having a
strong overall negative modulatory function (McGee
et al.,, 2015; Gu et al.,, 2016a; Mao et al., 2017).
Although GSGI1L can slow deactivation and desensiti-
zation, it stabilizes the desensitized state (Twomey
et al., 2017b) and slows recovery from desensitization
more than other auxiliary subunits (Schwenk et al.,
2012; Shanks et al., 2012) (see Table 2 in Section IV.
Receptor Activation, Deactivation, and Desensitiza-
tion). Additionally, GSG1L reduces single-channel
conductance and calcium permeability of Ca®"-perme-
able AMPA receptors (McGee et al., 2015) (Fig. 11).
Overexpression of GSG1L decreases the amplitude of
evoked EPSCs (McGee et al., 2015; Gu et al., 2016a;
Mao et al., 2017), whereas GSG1L KO rats exhibit
increased hippocampal LTP (Gu et al.,, 2016a).
GSGI1L is enriched in the anterior thalamic nuclei,
where it reduces short-term facilitation of EPSCs by
slowing the recovery from desensitization (Kamalova
et al., 2020). Most of the GSG1L gene appears to be
relatively tolerant to genetic variation (Supplemental
Fig. 4).
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Like TARPs, GSG1L binds to the surface formed by
M1 and M4 of adjacent subunits in AMPA receptors
(Twomey et al., 2017b). Cryo-EM structures contain
only two GSG1L subunits per AMPA receptor tetra-
mer, preferring the B'/D’ locations (Twomey et al.,
2017a,b), which may be a hallmark of bulkier auxil-
iary subunits, including y-8 (Fig. 10). GSG1L lacks
the extracellular helix present in TARPs and instead
has a longer second transmembrane domain extend-
ing to the extracellular space (Fig. 8). In addition, the
f1-2 loop is longer than that of the TARPs, and
transferring the $1-52 loop of TARP y-2 into the corre-
sponding location in GSGI1L also transfers y-2-like
characteristics to GSG1L (Riva et al., 2017; Twomey
et al., 2017b).

3. Cornichon 2 and 3 Proteins (CNIHs). The corni-
chon family consists of CNIH1-4, evolutionarily con-
served membrane proteins of ~18 kDa (Roth et al.,
1995; Powers and Barlowe, 1998; Hwang et al., 1999;
Bokel et al., 2006), but only CNIH2 and CNIH3 are
AMPA receptor auxiliary subunits (Schwenk et al.,
2009) (Fig. 8). Cryo-EM structures of CNIH3 in com-
plex with homomeric GluA2 receptors demonstrate
that CNIHS is composed of four transmembrane heli-
ces (TM1-4) with N and C termini on the extracellular
side (Nakagawa, 2019) (Figs. 8 and 10); other corni-
chons likely have the same topology (Hessa et al.,
2007). The lack of substantial extracellular domains
is in agreement with the absence of N-glycans on
CNIH2 (Zheng et al., 2015). CNIH2/3 subunits pro-
mote forward trafficking of AMPA receptors, possibly
by regulating ER export (Harmel et al., 2012; Herring
et al., 2013). CNIHs also potentiate AMPA receptor
gating by increasing glutamate potency and slowing
both deactivation and desensitization (Schwenk et al.,
2009; Coombs et al., 2012) (Fig. 11, see Table 2 in Sec-
tion IV. Receptor Activation, Deactivation, and Desen-
sitization). Although recovery from desensitization is
not affected by CNIH2/3 (Schwenk et al., 2009), poly-
amine block is attenuated, and channel conductance
is increased (Coombs et al., 2012; Brown et al., 2018).

CNIH2 is as abundantly expressed as various
TARPs in the hippocampus, cortex, and striatum
(Schwenk et al., 2014), and CNIH2 expression is
higher than CNIHS3 in the hippocampus (Mauric
et al., 2013; Schwenk et al., 2014), with a more severe
synaptic phenotype of CNIH2 KO compared with
CNIH3 KO mice (Herring et al., 2013). AMPA recep-
tor-mediated synaptic currents in neurons from
CNIHZ2/3 double-KO mice exhibit reduced amplitudes
and faster time courses, which are thought to be the
consequence of a decrease in the number of GluAl-
containing heteromeric AMPA receptors (Herring
et al., 2013). The effects of CNIH2 overexpression in
the background of different TARP KO mice vary sub-
stantially. In the y-8 KO background, overexpression
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of CNIH2 slows AMPA receptor-mediated evoked
EPSCs in hippocampal CA1l neurons, consistent with
a slowing of AMPA receptor deactivation by CNIH2
(Herring et al., 2013). However, overexpression of
CNIH2 does not rescue the loss of surface AMPA
receptor expression in cerebellar granule cells of y-2
KO mice (Shi et al.,, 2010). CNIH2 shapes AMPA
receptor-mediated EPSCs at mossy fiber synapses in
the mossy cells of the dentate gyrus, as demonstrated
by faster time course after knockdown of CNIH2
(Boudkkazi et al., 2014) (Fig. 9).

CNIH2 and CNIH3 slow AMPA receptor desensiti-
zation substantially compared with TARPs (Schwenk
et al., 2009; Coombs et al., 2012) (Figs. 8 and 11).
Unlike TARPs and GSG1L, whose extracellular
domains are in contact with the AMPA receptor ABD
(Twomey et al., 2019), CNIH2/3 have minimal exten-
sion in the extracellular space (Nakagawa, 2019), and
thus gating modulation may not require direct inter-
action between the ABD and CNIH2/3. CNIH3 binds
to the surface generated by M1 and M4 of adjacent
subunits in homomeric GluA2 receptors, the same
location that TARPs and GSGI1L bind, which agrees
with the functional competition observed between
TARPs and CNIHs (Gill et al., 2011) (Fig. 10). The
stoichiometry of the recombinant GluA2/CNIH3 com-
plex revealed by the cryo-EM structure is 4:4 (Naka-
gawa, 2019) (Fig. 10), but competition with TARPs
likely reduces the number of CNIHs associated with
neuronal AMPA receptors (Kato et al., 2010; Schwenk
et al., 2012). Assembly with CNIH2/3 precludes resen-
sitization of AMPA receptors complexed with y-8 or
y-4, which could explain why hippocampal CAl pyra-
midal cell AMPA receptors do not exhibit resensitiza-
tion despite containing -8 (Kato et al., 2010). The
CNIH2/3 segment of the second transmembrane
helix, which is absent in CNIH1/4, extends into the
cytoplasm and partially contributes to gating modula-
tion (Shanks et al., 2014). TM1 and TM2 of CNIH3
interface with the AMPA receptor, with the critical
structural determinants of CNIH3-mediated gating
modulation formed by Phe3, Phe5, and Phe8 of
CNIHS and several amino acids in the M1 and M4 of
GluA2 close to the extracellular space (Hawken et al.,
2017; Nakagawa, 2019). The amino acids of GluA2
that contact CNIH3 are conserved in other AMPA
receptor subunits but are different in kainate receptor
subunits that cannot bind CNIHS3.

4. Cysteine-Knot AMPA Receptor Modulating Proteins
(CKAMPs). The CKAMP family consists of CKAMP39
(shisa8), CKAMP44 (shisa9), CKAMP52 (shisa6), and
CKAMP59 (shisa7) (von Engelhardt, 2019). CKAMP
genes are referred to by their alternate nomencla-
ture, SHISA6-9. CKAMP44, 52, and 59 are AMPA
receptor auxiliary subunits (Farrow et al., 2015;
Klaassen et al., 2016). CKAMP39 modulates AMPA
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receptor gating in non-neuronal cells, but its neuro-
nal relevance is not yet established. Although
CKAMP44 and CKAMP52 only colocalize with gluta-
matergic synapses, CKAMP59 might also serve as a
GABA, receptor auxiliary subunit (Han et al., 2019).

CKAMP44, a 44-kDa brain-specific protein, was
first identified as a protein that copurifies with brain
AMPA receptors by mass spectrometry (von Engel-
hardt et al., 2010) and was detected in various AMPA
receptor interactome studies (Schwenk et al., 2012,
2014; Shanks et al., 2012). CKAMP44 includes a cys-
teine knot motif in the N-terminal extracellular
domain, a single transmembrane domain, and a cyto-
plasmic domain that terminates with a type II PDZ
domain binding motif (Fig. 8). The PDZ domain bind-
ing motif interacts with several scaffold proteins,
including PICK1 (Karataeva et al., 2014). A subpopu-
lation of AMPA receptor complexes in the brain con-
tains both CKAMP44 and TARPs (y-2 or 7y-8) (von
Engelhardt et al., 2010; Khodosevich et al., 2014).

CKAMP44 increases glutamate potency, slows deac-
tivation, speeds desensitization, and slows recovery
from desensitization (von Engelhardt et al., 2010;
Khodosevich et al., 2014; Farrow et al., 2015) (Fig. 11;
see Table 2 in Section IV. Receptor Activation, Deacti-
vation, and Desensitization), possibly by stabilizing
the closed-cleft conformation of the ABD and promot-
ing desensitization (von Engelhardt et al., 2010). In
the hippocampal dentate gyrus and the lateral genic-
ulate nucleus of the thalamus, CKAMP44 modulates
short-term plasticity as well as the number of func-
tional synaptic AMPA receptors (von Engelhardt
et al., 2010; Chen et al., 2018). The abnormal synaptic
and behavioral phenotypes of CKAMP52 KO and
CKAMP59 KO mice support their roles in regulating
AMPA receptor function in cerebellar motor learning
and hippocampal contextual learning (Klaassen et al.,
2016; Schmitz et al., 2017; Peter et al., 2020).

5. Synapse Differentiation-Induced Gene 4 (Syn-
DIG4). SynDIG4, also known as Prrtl, was identi-
fied as a synapse differentiation-induced gene (Diaz
et al., 2002; Kalashnikova et al., 2010) and is also
found among the AMPA receptor binding proteins in
proteomics studies (von Engelhardt et al., 2010;
Schwenk et al., 2012; Shanks et al., 2012). Prrt2, a
homolog of Prrtl, also copurifies with AMPA recep-
tors in proteomic studies and is reported to have a
presynaptic function related to vesicle release (Val-
ente et al., 2016; Coleman et al., 2018; Tan et al.,
2018). SynDIG4 is predicted to have its N terminus
in the cytoplasm, one transmembrane segment, and
an additional membrane-associated domain in the C
terminus (Fig. 8).

SynDIG4 slows deactivation and desensitization of
AMPA receptors in a subunit-dependent manner, pro-
ducing stronger modulation of homomeric GluAl
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receptors compared with heteromeric GluA1/2 recep-
tors (Fig. 11; see Table 2 in Section IV. Receptor Acti-
vation, Deactivation, and Desensitization). SynDIG4
colocalizes with GluA1l subunits at nonsynaptic sites
and SynDIG4 KO mice have reduced AMPA receptor-
mediated mEPSCs as well as deficits in LTP (Matt
et al., 2018). Based on these results, it is proposed
that SynDIG4 regulates the extrasynaptic pool of
AMPA receptors. Because AMPA receptor/SynDIG4
complexes are localized outside of dendritic spines, its
role as a bona fide auxiliary subunit remains to be
established.

6. Auxiliary Subunits in Nonmammalian Sys-
tems. Homologs of vertebrate AMPA receptor auxil-
iary subunits are present in C. elegans, Drosophila,
and Arabidopsis. In C. elegans, suppressor of lurcher
protein 1 (SOL-1), a single-transmembrane domain
protein with four extracellular complement Clr/Cls,
sea urchin epidermal growth factor, bone morphoge-
netic protein 1 (CUB) domains, associates with the
AMPA receptor homolog GLR-1 (Zheng et al., 2004,
2006; Wang et al., 2012). Homologs of mammalian
TARPs, STG-1 and STG-2, are also conserved in
C .elegans, but GLR-1 requires both types of auxiliary
subunits (SOL-1 and STG-1, or SOL-1 and STG-2) for
ion channel gating (Walker et al., 2006). SOL-2 is a
homolog of mammalian Netol and Neto2, which are
kainate receptor auxiliary subunits (see below). The
soluble extracellular domain of SOL-1 requires SOL-2
to rescue the phenotype of SOL-1 mutants (Wang
et al., 2012). Thus, SOL-2 interacts with SOL-1 and
modulates gating of GLR-1, hence SOL-2 is yet
another component of the native GLR complex in C.
elegans. Unlike the mammalian CNIH2/3 that facili-
tate the ER export of AMPA receptors (Schwenk
et al., 2019), the cornichon homolog CNI-1 in C. ele-
gans retains GLR-1 in the ER (Brockie et al., 2013).
In Arabidopsis, the cornichon homolog CORNICHON
(AtCNIH) associates with iGluR homolog GLR and
has a similar function as the C. elegans CNI-1
(Wudick et al., 2018). The results from nonvertebrate
systems provide insight into the functional mecha-
nisms of iGluR modulation by auxiliary subunits.

B. Kainate Receptor Auxiliary Subunits

Kainate receptors associate with the Neuropilin-
and tolloid-like (Neto) proteins, which modify nearly
all aspects of their function, enhance their biogenesis
and trafficking, and promote their targeting to
plasma membrane compartments in neurons. The two
gene products in this family, Netol and Neto2, repre-
sent the only two kainate receptor-associated proteins
shown to modify functional properties and neuronal
localization both in vitro and in vivo (Copits and
Swanson, 2012; Yan and Tomita, 2012). Netol and
Neto2 mRNAs were cloned independently and ini-
tially referred to as Bctll and Bcetl2 (Michishita et al.,
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2003; 2004). A proteomic screen of GluK2/3 subunit-
associated proteins yielded Neto2, and coexpression of
GluK2 with Neto2 greatly increased current ampli-
tudes and altered agonist efficacy (Zhang et al.,
2009b). Netol coexpression had an analogous effect
on GluK2 receptor amplitudes (Zhang et al., 2009b)
and was similarly proposed to be an auxiliary subunit
for kainate receptors (Tang et al., 2011). Studies of
kainate receptor function revealed that Neto2 coex-
pression slowed deactivation and desensitization and
increased open probability of GluK2-containing kai-
nate receptors, thereby shaping kainate receptor sig-
naling in a fashion analogous to actions of auxiliary
subunits on AMPA receptors (Zhang et al., 2009b)
(Fig. 12).

Netol and Neto2 are modular proteins that each
contain an extracellular segment comprising two
CUB domains and a juxtamembrane low-density
lipoprotein class A (LDLa) domain, a single-trans-
membrane helix, and an unstructured C-terminal
cytoplasmic domain with a PDZ binding motif (Fig.
13). CUB domains are a conserved structural motif
consisting of ~110 amino acids organized into a
fp-sandwich of two sets of five f-sheets found in a
large number of secreted and integral membrane
proteins with diverse functions. The CUB domains
in Neto proteins share modest sequence identity
(~35%) with analogous structures in neuropilin pro-
teins, adhesion molecules that serve as receptors
for secreted semaphorin axon guidance cues and
vascular endothelial growth factor (Nakamura and
Goshima, 2002; Pasterkamp, 2012). The LDLa
domain is a 38-amino-acid cysteine-rich segment
initially defined in the low-density lipoprotein
receptor that precedes the transmembrane domain
in Neto proteins. The single-transmembrane helices
of Netol and Neto2 share as much sequence iden-
tity with each other (~56%) as they do with disinte-
grin and ADAM22 (~59%). The C-terminal tail of
both Neto proteins contain PDZ ligands: type I in
Netol (Ng et al., 2009) and type II in Neto2 (Tang
et al., 2012).

1. Functional Effects of Neto Proteins. Modulation
of recombinant kainate receptor gating and pharma-
cological properties by Neto proteins depends on both
receptor subunit composition and the Neto protein
assembled into the receptor complex (Table 3 in Sec-
tion IV. Receptor Activation, Deactivation, and Desen-
sitization). Functional kainate receptors can be
homomeric assemblies of “low-affinity” GluK1, GluK2,
or GluK3 subunits; addition of the “high-affinity”
GluK4 or GluK5 subunits in heteromeric receptors
alters many fundamental properties of receptor gat-
ing, in which “low-affinity” and “high-affinity” refer to
the relative affinity and agonist potency for glutamate
(Section V. Glutamate Receptors in Neuronal
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Functions and Synaptic Plasticity). Neto2 assembly
with homomeric GluK2 receptors slows deactivation
and desensitization and increases the rate of recovery
from desensitization (Zhang et al., 2009b; Copits
et al., 2011; Fisher, 2015; Griffith and Swanson, 2015;
Li et al., 2019b). Neto2 also increased peak open prob-
ability of homomeric GluK2 receptors, which in part
occurs because of a predominance of high open-proba-
bility receptor states over slow time scales (Zhang
et al.,, 2014a). The effect of Netol on homomeric
GluK2 receptor gating is less clear and ranges from
no apparent change in the time course of deactivation
or desensitization of glutamate-evoked currents (Li
et al., 2019b) to a 3-fold or greater slowing of desensi-
tization (Fisher and Mott, 2013; Palacios-Filardo
et al.,, 2016). The interaction between Netol and
Neto2 with homomeric GluK1 receptors is more com-
plex in that modulation of desensitization appears to
be bidirectional. That is, assembly with Netol
increased the rate of desensitization for homomeric
GluK1 receptors (Copits et al.,, 2011; Fisher, 2015;
Sheng et al., 2015), whereas Neto2 slowed desensiti-
zation (Copits et al., 2011; Straub et al.,, 2011b;
Fisher, 2015; Sheng et al., 2015). In addition to these
effects on receptor gating, assembly with either Netol
or Neto2 decreased the ECsy of both homomeric
GluK1 and GluK2 receptors, making the receptors
more responsive to lower concentrations of glutamate
(Fisher and Mott, 2013; Fisher, 2015) (Fig. 12). Neto
proteins also reduce intracellular polyamine block of
unedited kainate receptors (Fisher and Mott, 2012;
Brown et al., 2016).

Netol and Neto2 slow entry into and speed recov-
ery from desensitization for heteromeric GluK5-con-
taining kainate receptors (Fig. 13). Desensitization of
glutamate-evoked currents from GluK1/5 and GluK2/5
receptors is rapid (Table 3 in Section IV. Receptor Acti-
vation, Deactivation, and Desensitization), but Netol
assembly with heteromeric GluK2/5 receptors slowed
both deactivation and desensitization and acceler-
ated recovery from desensitization (Straub et al.,
2011a). GluK1/5/Neto2 receptors desensitize slower
than Neto2-less receptors by only about 2-fold
(Straub et al., 2011b), which is in striking contrast to
the profound slowing of Neto2 on homomeric GluK1
desensitization (Copits et al., 2011; Fisher, 2015; Ver-
non and Swanson, 2017). Desensitization of GluK2/5
receptors also is modestly slower when assembled
with Neto2 (Straub et al., 2011b; Griffith and Swan-
son, 2015), and recovery from desensitization of
GluK5-containing heteromeric receptors is faster
with Neto2 (Straub et al., 2011b). The GluK5 subunit
confers a higher affinity for glutamate on hetero-
meric kainate receptors (Barberis et al., 2008; Fisher
and Mott, 2013); the addition of Netol only slightly
increases glutamate potency at heteromeric GluK2/5
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Fig. 12. Gating modulation of GluK1, GluK2, and GluK2/GluK5 kainate receptors by Neto auxiliary subunits. (A) Glutamate EC5 (uM), (B) deactiva-
tion time constant (Taupgactivare), (C) desensitization time constant (Taupgsgns), and (D) ratio of amplitudes of steady state (Isg) over peak currents
(Ipgak) are depicted by the location of the colored balloon that represents Netol (N1, orange) and Neto2 (N2, red) auxiliary subunits. White balloons
indicate values for kainate receptors without auxiliary subunits. Values are from Table 3 and associated references.

receptors, which is in contrast to its effect on homo-
meric kainate receptors (Fisher and Mott, 2013)
(Fig. 12).

2. Structural Determinants of Neto Proteins. The
LDLa domain was first identified as a determinant of

Neto2 modulatory function (Fig. 13). Mutation of two
Cys residues in this domain attenuated the increase
in GluK2 receptor current amplitudes (Zhang et al.,
2009b). A more extensive biochemical study with
recombinant Netol and Neto2 reported that deletion
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3 for time constants describing deactivation and desensitization.

of the second CUB domain (from the N terminus;
CUB2) but not the CUB1 domain reduced association
with GluK2 (Tang et al., 2011). Removal of both CUB
domains eliminated association with GluK2 in the
same study. In contrast, neither the extracellular
LDLa domain nor the intracellular cytoplasmic tail
were required for biochemical association with GluK2
(Tang et al., 2011).

The CUB1 domain in Netol and Neto2 coprecipi-
tates with the NTD of GluK2, and this interaction
occurs with a high affinity (Li et al., 2019b). More-
over, interactions between CUB1 and the GluK2 NTD
were implicated as the domains that give rise to dif-
ferential modulation of homomeric GluK2 receptor
deactivation and desensitization by Netol and Neto2
(Li et al., 2019b). Modulation of deactivation, desensi-
tization, and recovery from desensitization also
required other downstream regions, referred to as the
“core” of Neto proteins, with the CUB2 and LDLa
likely playing key roles. A putative linker domain
near the C terminus of the Neto CUB1 domain might
interact with a cluster of residues on the most distal
region of the GluK2 NTD (Li et al., 2019b). Func-
tional studies with GluK2 mutants also identified the
dimer interface of the ABD and the M3-S2 linker as
being critical determinants of the modulatory effects
of Neto2 on receptor gating (Griffith and Swanson,
2015). These data suggest that the modulatory effects
of Neto proteins share a subset of sites of action with
those observed in structural studies with AMPA
receptors and their auxiliary subunits (Chen et al.,
2017a; Herguedas et al., 2019; Nakagawa, 2019).

3. Neuronal Studies of Neto Proteins. The rele-
vance of Neto auxiliary proteins to neuronal kainate
receptor signaling has been explored in comparative
studies using gene-targeted mice in which expression
of one or both proteins is eliminated. The initial
examination of Netol and Neto2 KO mice yielded

evidence that Netol but not Neto2 assembles with
neuronal kainate receptors and in part shapes the
unusually slow decay of kainate receptor-mediated
EPSCs at hippocampal mossy fiber to CA3 pyramidal
cell synapses (Straub et al., 2011a; Tang et al., 2011).
Genetic ablation of Netol accelerated the EPSC decay
time constant (Straub et al., 2011a; Tang et al., 2011;
Copits and Swanson, 2012; Yan and Tomita, 2012),
suggesting that Netol selectively assembles with kai-
nate receptors in mossy fiber synapses of CA3 pyrami-
dal cells.

Neto2 does not participate as an auxiliary subunit
at hippocampal mossy fiber synapses but has been
implicated in kainate receptor signaling in other CNS
regions. Initial biochemical evidence implicated Neto2
in synaptic delivery of GluK2-containing kainate
receptors in cerebellar granule cells through a PDZ-
dependent interaction with glutamate receptor-inter-
acting protein (GRIP) (Tang et al., 2012). A compara-
tive study of CAl interneuron kainate receptors in
Netol and Neto2 KO mice observed that presynaptic
kainate receptors, which tonically suppress GABA
release from CA1l cholecystokinin (CCK) and CBI1-
expressing interneurons, require Neto2 (and Netol),
whereas enhancement of excitability by somatoden-
dritic kainate receptors depends on incorporation of
Netol but not Neto2 (Wyeth et al., 2017). The roles of
Netol and Neto2 were also differentiated for presyn-
aptic kainate receptors, with Netol characterized as
obligatory for kainate receptor signaling (possibly by
regulating axonal targeting), whereas Neto2 increased
glutamate potency for heterosynaptic receptor activa-
tion (Wyeth et al., 2017).

In the periphery, small- to medium-diameter noci-
ceptive neurons in dorsal root ganglia (DRG) express
kainate receptors (Vernon and Swanson, 2017) that
modulate presynaptic release of glutamate at synap-
ses in the spinal cord (Li et al., 1999). Neto2 is
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therefore likely most relevant to axonal or presynap-
tic receptors, similar to its role in the hippocampus.
Expression of Neto2 was upregulated in response to
axotomy and nerve injury, suggestive of a role in the
response to axonal injury, which was further sup-
ported by the observation that axon outgrowth was
attenuated in DRG neurons from Neto2 KO mice
(Vernon and Swanson, 2017).

Knockout and overexpression studies have under-
scored the importance of Neto proteins to synaptic
targeting of functional hippocampal kainate receptors
(Copits et al., 2011; Sheng et al., 2015; Palacios-
Filardo et al., 2016; Orav et al., 2017, 2019; Wyeth
et al., 2017), although biochemical studies have been
less definitive. Ablation of Netol either reduced (Tang
et al., 2011; Wyeth et al., 2014) or had no effect
(Straub et al., 2011a) on GluK2 and GluK5 immuno-
reactivity in hippocampal postsynaptic densities.
Overexpression of kainate receptor subunits and Neto
proteins in organotypic slice preparations showed
that both Netol and Neto2 effectively promoted func-
tional synaptic kainate receptors in CAl pyramidal
neurons when coexpressed with GluK1 subunits,
which was attributed to selective targeting of the kai-
nate receptor/Neto complexes to silent (AMPA recep-
tor-less) synapses in these cells (Sheng et al., 2015).
Moreover, both plasma membrane expression and
synaptic targeting required distinct sets of residues in
the C-terminal tails of Netol and Neto2 (Sheng et al.,
2015), and serine phosphorylation of Neto2 occluded
GluK1 synaptic targeting (Lomash et al., 2017). The
promotion of synaptic targeting by Neto proteins was
specific to coexpressed GluK1; in analogous experi-
ments with GluK2, Netol, or Neto2 coexpression did
not alter the delivery of GluK2 to excitatory synapses
(Sheng et al., 2017). These studies suggest that Neto
proteins might differentially promote surface mem-
brane expression and synaptic targeting of distinct
kainate receptors, perhaps as a consequence of the
presence (or absence) of forward-trafficking determi-
nants in the receptor subunit CTDs (Ren et al.,
2003b,c; Jaskolski et al., 2004; Yan et al., 2004).

Neto proteins in nonmammalian organisms play
somewhat distinct roles that do not center on modula-
tion of kainate receptor signaling. The C. elegans
ortholog of Neto proteins, SOL-2, stabilizes synaptic
localization and modified functional properties of the
GLR-1 AMPA receptor (Wang et al., 2012). The Dro-
sophila Neto proteins, Neto-a and Neto-f, are obliga-
tory for synaptic accumulation of ionotropic
glutamate receptors at neuromuscular junctions (Kim
et al., 2012; Ramos et al., 2015) and, in the case of
presynaptic Neto-a, for appropriate development of
basal transmission and a form of homeostatic plastic-
ity (Han et al., 2020).
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Neto proteins also have been proposed to function
in other capacities beyond those related to kainate
receptor signaling. Netol was first suggested to be
an NMDA receptor auxiliary protein, and synaptic
NMDA receptors were altered in Netol KO mice
(Ng et al., 2009; Wyeth et al., 2014). In contrast to
kainate receptors, Netol coassembly has not been
shown to modify NMDA receptor function or pharma-
cology, and it remains unclear whether Netol associates
directly with NMDA receptors or indirectly as a compo-
nent of a macromolecular protein complex (Cousins
et al., 2013). Neto2 also was identified as an interacting
protein for the K*-Cl" cotransporter KCC2, a regulator
of the chloride equilibrium potential in neurons. GluK2
kainate receptor subunit was found subsequently to
associate with KCC2 and influence surface expression
of the transporter (Mahadevan et al.,, 2014; Pressey
et al., 2017). Genetic targeting of either Neto2 or GluK2
disrupted chloride homeostasis in hippocampal neurons
and, at least in the case of Neto2, enhanced seizure sus-
ceptibility (Mahadevan et al., 2015).

IV. Receptor Activation, Deactivation, and
Desensitization

A. Receptor Activation and Deactivation

1. Glutamate Receptor Response Time Course and
Synaptic Transmission. Glutamate receptors are
best understood for their role in synaptic transmis-
sion, in which they are activated by rapidly released
glutamate that reaches high concentration and
endures in the synaptic cleft for a few milliseconds
before diffusion and uptake reduce the concentra-
tion (Clements et al., 1992; Diamond, 2005; Budi-
santoso et al., 2013). The mechanisms that control
iGluR channel opening and closing therefore dictate
the postsynaptic iGluR response to brief synaptic
pulses of glutamate (Lester et al., 1990; Silver et al.,
1996a; Jonas, 2000; Traynelis et al., 2010; Paoletti
et al., 2013), with the rate at which glutamate disso-
ciates being the strongest determinant of the time
course of synaptic currents (Fig. 14). For extrasy-
naptic or perisynaptic receptors, their affinity for
glutamate will control their response to extrasynap-
tic glutamate after synaptic or glial release (Kessler,
2013) as well as the response to steady-state levels
of glutamate in the extracellular space at concentra-
tions near 80 nM (Moldavski et al., 2020). These
properties vary for different subunit combinations
for both AMPA and kainate receptors (Table 1). For
NMDA receptors, the steady-state concentration of
extracellular glycine [~6 pM in cerebrospinal fluid
(CSF); (D’Souza et al., 2000)] and p-serine [(~2 pM
in CSF; (Madeira et al., 2015)] will also impact
receptor function. The glycine site is usually not
saturated (Berger et al., 1998; Bergeron et al.,
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Fig. 14. Time course of glutamate receptor-mediated EPSCs. (A) The average waveform for synaptic mEPSCs recorded from a hippocampal CA1 pyra-
midal cell in tetrodotoxin and 0.1 mM Mg?*; shaded area is the S.E.M. The AMPA receptor-mediated mEPSCs were isolated by inclusion of the NMDA
receptor antagonist AP5, and NMDA receptor-mediated mEPSCs were the difference current in the absence and presence of AP5. Reproduced with
permission from Perszyk et al. (2016). (B) Evoked mossy fiber synaptic currents recorded in hippocampal CA3 pyramidal neurons were mediated by
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1998), and thus phasic changes in D-serine release
from astrocytes or glycine release from nearby glyci-
nergic terminals (Kalbaugh et al., 2009) and
regional differences in glycine transporter expres-
sion (Zafra et al., 1995) could impact NMDA receptor
function. When synaptic glutamate concentration
remains elevated due to restricted diffusion at special-
ized synaptic structures or high-frequency release of
vesicles, the rates into and out of the desensitized state
shape the synaptic response time course [e.g., Kinney
et al. (1997), Zampini et al. (2016)] (Fig. 14). The factors
that impact receptor response characteristics create a
vast palette of properties that synapses can choose
from, allowing precise circuit refinement.

Synaptic AMPA receptors show a rapid activation
and short response time course when glutamate
concentration is elevated briefly in the cleft [e.g.,
Silver et al. (1992)], or a prolonged response time
course when glutamate persists for longer periods
at specialized synapses that entrap glutamate in
the cleft (Kinney et al., 1997; Zampini et al., 2016)
(Fig. 14). The high peak concentration of glutamate
(estimated at 1.1 mM) in the cleft (Clements et al.,

1992) ensures rapid binding, and the brief duration
of elevated synaptic glutamate during low-frequency
synaptic events minimizes receptor desensitization (Hes-
trin, 1992), which is profound for AMPA receptors
and limits signaling to the millisecond range (Sala-
zar et al., 2020). In a sense, AMPA receptor subunit/
auxiliary subunit combinations that produce a brief
response time course can emulate digital signaling
in that synaptic glutamate release produces brief
injections of current into the postsynaptic compart-
ment (Raman and Trussell, 1995), which enables
the postsynaptic neuron to respond to high-fre-
quency signals. By contrast, AMPA receptor com-
plexes (Section III. Auxiliary Subunits, see also
below) or specialized synaptic geometry that slow
the AMPA receptor response time course or reduce
desensitization (Fig. 14) promote temporal summa-
tion and signal integration.

Expression of recombinant AMPA receptors in heter-
ologous systems allows measurement of the deactivation
rate after glutamate removal, which for AMPA receptors
lacking auxiliary subunits follows an exponential time
course with a time constant as brief as 1-5 milliseconds



Glutamate Receptor Ion Channels

TABLE 1

Kinetic parameters describing activation of iGluRs
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Values at 2-3 significant figures are from the text or tables; when values are not reported, measurements were made from figures. Adapted with
permission from Traynelis et al. (2010).

Glutamate EC5, °

Steady State/Peak

Receptor ¢ (Glycine EC5) -Deactivate ¢ r-Desensitize ¢ -Recovery ¢ Current Ratio
uM ms ms ms
GluAlgyp 500-1600 %11:59 0.7-1.5 233650 2.5-4.1 #332.36.50 111-147 21 0.002-0.032 24550
GluAlgrop 450 %0 0.86-1.3 23:6:36 3.2-4.2 2363236 147-155 26 0.023-0.080 267
GluA2g; 1p - 0 47,48 - 0.01-0.12 4654
GluA2Qgyp © 1390 & 0.62-1.1 836:50 5.0-9.9 832:36.47.50 11.7 8 0.068 8
GluA2Qrrop ° 1140-1380 5%° 0.54-0.9 %36 1.2-1.9 33236 31.3° 0.011 %
GluA3grp 1000-1970 %1 0567 3.0-5.1 #7103 15-70 72" 0.024-0.054 79
GluA3grop 1100-1780 73/ 0.63-1.05 &7 1.1-2.8 36:7.10.32.36 55-142 6735 0.017
GluAdpyp 1810 4F 0.6° 3.6-5.1 %32 6-21 1Lk 0.006-0.04 ?
GluA4grop 56 12k 0.6° 0.9 %% 31-43 %" .003 ?
GluAlgyip/2rLip - 0.8-4.5 5053 4.8-6.3 33:50-58 28-87 33:51-53 0.009-0.041 33:50:52-5¢
GluAl gyop/2rL0P - - 2.8 %3 - 0.007 %4
GluAlgrip/2 Frop - - 3.4-4.4 3354 - 0.006 **
GluA3gL1p/2rLip - - 4.93% 15-26 3% 0.015-0.022 33
GluA2py1p/4 FLIP - 0.7% 4.8-6.13%%7° 517 -
GluA2gy,0p/4 Frop - 0.71 %7 0.8-0.92 3351 39 %1 0.01 %7
GluK1-2a(Q) ™ 6312 - 1.6-13.4 1;1;56‘25;67 18—50,510(2914’56’5’ 0.01-0.04
GluK1-2b(Q) - 1.7 % 1.6-42 56:59:60, 2900 * -
GluK2a(Q) © 427-1040 7517:39.40,62,63 1.6-3.5 1617 3.4-7.0 151737 700-3020 ** 0.003-0.008 151738
37,39,57,58,61-63 40,58,61,63,64 17,37,39,40,57,64
GluK3a * 5900-12300 1857.62 65,66 0.7-1.5 57:62:65 3.8-8.4 18:57.6567 900-1400 576566 0.04 8
GluK1-2a(Q)/5 ™ 19 4o - 1.4_2,15;4:""7 = Y -
GluK1-2b(Q)/5 - - 7 3800 ° -
GluK2a(Q)/5 15-31 40410 2.3-46 4059 1.8-5.9 40:%-59’64:67 1740-2700 40:59:64 =
GluK3a/4 - - 7.6 - 0.027
GluK3a/5 - - 5.3-6.6 1867 - 0.035 %8
GluN1/2A P 1.8-7.7 (0.86) 1920 22-23( 21252870 182 77 618 21 0.28-42 2223
GluN1-1b/2A 3.42 (1.33) 7% 32-56 %970 - - - ,
GluN1/2B 0.9-4 (0.34) 19-20:26:69 184-603 21:26:69-71 253-444 2677 1010-2100 2426 0.027-0.53 26/
GluN1-1b/2B 2.93 (0.29) 7" 144-155 9971 - - -
GluN1/2C 1.0 (0.14) 2734k 260-382 21:25:28 59-719 ¥ - 1.0
GluN1/2D 0.4 (0.12) 293469k 1700-4400 2124 NA NA 1.0
GluN1-1b/2D 0.93 (0.15) 7>* 700-992 6972 - - -
GluN1/2A/2B 2.5-2.6 (0.63) 654" 57-143 %6 - - -
GluN1/2A/2C 0.8-1.3 (0.48) 6875« 301 % - - -
GluN1/2B/2D 0.49 (0.30) 5%* 1770 % - - -
GluN1/3A — (48-81) 7374k 205442 754 52 375 87 0.1-0.3 7475
GluN1/3B — - - - 027

“ All receptors were from rat. For all experiments, the agonist was glutamate.

® Determined from the peak response to rapid glutamate application; see reference for glycine concentration used at NMDA receptors.
¢ Weighted time constant; two time constants can be detected for many receptors.

@ See Lomeli et al. (1994) for RNA editing control of 7 recovery.

¢ Unedited receptors had a glutamine at the Q/R/N site.

’ Values predicted from simulations using rate constants.

£ Onset and recovery from desensitization is variable from cell to cell.

"‘ Recovery from desensitization produced by a 1-ms pulse of glutamate depended on the editing of an R/G site®.
* Splice isoforms 3a and 3b have similar rates.

7 The ratio of steady state to peak current is typically higher in whole-cell recordings.

% Determined in Xenopus oocytes.

! Recorded in the presence of cyclothiazide.

™ Determined by rapid application of glutamate; kainate-evoked currents desensitize with a dual exponential time course, with the fastest time constant being 15 ms

(Herb et al., 1992).

" Glutamate desensitization of GluK1-2a receptors exhibits a time-dependent slowing (Copits et al., 2011; Swanson and Heinemann, 1998).

? The EC59 measurements from Alt et al. (2004) were made at equilibrium after treatment with con A and are not directly comparable to the peak ECs.

? Data are from GluN1-1a unless indicated otherwise.
¢ GluN1/GluN3 deactivation was recorded in the presence of CGP-78608 for two different redox states of GluN1.
NA, not applicable; GluN1/2D receptors show no desensitization in the continued presence of agonist.

1 Wahl et al. (1998), 2 Partin et al. (1995); Partin et al. (1996), 3 Mosbacher et al. (1994), 4 Banke et al. (2000), 5 Robert et al. (2001), 6 Banke et al. (2001), 7 Sekiguchi et al.
(2002), 8 Koike et al. (2000), 9 Lomeli et al. (1994), 10 Grosskreutz et al. (2003), 11 Robert and Howe (2003), 12 Sommer et al. (1992), 13 Swanson et al. (1997a), 14 Swanson
and Heinemann (1998), 15 Traynelis and Wahl (1997), 16 Heckmann et al. (1996), 17 Bowie (2002), Bowie and Lange (2002), 18 Schiffer et al. (1997), 19 Varney et al. (1996),
20 Chen et al. (2008), 21 Vicini et al. (1998), 22 Wyllie et al. (1996), 23 Krupp et al. (1998), 24 Wyllie et al. (1998), 25 Monyer et al. (1992), 26 Banke and Traynelis (2003), 27
Ishii et al. (1993), 28 Villarroel et al. (1998), 29 Ikeda et al. (1992), 30 Pei et al. (2009), 31 Pei et al. (2007), 32 Quirk et al. (2004), 33 Mosbacher et al. (1994), 34 Yuan et al.
(2009), 35 Schlesinger et al. (2005), 36 Krampfl et al. (2001), 37 Weston et al. (2006b), 38 Zhang et al. (2008e), 39 Kistler and Fleck (2007), 40 Barberis et al. (2008), 41 Alt
et al. (2004), 42 Plested et al. (2004), 43 Dravid et al. (2008), 44 Swanson et al. (2002), 45 Swanson et al. (1996), 46 Hansen et al. (2014), 47 Coombs et al. (2019), 48 Kato
et al. (2008), 49 Turetsky et al. (2005), 50 Coombs et al. (2012), 51 Schwenk et al. (2009), 52 Klaassen et al. (2016), 53 Matt et al. (2018), 54Stroebel et al. (2014), 55 Ishii
et al. (2020), 56 Copits et al. (2011), 57 Vernon et al. (2017), 58 Copits et al. (2014), 59 Straub et al. (2011b), 60 Larsen et al. (2017), 61 Zhang et al. (2009b), 62 Perrais et al.
(2009a), 63 Dawe et al. (2013), 64 Fisher and Mott (2013), 65 Veran et al. (2012), 66 Kumari et al. (2019), 67 Swanson et al. (1998), 68 Bhattacharya et al. (2018), 69 Yi et al.
(2019), 70 Yi et al. (2018), 71 Rumbaugh et al. (2000), 72 Vance et al. (2012), 73 Cummings and Popescu (2016), 74 Grand et al. (2018), 75 Hemelikova et al. (2019), 76 Ren

et al. (2003c), 77 Erreger et al. (2005a), 78 Wafford et al. (1993), 79 Miguez-Cabello et al. (2020).

(Mosbacher et al., 1994). The onset of desensitization
can be measured from the response to prolonged gluta-
mate application (Fig. 15), and auxiliary subunits modify
this response time course in synaptically relevant ways

(Fig. 9) (Milstein and Nicoll, 2009). TARPs, CNIH pro-
teins, GSG1L, CKAMP, and SynDIG4 can all prolong
the deactivation time course up to several fold (Table 2),
prolonging the duration of synaptic currents [e.g., Cho
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TABLE 2
Modulation of AMPA receptor properties by auxiliary subunits
Values at 2-3 significant figures are from the text or tables; when values are not reported, measurements were made from figures.

Steady State/Peak

Receptor ¢ Subunit ® Mean y ¢ ECs0,ss d (ECs0,pEAK) ¢ -Deactivate © r-Desensitize -Recovery ¢ Current Ratio
pS uM (mM) ms ms ms
GluAl - 16-20 15-37 (0.9-1.6) 0.5-2.9 2.3-4.1 83-160 0.003-0.019
GluAl 1/,72 T 27 4,6 J, 5— 6 (0 27 0 46) 2,6,8,10,11 T 1. 4 3 3 2,8,10,15,18,28,31 T 3.9_7.4 2,4,8,10,28,31 l 55_170 6,15 T 0.02_0.09 2,8,9,28
GluAl y—3 1274 1534 12.2-3.0 152831 1 5.0-5.5 22831 - 10.02 %28
GluAl y—4 26-32 % 120™ 1 2.4-12 5152851 1 5.2-9.6 #2851 - 10.052 %8
GluAl -5 1443 1100 21 137 2.3-4 %10 - -
GluAl =17 - 20 ¢ 1181 161 - -
giuuii GéZ}SIL 1_1 ) 117 11 12.5-7.7 15,19,20,28,31 15.9-12 19,20,23,28,31 | 65-150 15,19 70.047-0.17 19,23,28
l — — — —
GluAl CNIH2 1302 19.4(0.92) 2 1 4.0-9 21520 1 5.5— 13 220 113518 0.067 2
GluAl CNIH3 12872 - 13832 15.02 - 0.0412
GluAl  CKAMP39 - 1807 197 3.07 19507 0.008 7
GluAl  CKAMP44 - 1367 - 3.3% - 1 0.008 #*
GluAl  CKAMP52 - 1487 197 3.87 96 7 10.016 7
GluAl  CKAMP59 - - 197 3.7-4.5 712 95-120 %12 0.007 7
GluAl SynDIG4 - - 1487 1597 206 7Y 0.021 %
GluA2 - 5.1 50 1.0 10 - 0.01-0.12
GluA2 y—2 3.8%7 - 12.5-3.7 227 10-13 2427 - 1 0.25-0.53 99’21127
GluA2 y—3 - - - - - 170.03
GluA2 —5 6.5° 1 300 ! 1.821 17 22’7 - ! 0.005—0%% 921
GluA2 y—8 - - - 117 - 10.30
GluA2 GSG1L - - 1277 - 0.014%7
GluA2Q - 19-22 28-170 0.55-1.8 4.8-9.2 15-22 0.018-0.05
g{ﬁ;g y7§ T 30 31 2,3,27 _ T 0 67 5.0 22,24,27,30 T 10_4%51222254 26,30 13_2222;}2,30 T 0.07_?.%7028,8;;2,24—26,30
7= - - - .
GluA2Q y—4 - - - 1135 167% 10.05 %
GluA2Q —5 1267 160 %1 - 7.6°% 192 -
GluA2Q =17 - - - 1162 - -
GluA2Q y—8 13527 - - 1 11-25 26:30 17830 1 0.075-0.25 26:30
GluA2Q  GSGIL | 12-13 %#7 - 1591 9-11 >1327 1 160-200 >12 0.032 2
GluA2Q  CNIH2 1292 - - 11272 - 10.089 2
GluA2Q  CNIH3 1332 - 11272 1 26-36 22° - 10.11-0.13 22°
GluA2Q CKAMP39 - 1117 167 1447 1787 10.005 7
GluA2Q CKAMP44 - J1’ - - 1130 22 -
GluA2Q CKAMP52 - 1177 1217 7.87 167 10.050 7
GluA2Q CKAMP59 - - 177 7.77 257 0.020 7
GluA4 - 20 (0.81) 0.6 3.5 - 0.014
GluA4 =2 131° 1(0.39) %3 1.7% 1572 - 10.078°
GluA4 y—3 1333 - - 15.4 3 - -
GluA4 y—4 1347 1 (0.65) %3 97 11273 - -
GluA4 =5 136° - 23 3.0°% - 0.014 21
GluA4 =17 133° - - 3.3°% - 0.056 21
GluA4 7—8 1373 - 1.6 % 17.8°% - -
GluA1/2 - 3.04.4 40 0.8-4.5 4.8-6.3 58-87 0.020-0.046
GluA1/2 y—2  16.2-7.1217 - 1341 1 6-7.7 21 - 10.16-0.20 2
GluA1/2 -5 80 ! - 0.018 2
GluA1/2 -8 1 6.4 7 - 1 1.7-9.5 1929 7 11- 33 195254 1110 160 193234 10,085-0.18 1932
GluA1/2  GSGI1L - - 1253 8.1°% 1 580 34 -
GluA1l/2  CNIH2 562 - 18311 114 21434 6975 1434 10.15-0.25 21434
GluA1/2  CNIH3 512 - 11.3-7 214 1 11-22 214 45 10.13-0.20 24
GluA1l/2 CKAMP52 - - 15.81 16.07 1110 ¢ 10.12 %6
GluA1l/2  SynDIG4 - - 1531 5.8 19 6219 0.021 ¥
GluA2/4 - - - 0.71 0.92 39 0.01
GluA2/4  CNIH2 - - 126 134 48 14 10.10 ™
GluA2/4  CNIH3 - - 12.6 1 1351 45 10.10 4

@ All receptors are rat flip splice isoforms, except GluA2/4 that was GluA2-flop/GluA4-flop. See Turetsky et al. (2005), Kato et al. (2007), Soto et al. (2009), Tomita et al.
(2006), Dawe et al. (2016) and Ishii et al. (2020) for data on the effects of auxiliary subunits on different AMPA receptor splice isoforms. GluA2Q indicates cDNA for the
unedited GluA2 with Gln at the Q/R/N site. Some authors report the median [e.g., Farrow et al. (2015)]. There is minimal information available for GluA3 with y—5
increasing the conductance and the steady state to peak current ratio (Soto et al., 2009; Turetsky et al., 2005).

® Data for receptors in the absence of auxiliary subunits are only from the references providing data about auxiliary subunit for that receptor combination. Time con-
stants that were considerably slower than the range of others were omitted under the assumption that solution exchange was insufficient to resolve the response time
course accurately. For TARPs, some variability in reported values reflects different stoichiometry (Miguez-Cabello et al., 2020). Values are mean range; some papers
reported median values.

¢ Weighted mean chord conductance was determined from variance analysis.

d ECs5y was determined from the steady-state (SS) response from oocytes or transfected HEK cells; Farrow et al. (2015), Kato et al. (2008), and Priel et al. (2005) deter-
mined ECj, in the presence of cyclothiazide; GluA1-L497Y abolished effects of y—2 on ECsq".

¢ EC50 was determined from the peak response to rapid glutamate application in HEK cells or macropatches from Xenopus oocytes.

f When more than one exponential described the deactivation or desensitization time course, the weighted mean time constants are given.

£ The time course of recovery from desensitization was estimated from a single exponential, although it can be more complex (Bowie and Lange, 2002; Robert and Howe,
2003). When multiple exponential components were fitted to the time course, the weighted mean time constant is given. See Lomeli et al. (1994) for R/G RNA editing con-
trol of the rate of recovery from desensitization.

1 and | indicate that the measured parameter was reported to be significantly greater than or less than that for the receptor lacking the auxiliary subunit and was used
when either statistical tests were reported or reported values did not have overlapping confidence intervals. ND indicates data were not compared with control. When
conflicting results were reported, no direction is shown.
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et al. (2007), McGee et al. (2015), Klaassen et al. (2016),
Schmitz et al. (2017)]. AMPA receptor auxiliary subunits
have variable effects on desensitization, which becomes
relevant to signaling at high frequencies of firing and at
specialized synapses with a prolonged synaptic gluta-
mate time course (Table 2). Some auxiliary subunits
alter the response properties to low concentrations
of glutamate that might arise during glutamate
spillover from neighboring synapses (Coombs et al.,
2017). In addition, alternative splicing of the flip/
flop cassette in AMPA receptors controls the rates of
entry into and recovery from desensitization (Mos-
bacher et al., 1994; Koike et al., 2000; Quirk et al.,
2004), the mobility of the resting or apo state of
receptor ABDs (Dawe et al., 2019), and the effi-
ciency of biogenesis in the ER (Coleman et al., 2006;
Penn et al., 2008). The flip/flop cassette also com-
prises part of the binding pocket for positive alloste-
ric modulators (Section IX. Exogenous Positive and
Negative Allosteric Modulators), and RNA editing at
the R/G site immediately preceding the flip/flop
domain is an additional regulator of receptor kinet-
ics (Lomeli et al., 1994) (Section II.F. Alternative
Splicing, RNA Editing, and Post-Translational
Modifications). All of these responses are filtered by
membrane properties, which add an additional layer
of complexity to the response time course (Section V.
Glutamate Receptors in Neuronal Functions and
Synaptic Plasticity).

Recombinant homomeric GluK1, GluK2, and GluK3
kainate receptors show a rapid activation profile with
strong desensitization in the continued presence of
agonist and recover from desensitization far more
slowly than AMPA receptors (Table 1). GluK4 and
GluK5 do not form homomeric channels on their own
but coassemble with GluK1 and GluK2 to form het-
eromeric receptors with higher agonist affinity (Fig.
14). Postsynaptic kainate receptors are detected at
only a subset of excitatory synapses in the brain and
generally produce a slower time course for the synap-
tic current (Castillo et al., 1997; Kidd and Isaac, 1999,
2001; Contractor et al., 2011), which in part reflects
the actions of GluK5 subunits incorporated into the
receptor (Contractor et al., 2003; Barberis et al.,
2008) (Table 1) as well as the association with Netol
or Neto2 auxiliary subunits (Straub et al., 2011a; Ver-
non and Swanson, 2017). Agonist occupancy of GluK2
subunits evokes rapid desensitization (Barberis et al.,
2008) and major rearrangment of GluK2 subunits
within the heteromer complex (Khanra et al., 2021),
suggesting that the slow response time course of
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native kainate receptors primarily reflects gating by
GluK5 subunits. The association with Netol or Neto2
increases glutamate potency and slows desensitiza-
tion for homomeric GluKl and GluK2 receptors
(Zhang et al., 2009b; Copits et al., 2011; Straub et al.,
2011a,b) (Fig. 15; Table 3) (Section III. Auxiliary
Subunits).

Synaptic NMDA receptors respond to rapid, brief
synaptic pulse of glutamate with a slower time course
than AMPA receptors, activating in several millisec-
onds (Table 1) and deactivating with a time course
that can be orders of magnitude slower than that for
AMPA receptors and slower than kainate receptors
(Monyer et al., 1992; Vicini et al., 1998; Wyllie et al.,
1998) Figs. 14 and 15). The deactivation time course
varies with different GluN2 subunits, being fastest
for GluN1/2A (time constant ~35 milliseconds), which
has a high open probability (~0.5). The time constant
describing deactivation is ~200 milliseconds for
GIluN1/2B (open probability ~0.1) and GIluN1/2C
(open probability 0.01) and takes several seconds for
GluN1/2D receptors (open probability 0.01; Fig. 15;
Table 1). Alternative splicing of exon 5 to produce iso-
forms that include 21 residues in the GluN1 NTD
(e.g., GluN1-1b) also controls synaptic plasticity,
alters the NMDA receptor pharmacology, increases
open probability, and accelerates the deactivation
time course (Rumbaugh et al., 2000; Kostakis et al.,
2011; Das et al., 2012; Vance et al., 2012; Yi et al.,
2018; Sengar et al., 2019) (Table 1).

The time course for glycine-activated GluN1/3
receptor responses is relatively rapid and followed by
pH-dependent desensitization that may involve insta-
bility of the ABD heterodimer interface (Cummings
and Popescu, 2016). Multiple lines of investigation
suggest that the desensitization reflects autoinhibition
(or predesensitization) after glycine binding to the
GluN1 subunit (Awobuluyi et al., 2007; Madry et al.,
2007; Kvist et al., 2013a; Grand et al., 2018). Thus, in
contrast to GluN1/2 NMDA receptors (which require
agonist occupancy of both GluN1 and GluN2 subu-
nits), recombinant GluN1/3 receptors expressed in
heterologous systems can open with agonist occupa-
tion of only the GlulN3 subunit, whereas agonist bind-
ing to GluN1 produces strong desensitization
(Awobuluyi et al., 2007; Madry et al., 2007; Kvist
et al., 2013a; Grand et al., 2018). How this property
influences GlulN1/3 receptor function in the CNS, where
ambient glycine should “predesensitize” the receptors
(Grand et al., 2018; Otsu et al., 2019; Zhu et al., 2020)
remains to be determined. Despite a lack of

(Table 2 legend, cont.) I McGee et al. (2015), 2 Coombs et al. (2012), 3 Soto et al. (2009), 4 Soto et al. (2014), 5§ Shanks et al. (2012), 6 Coombs et al. (2017), 7 Farrow
et al. (2015), 8 Priel et al. (2005), 9 Turetsky et al. (2005), 10 Kato et al. (2007), 11 Kott et al. (2007), 12 Schmitz et al. (2017), 13 Twomey et al. (2017b), 14
(Schwenk et al., 2009), 15 Gill et al. (2012), 16 Klaassen et al. (2016), 17 Kristensen et al. (2011), GluA1l contains mutations S831A and S845A, 18 Tomita et al.
(2006), 19 Matt et al. (2018), 20 Kato et al. (2010), 21 Kato et al. (2008), 22 Twomey et al. (2016), some measures from tandem fusion protein of GluA2Q and y-2,
23 Khodosevich et al. (2014), 24 Dawe et al. (2016), 25 Hawken et al. (2017), 26 Riva et al. (2017), 27 Coombs et al. (2019), 28 Cho et al. (2007), 29 Ishii et al.
(2020), 30 Cais et al. (2014), 31 Milstein et al. (2007), 32 Herguedas et al. (2019), 33 Pierce and Niu (2019), 34 Schwenk et al. (2012).
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Fig. 15. Glutamate receptor response time course. (A;) Responses to glutamate applications (gray bars) from GluA4 + -5 in an outside-out patch
(Vaorp —60 mV). Reproduced with permission from Soto et al. (2009). (Ag) Ten individual responses from a single GluA4-y-2 tandem receptor in an out-
side-out patch (Vgorp, —100 mV) illustrate random channel activation and occasional lack of openings despite saturating glutamate that will produce
full receptor occupancy. Reproduced with permission from Zhang et al. (2014a). (B;) Response from GluK2 with and without Neto2 in an outside-out
patch (VgorLp —100 mV) illustrates rapid and intermediate time course of desensitization. (By) Ten individual responses from a single GluK2+Neto2
receptor in an outside-out patch (—100 mV) illustrate an occasional lack of channel openings despite saturating glutamate. Reproduced with permission
from Zhang et al. (2009b). (C;) Normalized whole-cell current responses from GluN1/2A, GluN1/2B, or GluN1/2A/2B receptors (Viorp —60 mV) to 5-mil-
lisecond glutamate application. Reproduced with permission from Hansen et al. (2014). (Cy) Ten individual responses from a single GluN1/2B receptor
in an outside-out patch (Vgorp —80 mV) illustrate occasional lack of channel openings despite full agonist occupancy. Reproduced with permission from

Erreger et al. (2005a). Glycine was present in all solutions.

understanding of their activation mechanism, the
description of glycine-activated currents in wild-type
but not GluN3A KO neurons after block of glycine bind-
ing to GluN1 confirms neuronal expression of func-
tional GluN1/3A receptors (Grand et al., 2018; Otsu
et al., 2019; Zhu et al., 2020) (Section V. Glutamate
Receptors in  Neuronal Functions and Synaptic
Plasticity).

Finally, the GluD1 and GluD2 receptors encoded by
GRIDI1 and GRID2 do not mediate a conventional
ligand-gated current response (Araki et al., 1993;
Lomeli et al., 1993). Although GluD2 harbors a p-ser-
ine binding site, and the occupancy of this site can
close the bilobed ABD clamshell (Naur et al., 2007;
Tapken et al., 2017; Chin et al., 2020), p-serine does
not open the ion channel in GluD1 or GluD2 receptors
expressed in heterologous systems. However, trans-
plantation of the ABD of kainate and AMPA receptors
onto GluD2 (Schmid et al., 2009) or removal of a
disulfide bond in the GluD2 ABD (Hansen et al.,
2009) enables opening the ion channel in response to
agonist binding, demonstrating that the gating
machinery and pore within GluD2 is intact (Yuzaki

and Aricescu, 2017; Gantz et al., 2020). Introduction
of GluD2 with a mutation in the p-serine binding site
can diminish cerebellar LTD, suggesting D-serine
exerts physiologically relevant effects through GluD2
receptors (Kakegawa et al., 2011). Studies have demon-
strated an alternative mechanism for signaling by the
GluD receptor family that involves trans-synaptic inter-
actions and metabotropic signaling [reviewed in Yuzaki
and Aricescu (2017)] (Section V. Glutamate Receptors in
Neuronal Functions and Synaptic Plasticity).

2. Single-Channel Properties of Glutamate Recep-
tors. The single-channel properties of many AMPA,
kainate, and NMDA receptor subunit combinations
have been studied extensively in heterologous expres-
sion systems (Supplemental Table 1). NMDA receptors
open to relatively large (20-50 pS) cation-selective
conductance levels in neurons (Nowak et al., 1984;
Cull-Candy and Usowicz, 1987; Jahr and Stevens,
1987) and in heterologous expression systems (Stern
et al., 1992) after simultaneous binding of glutamate to
both GluN2 subunits and glycine to both GIuN1 subu-
nits (Benveniste and Mayer, 1991; Laube et al., 1998).
The requirement that four agonists must bind for


http://pharmrev.aspetjournals.org/lookup/suppl/doi:10.1124/pharmrev.120.000131/-/DCSupplemental

Glutamate Receptor Ion Channels

339

TABLE 3
Modulation of kainate receptor properties by auxiliary subunits
Values at 2-3 significant figures are from the text or tables; when values are not reported, measurements were made from figures.

Steady State/Peak

Receptor Subunit ECs0,pEaK ¢ ECs0,5s d t-Deactivate ¢ t-Desensitize “% t-Recovery ¢ Current Ratio
uM M ms ms ms
GluK1 % - 125-630 2 59 2 1.7 % 1.6-42 1251229 18-5100 "10:2° 0.01-0.04 *°
GluK1 Netol 1442 - - 1 2.6-5.227 301-1700 7 0.031 2
GluK1 Neto2 1142 - 3.9% 11-200 27829 2,29 10.086 2
GluK2a ® - 2341040 21318 32 35319 16 358914151722 g4 7 913151618212826 70 _g(g( S1515162021282527 () (10,008 21319202324
GluK2a  Netol 16025 - ~1.6 22 22 | 240 25 10.06 25
GluK2a  Neto2 1772 1151 2.6-3.3 81922 1 15-24 89:19.26 18008 10.01-0.027 21°
GluK1/5 ® - 7.82% 193 - 0.7-2.1 62829 3800 20 -
GluK1/5  Netol 5.2 % - - - - -
GluK1/5  Neto2 - - - 133% | 450, ~3800 2° -
GluK2/4 - 43 28 - - 447 2020 27 -
GluK2/4  Netol 191% - - - - -
GluK2/5 - 6.0-15 1625 313 2.3-46 #1620 1.8 6,0 46:89162526.29,50 1740-2700 162529 0.02 *
GluK2/5  Netol 5.0 % - 39¢ 16.2-8.2 +25 1 250 25 1 0.064-0.082 +25
GluK2/5  Neto2 - - 5.0 % 111 2620 | 61, ~2500 2° -
GluK3/5 - 6.0 %5 - - - - -
GluK3/5  Netol 48 7% - - - - -

¢ Unedited receptors or mutant kainate receptors with a glutamine at the Q/R/N site. All receptors are from rat except the human receptors reported in Alt et al. (2004).

® Values for GluK1-2a and GluK1-2b splice isoforms are pooled.

¢ ECso was determined from the steady-state (SS) response from oocytes or transfected HEK cells.

4 ECso was determined from the peak response to rapid glutamate application in HEK cells or macropatches from Xenopus oocytes.

¢ If several exponentials described the deactivation or desensitization time course, the weighted mean time constant is given here.

" The time course of the recovery from desensitization was estimated from a single exponential.

£ Onset and recovery from desensitization for GluK1-containing receptors are variable; the latter often shows two separable kinetic phases.

1 Sommer et al. (1992), 2 Fisher (2015), 3 Alt et al. (2004), 4 Straub et al. (2011a), 5§ Swanson et al. (1997a), 6 Swanson et al. (1998), 7 Copits et al. (2011), 8 Vernon
et al. (2017), 9 Copits et al. (2014), 10 Swanson and Heinemann (1998), 11 Larsen et al. (2017), 12 Ren et al. (2003c), 13 Traynelis and Wahl (1997), 14 Bowie (2002), 15
Kistler and Fleck (2007), 16 Barberis et al. (2008), 17 Perrais et al. (2009a), 18 Dawe et al. (2013), 19 Zhang et al. (2009b), 20 Heckmann et al. (1996), 21 Weston et al.
(2006a), 22 Li et al. (2019b), 23 Bowie and Lange (2002), 24 Zhang et al. (2008e), 25 Fisher and Mott (2013), 26 Griffith and Swanson (2015), 27 Mott et al. (2010), 28

Swanson et al. (2002), 29 Straub et al. (2011b), 30 Fisher and Mott (2011).

channel opening has been demonstrated by the lack of
a response from receptors with a single copy of a subu-
nit harboring mutations in either the glycine or gluta-
mate binding site in GluN1 and GluN2 subunits,
respectively (Hansen et al., 2014; Yi et al., 2018). How-
ever, not every binding event produces channel opening
(Fig. 15), raising the possibility that receptors can exist
in a
low-activity state (Erreger et al., 2005a; Amin et al.,
2021a), which may vary with the GluN2 subunit
(Popescu and Auerbach, 2003; Zhang et al., 2008c;
Vance et al.,, 2013) and has also been suggested for
AMPA and kainate receptors (Zhang et al., 2009b;
Zhang et al., 2014a) (Fig. 15). This low-activity state
could emerge as a central feature of receptor control,
being a point of modulation by phosphorylation [e.g.,
Banke et al. (2000)] and a means for shifting postsynap-
tic receptor response amplitudes without changing the
response time course. Examples of this low-activity state
are evident for AMPA, kainate, and NMDA receptor sin-
gle-channel responses to glutamate (Fig. 15), in which
some receptors fail to open in response to brief agonist
exposure. Transitions into and out of this low-activity
state are hypothesized to occur on a slow time course
(Banke et al., 2000; Zhang et al., 2008¢c; Vance et al.,
2012; Amin et al., 2021a).

AMPA receptors open to four conductance levels,
the amplitude of which is controlled by RNA editing,
subunit composition, and auxiliary subunits (Fig. 16;
Supplemental Table 1). In contrast to NMDA receptors
that require occupancy of all agonist binding sites,

AMPA receptor channels can open with a contribution
from each subunit (Rosenmund et al., 1998; Coombs
et al., 2017) (Fig. 16). Four conductance levels were
therefore observed from a single AMPA receptor in an
experiment in which four antagonist molecules were ini-
tially bound to the receptor, and then the receptor was
allowed to bind agonist sequentially as each antagonist
molecule was replaced by an agonist molecule (Rose-
nmund et al., 1998; Coombs et al., 2017). In this experi-
ment, the four AMPA receptor subunits were detected
as the unitary current amplitude increased in multiple
steps, presumably because agonist binds immediately
after the antagonist dissociates. That is, AMPA recep-
tors opened to different conductance levels as the frac-
tion of agonist-bound subunits was increased and the
fraction of antagonist-bound channels decreased (Fig.
16). This experiment provided a rationale for the enig-
matic subconductance levels that had been described for
non-NMDA receptors [Swanson et al. (1996, 1997b);
reviewed by Greger et al. (2017)] and suggested occu-
pancy of different numbers of subunits was capable of
opening the pore but with different properties.

Similar functional conclusions about the origin of multi-
ple conductance levels were drawn from single-channel
recordings from GluAl receptors with phosphomimic sub-
stitution at Ser831 (i.e., S831E) (Kristensen et al., 2011),
which increased the proportion of larger sublevels (Der-
kach et al., 1999; Derkach, 2003). The sublevel propor-
tions could be quantitatively accounted for by a
phosphorylation-induced increase in efficiency by which
each subunit contributed to an active state, leading to an
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Fig. 16. Multiple conductance levels of AMPA receptors. Upper panel: Schematic of slow NBQX unbinding from an AMPA receptor, which allows the
time course of channel activation by glutamate to be observed. Lower panel: Response from a single GluAl + y-2 (tandem) receptor in an outside-out
patch that has NBQX bound to all subunits after rapid exchange into a solution lacking NBQX and containing 10 mM glutamate (VgorLp —60 mV).
Each of four antagonist unbinding events is evident as glutamate occupies the available site following NBQX dissociation, which enables the opening
to an individual sublevel, with chord conductance given (in pS). Reproduced with permission from Coombs et al. (2017).

increase in the frequency of larger conductance levels as
more subunits became active (Kristensen et al., 2011). In
addition, reduction of desensitization via mutation at the
ABD dimer interface also increased the proportion of
large conductance openings (Zhang et al., 2017), whereas
the AMPA receptor negative allosteric modulator peram-
panel reduced the proportion of large conductance levels,
consistent with reduction in the contribution of each subu-
nit to receptor activation (Yuan et al., 2018). Single-chan-
nel GluA2 openings induced by partial agonists, which
occupy all four AMPA receptor agonist binding sites, also
showed a correlation between the diminishing efficacy
and a diminished ability to activate the largest conduc-
tance level (Jin et al., 2003; Poon et al., 2010, 2011; Kris-
tensen et al.,, 2011). Many of the initial single-channel
AMPA receptor studies (Supplemental Table 1) were per-
formed in the absence of accessory subunits; however,
more recently there has been considerable effort to under-
stand how these accessory subunits control AMPA recep-
tor gating (Table 2). Kainate receptors also open to at
least three conductance levels (Supplemental Table 1).
GluN1/2A and GIluN1/2B NMDA receptors, which
contain two GluN1 and two of the same GluN2 subu-
nit, primarily open to a single 50-pS conductance
level in 1 mM Ca?*, with <10% of the openings to a
~40-pS subconductance level (Stern et al., 1992). Ago-
nist-bound GluN1/2A has a higher open probability
than GluN1/2B. GluN1/2C and GIlulN1/2D channels

show two lower conductance levels, briefer open time,
and a lower open probability (Stern et al., 1992; Wyl-
lie et al., 1996; Dravid et al., 2008; Vance et al., 2012)
(Supplemental Table 1). Under certain recording con-
ditions (such as the absence of divalent ions), GluN1/
2A show prominent instability in both the mean open
time and open probability, which produces periods of
time with strikingly different single-channel charac-
teristics, termed modal gating (Popescu and Auer-
bach, 2003). Other NMDA receptors have also been
reported to show modal gating (Popescu and Auer-
bach, 2003; Amico-Ruvio and Popescu, 2010; Vance
et al., 2013). Single-channel behaviors consistent with
modal gating have been observed for neuronal NMDA
receptors (Jahr and Stevens, 1987; Kleckner and Pal-
lotta, 1995; Borschel et al., 2012), but how model gat-
ing relates to the physiologic roles of native receptors
remains unclear. Triheteromeric NMDA receptors,
which contain two GluN1 and two different GlulN2
subunits, are found in adult neurons and show com-
plex single-channel properties that are a unique and
unpredictable blend of individual subunit properties
rather than an average of properties of the two
GluN2 subunits (Cheffings and Colquhoun, 2000;
Brickley et al., 2003; Jones and Gibb, 2005; Bhatta-
charya et al., 2018) (Table 1). Some features of recep-
tor function, such as deactivation time course, can be
dominated by one subunit (Hansen et al., 2014; Sun
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et al., 2017b) (Fig. 15), whereas other functional and
pharmacological features of the receptor draw on unique
features of each subunit (Hansen et al., 2014; Stroebel
et al., 2014; Cheriyan et al., 2016; Bhattacharya et al.,
2018; Yi et al., 2018, 2019). This is evident in the pattern
of single-channel activity for GluN1/2A/2C, which shows
the burst behavior of GluN2A-containing receptors but
the low open probability of GluN2C-containing receptors
(Bhattacharya et al., 2018) (Fig. 17; Supplemental Table 1).
Triheteromeric NMDA receptors show a range of subcon-
ductance levels that appear to be a combination of those
observed for each diheteromeric receptor. For example,
GluN1/2A/2C receptors show both high conductance levels
(like GluN1/2A) and lower conductance levels (like GluN1/
2C), with direct transitions between them, suggesting that
the channel pore retains characteristics of diheteromeric
receptors for each constituent GluN2 subunit. Similar
results have been observed for recombinant GluN1/2A/2D
(Cheffings and Colquhoun, 2000) and native GluN1/2B/2D
receptors (Brickley et al., 2003; Jones and Gibb, 2005).

Only a modest amount of data is available describ-
ing the single-channel properties of glycine-activated
GIluN1/3 channels. Glycine-activated single-channel
currents arising from recombinant GluN1/GluN3B
receptors expressed in Xenopus oocytes show two con-
ductance levels (37 and 12 pS) (Chatterton et al.,
2002) (Supplemental Table 1). An additional conduc-
tance level of 29-40 pS has been reported in patches
excised from Xenopus oocytes or HEK cells expressing
recombinant GluN1, GluN2A, and GIuN3A (Das
et al., 1998; Perez-Otano et al., 2001; Sasaki et al.,
2002; Tong et al.,, 2008), although it is unclear
whether this level arises from putative GIuN1/2A/3A
receptors or GluN1/3A receptors. Nonstationary vari-
ance analysis of glycine-activated native GIuN1/3A
receptors recorded in the presence of the competitive
GluN1 antagonist CGP-78608 (to prevent predesensi-
tization) suggested a weighted mean unitary conduc-
tance of 6 pS (assuming a reversal potential of 0 mV)
(Zhu et al., 2020). There are no studies of the poten-
tial single-channel properties of wild-type GluD1 or
GluD2 receptors, which do not show detectable chan-
nel opening in response to agonist binding.

B. Mechanisms Linking Agonist Binding to Channel
Gating

Glutamate receptors are tetrameric assemblies of
subunits that each contain a number of semi-autono-
mous domains, which interact through protein-protein
interfaces as well as polypeptide linkers that couple
the domains within the subunits (Figs. 2 and 18).
To open the ion channel pore, the ABD and the TMD
energetically communicate through a set of short poly-
peptide linkers that connect the ABD to TMD (Fig. 18).

1. The Core Gating Machinery. The basic struc-
tural changes that give rise to opening of the gluta-
mate receptor pore are understood [reviewed in
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Fig. 17. Single-channel properties of triheteromeric NMDA receptors. (A)
Unitary currents for GluN1/2A, GluN1/2C, and GluN1/2A/2C NMDA recep-
tors (Vgorp —80 mV). Openings of diheteromeric GluN1/2A and trihetero-
meric GluN1/2A/2C receptors are clustered into bursts (gray bars) separated
by inactive periods. In contrast, openings of diheteromeric GluN1/2C recep-
tors show no apparent burst structure. (B) Unitary currents in (A) are
expanded to illustrate multiple conductance levels with direct sublevel tran-
sitions (asterisks). (C) Fitted amplitude histograms for GluN1/2A (left axis),
GlulN1/2A/2C (right axis), or GluN1/2C receptors (right axis) were fitted by
the sum of 2-3 Gaussian distributions (smooth lines). (D) Representative
open duration histograms for GluN1/2A, GluN1/2C, and GluN1/2A/2C
receptors were fitted by multiple exponential components. Reproduced with
permission from Bhattacharya et al. (2018).

Plested (2016), Greger et al. (2017), Zhou (2017),
Zhou and Wollmuth (2017), Hansen et al. (2018),
Greger and Mayer (2019), Wang and Furukawa
(2019)], with the best structural examples from
AMPA receptors (Chen et al., 2017a; Twomey et al.,
2017a; Twomey and Sobolevsky, 2018) (Supplemental
Movie 1) and NMDA receptors (Tajima et al., 2016;
Zhu et al., 2016; Chou et al., 2020; Wang et al., 2021)
(Fig. 18). The bilobed ABD structures are comprised
of an upper lobe (D1), a lower, membrane-proximal
lobe (D2), and a binding site for agonists that resides
in the cleft between the D1 and D2 lobes (Section II.
Receptor Structure). Two ABDs form a “back-to-back”
dimer with the dimer interface formed by the upper
D1 lobes, and the ABD layer in the tetrameric
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Fig. 18. The mechanism linking agonist binding to channel opening at the M3 gate. (A) Structure of GluA2 AMPA receptor illustrates the different
subunit positions within the tetramer, termed A/C (occupied by GluN1 in NMDA receptors, blue) and B/D (occupied by GluN2, gray). The green arrows
illustrate the glutamate binding site within the bilobed, clamshell-like ABD (PDB: 5WEK). (B;) Clamshell arrangement of an ABD dimer (left) and the
two A/C (middle) and B/D (right) ABDs bound to glutamate, which produces clamshell closure. (B3) The left panel shows resting arrangement of the
M3-S2 linkers and the M3/M2 membrane regions, which form the core of the ion permeation pathway. M1 and M4 transmembrane helices are omitted
for clarity. The middle panel illustrates how agonist binding repositions the M3 helices of the A/C subunits, with a movement vertically displaced (red)
distal to the extracellular surface of the membrane. The right panel illustrates how glutamate binding to the B/D subunits laterally displaces the M3
helices (red), causing a splaying at the Ala within the SYTANLAAF conserved motif. (B3) View of the extracellular side of the ion channel down the
axis of the permeation path for closed (PDB: 5WEK) and open receptors (PDB: 5WEO). The side chains of Thr625, which form part of M3 activation

gate, are shown.

receptor is formed by ABDs in a dimer-of-dimers
arrangement (Figs. 3 and 18). In the absence of ago-
nist, the bilobed ABD clamshell resides in an open
conformation, and the activation gate (i.e., the physi-
cal structure that precludes the flux of ions in the
closed state) located in the helical bundle crossing
formed by the four M3 transmembrane helices is
closed (Fig. 18). Agonist binding induces ABD clam-
shell closure, which translates into the lower D2 lobes
moving away from the membrane (Fig. 18). The ABDs
explore a wide range of conformations and side-chain
orientations with agonist binding stabilizing a subset
of closed clamshell states. Thus, ABD closure in
response to agonist binding likely occurs by a confor-
mational selection mechanism, whereby agonists alter
the frequency and dwell times of fully closed confor-
mations (Maltsev et al., 2008; Ramaswamy et al.,
2012; Salazar et al., 2017) (Section II. Receptor Struc-
ture). The lower membrane-proximal D2 lobe is
attached to M3-S2 linkers, which pull on the M3
helices as the agonist induces ABD clamshell clo-
sure. The tension created by ABD closure initiates
conformational changes within the linkers that ulti-
mately lead to rapid all-or-none opening of the ion
channel pore (Armstrong and Gouaux, 2000; McFee-
ters and Oswald, 2002; Kazi et al., 2014; Ladislav
et al., 2018; Cerny et al., 2019). The transition of
the M3 transmembrane helices from the closed to

the open conformation permits the flux of ions
across the membrane (Fig. 18). Although the apex of
the M2 pore loops for all four subunits appear to
adopt a position that could reflect its role as a sec-
ond gate that controls ion flux, there is limited
information on how it may participate in the process
of channel gating (Premkumar et al., 1997; Buck
et al., 2000; Chen et al., 2004b; Li et al., 2019a;
Poulsen et al., 2019). Single-channel recordings of
the relatively slow NMDA receptors have demon-
strated at least two kinetically distinct conforma-
tional steps must occur after agonist binding but
before the pore can open, and these may reflect any
of a number of linker conformations, including side--
chain rotation for key residues or repositioning of
the polypeptide chain (Banke and Traynelis, 2003;
Popescu and Auerbach, 2003; Auerbach and Zhou,
2005; Schorge et al., 2005; Gibb et al., 2018).

2. The Role of the M3-S2 Linker in Gating. Struc-
tures of AMPA receptors in the closed and open states
have facilitated our understanding of how agonist
binding to the ABD induces ion channel opening
[Twomey et al. (2017a); see also Chen et al. (2017a)].
In the closed ion channel, the permeation pathway in
homomeric GluA2 AMPA receptors is tightly sealed at
the bundle crossing of the M3 helices by the side
chains of Thr617, Ala621, Thr625, and Met629 (Sobo-
levsky et al., 2009). The first two of these residues,
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Thr617 and Ala621, are part of the most highly con-
served sequence of iGluR subunits, which is referred
to on the basis of its sequence as the SYTANLAAF
motif. The linkers between the M3 helix and the S2
segment, which fold into part of the lower D2 lobe,
take on distinct orientations dependent on the subu-
nit position in the receptor (Sobolevsky et al., 2009;
Karakas and Furukawa, 2014; Lee et al., 2014), with
the M3-S2 linkers in the A/C position being perpen-
dicular to the membrane and those in the B/D posi-
tion nearly parallel (Fig. 18). Thus, the subunits in
the A/C and B/D positions must undergo distinct dis-
placements to move the M3 helices during gating.
Helix oE is the first secondary structure in the D2
lobe after the M3-S2 linker. For A/C subunits, the
predominant displacement of helix o«E is perpendicu-
lar and away from the membrane (Fig. 18). By con-
trast, helix «E is displaced laterally and parallel to
the plane of the membrane for B/D subunits. These
movements are associated with alterations in the
position of the M3 segments, which are distinct
depending on the subunit position in the tetramer.
For A/C subunits, one helical turn in the upper por-
tion of the M3 helix unwinds, whereas for B/D subu-
nits, the upper M3 unwinds, and a kink is generated
at the conserved Ala618 (SYTANLAAF). These differ-
ences between subunits in the A/C and B/D positions
are evident in the GluAl/2 heteromeric receptor,
where the GluAl M3 linkers position vertically,
whereas those of the GluA2 subunit extend horizon-
tally (Herguedas et al., 2019).

For NMDA receptors, less is known about the dis-
placements of the M3 helices because of the absence of
an open-state structure [but see Chou et al. (2020) and
Wang et al. (2021)], but these movements are presum-
ably comparable to those in AMPA receptors. Indeed,
there are differences between the GluN1 subunits, which
are in the A/C positions, and GluN2 subunits that are in
the B/D positions (Fig. 3), and substitution at the con-
served alanine in SYTANLAAF in the GluN2 subunit
has strong effects on gating (Sobolevsky et al., 2007). In
addition, the different conformational changes observed
for A/C and B/D subunits may underlie the two kineti-
cally distinct pregating steps that precede pore opening
(Banke and Traynelis, 2003; Popescu and Auerbach,
2003; Auerbach and Zhou, 2005; Schorge et al., 2005)
(Figs. 18 and 19).

3. Transmembrane Helices M1 and M4 Surround the
Pore-Forming Components. The inner M3/M3-S2
linker gating core is surrounded by the outer M1 and
M4 transmembrane helices and the linkers connect-
ing them to the ABD (i.e., the S1-M1 and S2-M4 link-
ers) (Sobolevsky et al., 2009; Karakas and Furukawa,
2014; Lee et al., 2014) (Fig. 19). These outer struc-
tures influence gating (Schmid et al., 2007; Talukder
et al., 2010; Ren et al., 2012; Yelshanskaya et al.,
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2017; McDaniel et al., 2020), contain sites for alloste-
ric modulators (Section IX. Exogenous Positive and
Negative Allosteric Modulators), and must undergo
agonist-induced movements for efficient pore opening
to occur (Kazi et al., 2013) (Fig. 19). FRET measure-
ments also show outward motions of the pre-M1 helix
associated with agonist binding (Dolino et al., 2016;
Durham et al., 2020). Although these outer structures
each undergo agonist-dependent conformational
changes (Dolino et al., 2017; Twomey et al., 2017a;
Chou et al., 2020), the manner by which changes in
the individual amino acid side chains and the poly-
peptide chain contribute to the process of opening the
pore is unclear. In addition, it is unclear what struc-
tural features control the fixed size of the pore
(0.55-0.8 nM) and resulting unitary conductance level
(Supplemental Table 2). There could be changes
within the networks of side-chain interactions after
subtle rearrangements in the pre-M1 linker that alter
the energetics of the closed state, bring about rapid
pore dilation (McDaniel et al., 2020; Amin et al.,
2021a; Iacobucci et al., 2021) in response to larger
forces exerted along the polypeptide chain after ago-
nist binding, cleft closure, and rotation of the ABD
heterodimers, which produces the tension on the
ABD-TMD linkers leading to vertical and horizontal
displacement of the M3 helix (Twomey et al., 2017a;
Chou et al., 2020).

Structures highlight the close link between the M3
helices, including the SYTANLAAF motif, the S1-M1
linker (most notably the pre-M1 helix), and the M4
transmembrane helix [Sobolevsky et al. (2009), Two-
mey et al. (2017a), Herguedas et al. (2019), Nakagawa
(2019), Chou et al. (2020); reviewed in Perszyk et al.
(2020a)]. These interacting motifs have been referred
to as a “gating collar” in AMPA receptors (Yelshan-
skaya et al., 2017) and a “gating triad” in NMDA
receptors (Gibb et al., 2018; Perszyk et al., 2020a;
Amin et al., 2021a). These regions lack variation in
the healthy population and are therefore under selec-
tive pressure, as departures from the wild-type resi-
due will result in CNS diseases (Section X. Glutamate
Receptors in Disease). These unbiased genetic data
provide a strong argument that the interaction of
these three elements is central to both the stability of
the closed state and the process of channel opening.

4. The Pre-M1 Helix and S1-M1 Linker Control Pre-
gating Steps. The roles of the pre-M1 helix and S1-
M1 linker in the control of pregating steps have pri-
marily been studied in NMDA receptors, as their
limited desensitization and larger conductance
states make them more amendable to single-channel
recordings. Evaluation of single-channel shut-time
durations of individual NMDA receptors activated
by maximally effective concentrations of agonist
suggests that they undergo multiple conformational
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Fig. 19. Agonist-induced displacements of the outer structures prime the channel for pore opening. (A) Top-down view of a cartoon representation of
the gating triad comprising the pre-M1 helix, the M3 helix, and the pre-M4 linker of the adjacent subunit. The cartoon illustrates two distinct steps
required for channel opening that include movement of the pre-M1 helix and repositioning of the M4 linker (green, Pre-active state) that is hypothe-
sized to occur prior to a secondary repositioning of the M3 helix and splaying at the Ala hinge (red) to reach the Active state and open the channel pore.
(B) The GluN2 (B/D position in the tetramer) pre-M1 helix that lies parallel to the membrane, the GluN2 M3 transmembrane helix, and the GluN1 M4
transmembrane helix from one gating triad are shown as ribbon structures. In the transition from the closed (left, PDB: 5WEK) to the open (right,
PDB: 5WEO) states, all three elements—the pre-M1 helix, and the tops of M4 and M3—undergo coordinated movements. The splaying of the M3 seg-
ments highlighted in red (right) is the final step in ion channel opening. It seems likely that the outer structures undergo displacements (pre-M1, and

M4, green) prior to the final M3 displacement.

changes between agonist binding and ion channel
opening (i.e., pregating steps) (Gibb and Colquhoun,
1991; Banke and Traynelis, 2003; Popescu and
Auerbach, 2003; Auerbach and Zhou, 2005; Schorge
et al., 2005). Supplemental Figure 5 shows an exam-
ple of how such shut times relate to hypothetical
models of transitions among conformations in which
shut times reflect closure of an agonist-bound chan-
nel followed by reversal of one (or more) pregating
steps and then reactivation of those steps and
reopening [reviewed in Hansen et al. (2018)]. Thus,
the brief shut times contain information about the
forward rates from specific conformations to the
open state. One approach to a deeper understanding
of receptor function is to connect the conformations
with kinetic steps in the single-channel recordings.
For example, the structural determinants of these
pregating movements have been suggested to
involve some change for the pre-M1 helix within the
S1-M1 linker (Sobolevsky et al., 2009; Ogden et al.,

2017; McDaniel et al., 2020; Amin et al., 2021a)
(Fig. 19). The significance of the displacement of the
GluN2 pre-M1 helix to channel gating is highlighted by
the use of glutamate applications to outside-out patches
containing single NMDA receptors. Here, decoupling
the agonist-induced displacements of the GIluN2A
pre-M1 helix by insertion of glycine residues in the
linker prevented NMDA receptors from contributing to
rapid synaptic-like channel opening (Amin et al.,
2021a).

The S1-M1 linker contains Pro557 in GlulN1,
Pro552 in GluN2A, and Pro553 in GluN2B, which are
all highly conserved residues across a variety of spe-
cies (Alsaloum et al., 2016). This conserved Pro resi-
due is located in the short pre-M1 helix that lies
parallel to the membrane, is in van der Waals contact
with the M3 helix comprising the gate, and precedes
the M1 transmembrane helix. Human variants and
mutations that convert this conserved pre-M1 Pro in
GluN2 into positively charged residues (e.g., GluN2A-
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P552R or GluN2A-P552K) dramatically slow the
channel activation rate, which is governed by the
rates of pregating steps (Ogden et al.,, 2017; Gibb
et al., 2018). Thus, NMDA receptors lose their ability
to respond rapidly to transient glutamate, suggesting
that the conserved Pro controls agonist-induced move-
ments that occur before opening of the ion channel.
Alternatively, the positive substitutions make addi-
tional interactions that stabilize the closed conforma-
tion. Surprisingly, only a single intact Pro residue in
one of two GluN2 subunits is sufficient to maintain
fast NMDA receptor activation (Ogden et al., 2017).
Hence, the normal displacement or reorientation of a
single GluN2 pre-M1 helix is sufficient to allow fast
pore opening to occur, suggesting that the S1-M1 link-
ers act independently and that the core gating
machinery (M3-S2 linker and M3 helix) is energeti-
cally prepared for ion channel opening. Molecular
dynamics simulations suggest that pre-M1 move-
ments are independent of the actions of neighboring
subunits, suggesting that this element could mediate
subunit-specific features of NMDA receptor activity
(Gibb et al., 2018; Cerny et al., 2019; McDaniel et al.,
2020). The same mutation in GluN1 does not alter
NMDA receptor activation rate, emphasizing the dis-
tinct contribution to gating of GIluN1 and GluN2
(Ogden et al., 2017). Other residues in pre-M1 play a
role in gating, including GluN2A Leu550 (Iacobucci
et al., 2021) and GluN2A Phe553, which is suggested
to be embedded in an aromatic network that could
stabilize the closed state and thus be a substrate for
gating-induced reorganization prior to opening
(McDaniel et al., 2020).

5. The Role of the S2-M4 Linker and the M4 Helix in
Gating. The M4 helix does not contribute directly to
the channel permeation pathway but rather serves a
critical structural role and forms the binding sites for
auxiliary subunits (Talukder et al., 2010). The NMDA
receptor M4 helix contains sites that are important
for pore opening. Deletion of the NMDA receptor M4
transmembrane helix results in no measurable cur-
rent response, which could be rescued by coexpression
of a cDNA encoding just the M4 transmembrane helix
(Schorge and Colquhoun, 2003). Multiple function-
changing de novo variants that are present in
patients with neurologic disease but absent in the
general population reside in the linker leading to the
GluN1 and GluN2 M4 transmembrane helix (Perszyk
et al., 2020a; Amin et al., 2021b) (Section X. Gluta-
mate Receptors in Disease). For example, missense
variants with strong effects on receptor function
(Amin et al., 2018; Vyklicky et al., 2018) have been
identified at a conserved Gly residue located at the
juncture of the upper third and lower two-thirds of
the M4 segment (GluN1-G815 and GluN2B-G820)
(Partridge et al., 2004; Hamdan et al., 2014; Ohba
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et al., 2015; Lemke et al., 2016; Molnar et al., 2016;
Platzer et al., 2017). These variants speed up the
deactivation time course by restricting the ability of
the pore-lining M3 helices to stay open (Amin et al.,
2018). The conserved Gly in GluN1 have been sug-
gested to act as a hinge, enabling the lower two-
thirds of the GIluN1 M4 to exist in either a
“constrained” or “expanded” conformation (Amin
et al., 2018) (Supplemental Fig. 6). Molecular
dynamics simulations predict the GluN1 Gly815
variants will impact the M2 reentrant pore loop,
consistent with a changed Ca®" permeability in
receptors with the GluN1-G815R mutation compared
with wild type. If the ion channel pore is opened by the
M3 gate (with pre-M1 movements before this), but the
GluN1 M4 is “constrained,” the channel only shows
brief openings and low Ca®* permeability. By contrast,
when the M3 gate is open, and the GluN1 M4 helices
are “expanded” (Supplemental Fig. 6), the receptor
enters into long-lived open states with higher Ca®" per-
meability (Amin et al., 2018). In addition to these gly-
cine residues, de novo missense variants in the pre-M4
region (e.g., GluN2A-M817V and GluN2A-L812M) pro-
duce functional changes (Section X. Glutamate Recep-
tors in Disease). Evaluation of macroscopic current time
course, single-channel properties, and molecular
dynamics simulations suggests that GIuN2A-M817V
weakens the interaction between the GluN2A M4 helix
and M1 and M3 helices in GlulN1, potentially increas-
ing movements of the pre-M1 helix (Chen et al., 2017b;
Amin et al., 2021b).

C. Mechanisms of Partial Agonism

Partial agonists bind to the ABD but are not fully
efficacious at saturating concentrations. A variety of
partial agonists have been identified for AMPA, kai-
nate, and NMDA receptors (Section VII. Pharmacol-
ogy of Orthosteric Ligands and Channel Blockers),
and a great deal of information exists regarding the
functional and structural distinctions between partial
agonists at AMPA receptors, in contrast to the mini-
mal mechanistic insight for kainate receptors. Partial
agonism involves the total conformational landscape
that the ABD explores in the functioning tetrameric
receptor rather than a single structural feature, such
as the degree of cleft closure (Section II. Receptor
Structure). Partial agonists are less efficacious than
full agonists because their molecular shape produces
ABD conformations that allow the receptor to spend
more time in “unproductive” conformations that do
not permit channel gating and less time in
“productive” conformations that do permit channel
gating (Salazar et al., 2017) (Section II. Receptor
Structure). How “productive” ABD cleft closures
translate to qualitatively different channel activation
for partial and full agonists is complex.
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The activation mechanism of AMPA receptors,
whereby the single-channel conductance is dependent on
the fraction of the four subunits that have bound ago-
nist, has revealed interesting actions for partial agonists.
Single-channel currents recorded in saturating concen-
trations of partial agonist, ensuring occupancy of all four
AMPA receptor agonist binding sites, show a correlation
between the diminishing efficacy and a diminished abil-
ity to activate the largest conductance levels (Jin et al.,
2003; Poon et al., 2010, 2011; Kristensen et al., 2011).
The changing relative proportion of the same four con-
ductance levels allows a quantitative assessment of sub-
unit-dependent efficacy, and the coupling efficiency
between occupancy of a single subunit within a tetra-
meric receptor and channel opening can be estimated. A
purely allosteric model in which all conductance levels
can be accessed by receptors with any number of ago-
nists bound with increasing affinity of larger conductan-
ces has been proposed (Dutta-Roy et al., 2015). However,
it is not clear how this can be reconciled with the obser-
vation of sequential opening of increasing conductance
levels as individual antagonist molecules dissociate from
a single receptor and are replaced by agonist
(Rosenmund et al., 1998; Coombs et al., 2017) (Fig. 16).

The mechanism of partial agonism at NMDA recep-
tors differs from AMPA receptors at the single-chan-
nel level. Some single-channel studies suggest that
glycine and glutamate partial agonists can impact the
subunit-specific conformational changes in GluN1
and GluN2 (Fig. 18), respectively, that lead to gating
(Banke and Traynelis, 2003; Erreger et al., 2005b).
For one glutamate partial agonist (homoquinolinate),
this may reflect distinct changes in the binding
pocket, which shows increased mobility when bound
to homoquinolinate compared with glutamate
(Erreger et al., 2005b). However, other single-channel
studies show distributed effects across multiple gat-
ing steps (Kussius and Popescu, 2009) and propose a
mechanism of glycine and glutamate partial agonists
that is subunit-independent, suggesting partial ago-
nists stabilize slightly different families of conformers
regardless of which subunit they bind to (Kussius
et al., 2010).

D. Molecular Determinants of Desensitization

Desensitization is defined as the decrement of a
response in the continued presence of a stimulus,
with recovery occurring after withdrawal of the stim-
ulus (Katz and Thesleff, 1957). Thus, desensitization
represents a process that is usually slower than acti-
vation and results in closing, as opposed to opening,
of the ion-channel pore in response to a persistent
activating stimulus. Desensitization usually proceeds
as an exponential decline of the current response in
the continuous presence of the activating stimulus
and could serve as a safety mechanism to prevent pro-
longed currents through the channel or repetitive
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activation (Fig. 15). Among iGluRs, the current
decline in the continuous presence of glutamate is
faster (<20 milliseconds) and more complete (>90%
current amplitude reduction) for AMPA and kainate
receptors than for NMDA receptors.

1. Desensitization and the Agonist Binding Domain
Dimer Interface. = Molecular determinants of iGluR
desensitization have been explored by combining
structural biology and molecular dynamics simula-
tions of isolated ABDs with single-molecule approaches,
mutagenesis, and functional studies of full-length
receptors. Desensitization is best understood for AMPA
and kainate receptors, which undergo similar rapid
onset of desensitization but recover at vastly different
rates, with kainate being as much as an order of magni-
tude slower [Table 1; Supplemental Movie 2; reviewed
in Traynelis et al. (2010)]. Rearrangement of the ABD
dimer D1-D1 interface after agonist binding plays a
crucial role in the onset of desensitization for AMPA
and kainate receptors. Binding of positive allosteric
modulators, such as cyclothiazide, aniracetam, and
CX614 (Section IX. Exogenous Positive and Negative
Allosteric Modulators) at the ABD interface of AMPA
receptors stabilize the interface and result in the atten-
uation or block of desensitization (Partin et al., 1995;
Sun et al., 2002; Jin et al., 2005). Similarly, single-point
mutations or covalent crosslinks that strengthen the
D1-D1 interface in AMPA (Stern-Bach et al., 1998; Sun
et al., 2002) or kainate (Weston et al., 2006b; Nayeem
et al., 2009) receptors reduce desensitization. Kainate
receptor desensitization is dependent on ions that bind
at and influence the strength of the D1-D1 interface
(Section VIII.B.1. Modulation of AMPA, Kainate, and
GluD Receptors by Extracellular Ions).

Conformational changes at the ABD interface have
been examined by crosslinking the AMPA and kainate
receptor ABD dimers (Armstrong et al., 2006; Daniels
et al., 2013; Yelshanskaya et al., 2016a; Baranovic
and Plested, 2018; Salazar et al., 2020). The individ-
ual ABD clamshells maintained their maximally
closed conformation similar to the open state,
whereas the D1 lobes underwent significant separa-
tion. It was therefore hypothesized that desensitiza-
tion involves rupture of the D1-D1 interface, which
allows the D2 lobes and the linkers to the ion channel
to adopt a closed state—like conformation (Armstrong
et al., 2006). Consistent with luminescence resonance
energy transfer measurements in AMPA and NMDA
receptors (Gonzalez et al., 2010; Rambhadran et al.,
2010), such D1-D1 rupture was proposed to dissociate
the ABD dimers into individual ABD monomers in
kainate receptors (Schauder et al., 2013). Crosslink-
ing of the D1 lobes in NMDA receptors influenced
receptor activation but had no effect on desensitiza-
tion (Borschel et al., 2011).
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Decoupling of conformational changes in ABDs
from resulting changes in TMDs (i.e., gating) and
rupture of the D1-D1 interface were confirmed in the
desensitized state structures of intact AMPA recep-
tors (Chen et al., 2017a; Twomey et al., 2017b). These
structures show that individual ABDs in the desensi-
tized state adopt closed clamshell conformation nearly
identical to the open state (Supplemental Fig. 7). In
contrast, the ABD dimers undergo rearrangements
accompanied by rupture of the D1-D1 interface, which
allows D2 lobes to come closer together by ~15 A and
permit channel closure (Chen et al., 2017a; Twomey
et al., 2017a,b) (Fig. 4). As a result of the D1-D1
interface rupture, the ABD dimers lose their 2-fold
rotational symmetry; the ABDs in subunits occupy-
ing the A/C position rotate 14° away from their B/D
dimer partners resulting in a more 4-fold symmetri-
cal ABD tetramer arrangement signified by appear-
ance of a cleft between the protomers of the ABD
dimers (Supplemental Fig. 7). In this new ABD tet-
ramer arrangement, the D2 portions facing the
membrane acquire positions similar to the closed
state, in which the ABD gating ring is significantly
compressed compared with the open state
(Supplemental Fig. 7). As a result, the ABD-TMD
linkers return to the positions of a closed, noncon-
ducting ion channel. Although the ion channel pore
adopts nearly identical conformations in the desen-
sitized and closed states, the rest of the molecule
undergoes significant rearrangement. Relative to
the ion channel, this is expressed as an overall
shortening of the receptor on an axis perpendicular
to the plane of the membrane by 5 A in the desensi-
tized state compared with the closed state and an
18° rigid-body rotation of the entire NTD layer. Con-
sistent with luminescence resonance energy trans-
fer, single-molecule FRET, electrophysiological, and
mutagenesis experiments (Shaikh et al., 2016; Yel-
shanskaya et al., 2016a), the NTD layer maintains
its tetrameric arrangement (Leuschner and Hoch,
1999; Ayalon and Stern-Bach, 2001; Papadakis
et al., 2004; Ayalon et al., 2005; Jin et al., 2009).

Desensitization accompanied by dissociation of
ABD dimers into individual ABD monomers is consis-
tent with structures of tetrameric GluK2 and GluK3
kainate receptors solved under conditions favoring
the desensitized state (Meyerson et al., 2014, 2016;
Kumari et al., 2019). The extent of decoupling in
these structures is much greater than that in AMPA
receptors, which is consistent with conformational
heterogeneity observed for AMPA and kainate recep-
tors using single-molecule FRET (Litwin et al., 2019,
2020). The lack of open and closed state structures for
kainate receptors prevents a comparison of gating-
associated structural rearrangements between kai-
nate and AMPA receptors.

347

2. Types of NMDA Receptor Desensitization. Many
different types of NMDA receptor desensitization
have been characterized functionally, including gly-
cine-dependent desensitization (Mayer et al., 1989;
Benveniste et al., 1990; Lester et al., 1993; Nahum-
Levy et al., 2001; Regalado et al., 2001; Durham
et al., 2020), calcium-dependent inactivation (Clark
et al., 1990; Legendre et al., 1993; Rosenmund and
Westbrook, 1993; Vyklicky, 1993; Medina et al., 1995;
Vissel et al., 2002; Iacobucci and Popescu, 2017b,
2019, 2020), Zn?"-dependent desensitization (Section
VIII. Endogenous Allosteric Regulation), and glycine-
and Ca®"-independent desensitization (Chen et al.,
2004b; Hu and Zheng, 2005; Sessoms-Sikes et al.,
2005), but the molecular basis underlying such a
diversity in types of desensitization remains largely
unknown.

Glycine-dependent NMDA receptor desensitization
only occurs in subsaturating glycine concentrations
(Mayer et al., 1989) and is the result of a negative
allosteric interaction between subunits such that
binding of glutamate decreases glycine affinity and
vice versa (Benveniste et al., 1990; Lester et al., 1993;
Durham et al., 2020). When glutamate binds to the
GluN2 ABD in the absence of near-saturating concen-
trations of glycine, the current will relax to a new
level as glycine unbinds from the GluN1 subunit
because of the allosteric reduction in glycine affinity.
The glycine unbinding rate determines the time
course for this form of desensitization, which could
impact synaptic signaling. Recent studies suggest
that the interactions between the heterodimer of the
glycine binding GluN1 ABD and glutamate binding
GIluN2 ABD are involved in this negative cooperativ-
ity (Durham et al., 2020).

The mechanism of Zn?"-dependent desensitization
involves a positive allosteric coupling between gluta-
mate binding to the GluN2 ABD and Zn?" binding to
the GluN2A NTD, and this causes the receptor cur-
rents to decay to a new steady state with higher occu-
pancy of the NTD by ambient Zn®" after glutamate
binding (i.e., since Zn?* inhibits GluN2A-containing
NMDA receptors) (Section VIII. Endogenous Alloste-
ric Regulation).

NMDA receptors also desensitize during sustained
increases in intracellular Ca®* for several seconds
(Clark et al., 1990; Legendre et al., 1993; Vyklicky,
1993; Rosenmund et al., 1995). This form of desensiti-
zation, also referred to as Ca®’-dependent inactiva-
tion, is most prominent for GluN2A-containing
receptors and is more limited for GluN2B- and
GluN2C-containing NMDA receptors (Medina et al.,
1995; Krupp et al., 1996), apparently because of their
lower open probabilities (Iacobucci and Popescu,
2020). An increase in the intracellular Ca®" in the
vicinity of the NMDA receptor is proposed to trigger
uncoupling of the receptor from filamentous actin
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(Rosenmund and Westbrook, 1993), which reduces
open probability (Rycroft and Gibb, 2004). In addition,
calmodulin binding to the GluN1 CTD in some GluN1
isoforms can inhibit NMDA receptor function through
a reduction in open time and open probability during
receptor activations (Ehlers et al., 1996, 1998; Zhang
et al., 1998; Krupp et al., 1999; Rycroft and Gibb,
2002). This can occur when calmodulin is close to the
channel and senses Ca®" arriving through the pore of
the channel (Iacobucci and Popescu, 2017b). More-
over, Ca®" entering one NMDA receptor can desensi-
tize an adjacent receptor, providing a mechanism for
negative coupling, and this effect is enhanced by
PSD-95 clustering (Iacobucci and Popescu, 2019).

Most ligand-gated channels can desensitize in the
continued presence of agonist by a mechanism
thought to involve a conformational change to a sta-
ble and long-lived agonist-bound closed state, as
described above for AMPA and kainate receptors.
NMDA receptors can also desensitize in the continued
presence of glutamate and glycine in a manner that is
independent of glycine, Zn?*, and Ca®", and this
desensitization is sensitive to intracellular dialysis
and perturbed by mutations throughout the receptor
(Sather et al., 1990, 1992; Chen et al., 2004b; Hu and
Zheng, 2005; Alsaloum et al., 2016).

E. Molecular Determinants of Ion Permeation

The ion-conducting pore of glutamate receptors is
cation-selective and equally permeable to both K™
and Na* ions (Chang et al., 1994; Jatzke et al., 2002).
Under certain conditions, the RNA-edited R-forms of
homomeric GluA2 and GluK2 are also anion-perme-
able (Burnashev et al., 1996), although the physio-
logic significance of this is unknown. At the resting
membrane potential, opening of iGluRs is excitatory
because of the strong electrochemical driving force for
Na™ influx, leading to membrane depolarization that
promotes neuronal firing (i.e., membrane potential
approaches 0 mV). Many forms of glutamate receptor
subtypes are permeable not only to monovalent cati-
ons but also to Ca®" ions. Although the charge associ-
ated with Ca®" may contribute to membrane
depolarization, extracellular Ca2?* concentration is in
the low mM range, and thus Ca®" ions predominantly
mediate intracellular signaling. Indeed, Ca®" perme-
ation and signaling often dominate how we think of
NMDA receptor function as it contributes to their role
in synaptic dynamics, neuronal development, and cel-
lular pathology (Hunt and Castillo, 2012; Paoletti
et al.,, 2013; Henley and Wilkinson, 2016; Chakra-
borty et al., 2017).

1. Permeation Pathway. The permeation pathway
is largely formed by the M3 transmembrane segment
and the re-entrant M2 pore loop (Fig. 20) with a topol-
ogy common across all iGluR subtypes (Section II.
Receptor Structure), although there are many

Hansen et al.

differences in detail between the subtypes that are
important to their role in physiology. Within the M2
loop resides a key site for ion permeation, the Q/R/N
site (the Q/R site for non-NMDA receptors and the N
site for NMDA receptors) (Hollmann et al., 1991;
Hume et al., 1991; Burnashev et al., 1992a,b),
although the GluN3 subunits have a Gly residue at
this position. The Q/R/N site is located near the tip of
the M2 loop and contributes to a narrow constriction
within the pore (Fig. 20). The open conducting pore
has a widened middle portion, the central cavity,
which is located right above the Q/R/N site narrow
constriction (Fig. 20). The central cavity has a hydro-
phobic character, but the entire open pore has an
overall negative surface charge (Fig. 20), which is
probably critical for cation selectivity of iGluRs. In
particular, the intracellular portion of the pore that is
lined by regions of M2 is negatively charged and has
therefore been characterized as a “selectivity filter.”
The presence of the Q/R/N site Arg residues in the
open pore of heteromeric AMPA or kainate receptors
that contain edited GluA2, GluK1, or GluK2 subunits
introduces a positive charge at the narrow constric-
tion of the pore, which reduces Ca®" permeability and
polyamine block in these channels (Section VIII.
Endogenous Allosteric Regulation).

2. Structure of the Narrow Constriction in NMDA
Receptors. In NMDA receptors, the narrow constric-
tion is formed asymmetrically by different Asn resi-
dues; the Asn at the GluN1 Q/R/N site, referred to as
the N site; and the Asn residue adjacent to the GlulN2
Q/R/N site, referred to as the N+1 site (Fig. 20) (Woll-
muth et al.,, 1996; Sobolevsky et al., 2002b; Song
et al., 2018). Key features of GluN1/2 NMDA recep-
tors are high Ca®" permeability and strong voltage-
dependent block of the pore by extracellular Mg®*
(Section VIII. Endogenous Allosteric Regulation). It
remains unclear how the pore of NMDA receptors can
distinguish between Ca®*, which is permeable, and
Mg?*, which is largely impermeable (Mayer and
Westbrook, 1987a; Ascher and Nowak, 1988; Mes-
bahi-Vasey et al., 2017). Determinants of both pro-
cesses, Ca®" permeation and Mg?" block, are present
in the M2 loop, but the asymmetry between subunits
forming the narrow constriction may underlie this dif-
ference in permeation between Ca?* and Mg?*. Con-
sistent with this idea is the observation that the N
site Asn residues from different subunits have dis-
tinct roles in Ca®?" permeation and Mg?* block.
Replacement of the GluN1 N site Asn with Gln
strongly alters Ca2?* permeability while having only
weak effects on Mg?" block, whereas the same substi-
tution at the GluN2 N site strongly alters Mg®* block
and only has weak effects on Ca®?* permeation [Bur-
nashev et al. (1992b); reviewed by Traynelis et al.
(2010)]. On the other hand, this substitution at the
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Fig. 20. Structure of the ion permeation pathway. (A) Open-state structure of a homomeric GluA2 AMPA receptor (PDB: 5WEO). The ion conduction
pathway is shown in gray, the pore-forming re-entrant M2 loop is in yellow, and the M3 gating helix is in green. Only two (B and D) out of four subu-
nits are shown; the other two subunits (A and C) are removed for clarity. The blue mesh illustrates cryo-EM density. Residues in the SYTANLAAF
motif, including the gating hinge Ala618 (blue) and the Q/R/N site glutamine (red), are labeled. (B) Electrostatic surface potential of the open pore
with blue indicating a positive charge, red negative charge, and white neutral. (C) The re-entrant M2 pore loop for a GluN1/2 NMDA receptor is
shown as a ribbon structure with the Q/R/N site Asn red, and a downstream adjacent Asn in GluN2 is green (indicated as N+1). (D) Summary of the
Q/R/N site identity for iGluR subunits and qualitative assessment of Ca®* permeability. Supplemental Table 2 summarizes measured Ca?" perme-
abilities. KAR, kainate receptor. Panels C and D adapted with permission from Wollmuth (2018).

N+1 site in GluN2 strongly reduces Mg®" block, in
part by permitting greater Mg?" permeation (Woll-
muth et al., 1998).

3. Structural Determinants of Ca®" Permeability in
NMDA Receptors. GluN1/2 receptors have ~3-4-fold
higher Ca®" permeability measured relative to mono-
valent ions (Pca/Pmonovalent) than non-NMDA recep-
tors (Fig. 20) (Wollmuth, 2018). Diheteromeric GluN1/
2A and GluN1/2B receptors show a higher Ca®" per-
meation (Pca/Pmonovalent ~4) than GluN1/2C and
GluN1/2D receptors (Pca/Pmonovalent ~2.5) (Supplemental
Table 2). This difference is largely due to a residue at
the S/L-site located in the M3 transmembrane helix
(Siegler Retchless et al., 2012; Glasgow et al., 2015).
The residue at the S/L-site, which is Ser in GluN2A/B
and Leu in GluN2C/D, does not line the ion channel
pore and does not interact directly with permeating
ions. Instead, this residue may affect the positioning
of Trp residues in the M2 loop of GluN1 (Siegler
Retchless et al.,, 2012). This interaction between
GluN1 and the GluN2 S/L-site also appears to be a
key determinant of GluN2-specific variation in chan-
nel conductance and Mg?" block (Siegler Retchless
et al., 2012). Unlike GluN1/2 receptors, the dihetero-
meric GluN1/3 receptors have relatively low Ca®*
permeability and are less sensitive to Mg?* block
[Chatterton et al. (2002), Smothers and Woodward
(2007), Madry et al. (2008), Pina-Crespo et al. (2010),
Otsu et al. (2019); see also Yi et al. (2018)]. The
reduced Ca®" permeation of GluN3-containing NMDA
receptors presumably reflects the residues at the N

site and N+1 sites in GluN3 subunits that have
Gly-Arg versus Asn-Asn in GluN2 subunits (Yi et al.,
2018) (Fig. 20).

The mechanism of ion permeation in NMDA recep-
tors follows Goldman-Hodgkin-Katz (GHK) assump-
tions at physiologic Ca®" (Schneggenburger, 1998;
Jatzke et al., 2002), suggesting independence of ion
movements but deviates at lower and higher concen-
trations (Jatzke et al., 2002) and shows ion flux cou-
pling (Wollmuth and Sakmann, 1998), which is a
hallmark of ion-ion interactions. NMDA receptors
also exhibit block by external Ca®" ions, which
appears as a reduction in the single-channel conduc-
tance (Premkumar and Auerbach, 1996; Wyllie et al.,
1996; Maki and Popescu, 2014). High Ca®* permeabil-
ity and concurrent block by Ca®" are not incompatible
properties but may reflect multiple Ca®?" binding
sites in the ion channel pore of NMDA receptors (Pre-
mkumar and Auerbach, 1996; Sharma and Stevens,
1996). One Ca®" binding site is most likely at the nar-
row constriction, which is contributed at least in part
by the N site in GluN1, whereas another Ca%* bind-
ing site is formed by a cluster of charged residues in
GluN1, the DRPEER motif, located at the external
entrance to the ion channel (Karakas and Furukawa,
2014; Watanabe et al., 2002). The mechanism of CaZ*
permeation in Ca®*-permeable AMPA receptors is dis-
tinct to that in NMDA receptors (Wollmuth and Sak-
mann, 1998; Jatzke et al., 2002), which reflects the
absence of a DRPEER-like motif in AMPA receptors
(Jatzke et al., 2003).
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4. Ca®" Permeability in AMPA and Kainate Recep-
tors. In non-NMDA receptors, the GIn (Q) codon at the
Q/R/N site in GluA2, GluK1, and GluK2 subunits is
edited at the mRNA level by adenosine deaminase to
encode the positively charged Arg (R), which renders the
channel Ca®" impermeable and insensitive to intracellu-
lar polyamines [reviewed in Bass (2002) and Filippini
et al. (2017)] (Figs. 7 and 20). Because of the dominance
of the Q/R/N site in terms of pore properties (single-
channel current, channel block, and Ca®?* permeation),
AMPA receptors are categorized into GluA2-containing
(Ca®"-impermeable, insensitive to polyamines) and
GluA2-lacking (Ca®"-permeable AMPA receptors,
blocked by polyamines) AMPA receptors (Section VIII.
Endogenous Allosteric Regulation). The Q/R/N site of
the GluA2 subunit is >99% edited in vivo, and this
modification is crucial for survival (Higuchi et al.,
2000). All other AMPA receptor subunits have a Gln at
the analogous position in the pore loop, as they lack the
pre-mRNA intronic sequence elements required for
editing (Sommer et al., 1991; Bass, 2002; Penn et al.,
2013). This Q/R/N site editing is dynamically regulated
in the disease state (Wang et al., 2014a; Cueva Vargas
et al., 2015; Li et al., 2015; Schmidt et al., 2015; Yama-
shita and Kwak, 2019).

Although mRNAs for GluK1-K2 kainate receptor
subunits are also edited at the codon encoding the Q/
R/N site, this editing is less complete in vivo than for
GluA2 (Herb et al., 1996; Contractor et al., 2011). The
Q/R/N site is edited only 40% in GluK1 with esti-
mates for GluK2 editing ranging between <5% and
75% in the developing and adult rodent brain
(Sommer et al., 1991; Puchalski et al., 1994; Schmitt
et al., 1996).

5. Access of Ions to the Central Permeation Pathway. It
is unclear how the extracellular permeant ions Na™
and Ca2?" access the ion-permeation pathway
formed by the M3 transmembrane helix. The ABD
is positioned on the extracellular end of the ion
channel and is connected to the ion channel-form-
ing TMD by the ABD-TMD linkers. These linkers
are highly dynamic during pore opening and contain
numerous charged side chains (Schmid et al., 2007,
Talukder et al., 2010; Yelshanskaya et al., 2017). In
addition, with pore opening, the S2-M4 linkers
unwind and are positioned in close proximity to the
central axis of the permeation pathway (Twomey
et al., 2017a). Hence, the space near the ABD-TMD
linkers could act as pathways or portals for perme-
ant ions to access the central permeation pathway.
How permeant ions might cross these portals and
their impact on selectivity and single-channel con-
ductance levels are unknown. These linkers are
sites for modulation of receptor function (Section IX.
Exogenous Positive and Negative Allosteric Modula-
tors), some of which bind to linkers and alter ion-
permeation properties and conductance (Perszyk
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et al., 2020b; Yelshanskaya et al., 2020). In addition,
auxiliary subunits modulate Ca®" permeability in
AMPA receptors (Supplemental Table 2).

V. Glutamate Receptors in Neuronal Functions
and Synaptic Plasticity

A. Receptor Assembly and Trafficking

For NMDA receptors and for kainate receptors con-
taining GluK4 and GluKS5, heteromerization is obliga-
tory for functional expression at synapses and thus
an important aspect of assembly. In addition, AMPA
receptors with differing subunit compositions are
selectively recruited during development in several
forms of synaptic plasticity and under certain patho-
logic conditions, including epilepsy, addiction, and
after ischemia (Cull-Candy et al., 2006; Clem and
Huganir, 2010; Mameli et al., 2011; Purkey and Del-
IAcqua, 2020), emphasizing the importance of differ-
ent assembly routes. As is the case for all
transmembrane (and secreted) proteins, iGluR bio-
genesis takes place in the ER and is tightly regulated
during folding, assembly, association with biogenesis
machinery, recruitment into coat protein complex II
(COPII) transport vesicles, and ER export. Subunit
folding likely occurs sequentially from the N terminus
to the C terminus, aided by a set of general ER chap-
erones [reviewed in Greger et al. (2007)]. Each of four
receptor domains (i.e., NTD, ABD, TMD, and CTD)
contribute at different stages of biogenesis. Auxiliary
subunits further expand this process for AMPA recep-
tors [reviewed in Greger et al. (2007), Jackson and
Nicoll (2011a), Haering et al. (2014)], which often
coexist with various types of accessory proteins
(Schwenk et al., 2012; Shanks et al., 2012; Jacobi and
von Engelhardt, 2018) and for which dedicated ER
assembly machinery has been identified (Schwenk
et al., 2019). This scenario is also true for kainate
receptors and their association with Netol and Neto2
auxiliary subunits (Copits and Swanson, 2012). At
present, the most detailed information on receptor
assembly and forward trafficking is available for
AMPA receptors. In addition, although the different
subtypes may share common features of assembly,
they also exhibit critical differences.

1. Intrinsic Elements Regulating Receptor Assem-
bly. 'The NTD has long been implicated in assembly
(Ayalon and Stern-Bach, 2001) and is inserted into
the ER membrane first, where it is subject to signal
peptide cleavage and N-glycosylation and folds
cotranslationally into a globule of ~50 kDa. Once
folded, the NTD forms dimers with either strong
interface contacts (i.e., affinity in the nM range) for
AMPA and kainate receptors (Rossmann et al., 2011,
Zhao et al., 2017) or weaker (micromolar) contacts
within NMDA receptors (Karakas et al., 2011). The
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current view for NMDA receptors is that the GluN1
NTD initially forms homodimers, which subsequently
dissociate and reassemble as NTD heterodimers of
GluN1 and GluN2 subunits to form mature heterote-
trameric receptors (Atlason et al., 2007; Farina et al.,
2011).

The ABDs of all iGluRs assemble into dimers of low
affinity (Sun et al., 2002; Furukawa et al., 2005;
Chaudhry et al., 2009a,b; Weston et al., 2006b).
Although the NTDs drive subunit dimerization, the
ABDs are involved in the dimerization of dimers step
(i.e., tetramerization) (Fig. 21). That is, the ABDs
dimerize during tetramer formation and thereby con-
tribute to the domain swap that occurs between the
NTD and ABD layers. In a GluAl1/2 receptor, for
example, the ABD of one GluAl subunit dimerizes
with the ABD of one GluA2 subunit, but its NTD
dimerizes with the NTD of the other GluA2 subunit.
The role of ABD dimers in tetramerization is based
on a study comparing wild-type GluA2 dimers to
those of the nondesensitizing GluA2-L483Y mutant
that stabilizes ABD dimers (Sun et al., 2002; Shanks
et al., 2010). In wild-type dimers, the NTDs and TMD
are closely apposed, but the ABDs are separated,
whereas the nondesensitizing mutation resulted in
close apposition of the ABDs and an inability to tetra-
merize and leave the ER (Shanks et al., 2010). In
AMPA receptors, the ABD is modulated by alternative
RNA splicing to produce the flip/flop isoforms and by
RNA editing (Sprengel and Seeburg, 1993), which
shape biogenesis and the rate of ER export (Coleman
et al., 2006; Greger et al., 2006; Penn et al., 2012). As
part of a quality-control mechanism in the ER, it has
been suggested that glutamate binds to AMPA and
kainate receptor ABDs (Mah et al.,, 2005; Valluru
et al., 2005; Penn et al., 2008), GluN2 ABDs (She
et al.,, 2012), or that glycine binds the GluN1 and
GIluN3 ABDs (Kenny et al., 2009; Skrenkova et al.,
2019, 2020) to promote forward trafficking.

At the level of the TMD, the Q/R/N site at the apex
of the M2 pore loop impedes homotetramer formation
by RNA-edited GluA2 subunits (Greger et al., 2002,
2003). As a result, edited GluA2 has a greater ER
dwell time than other AMPA receptor subunits, which
may encourage incorporation of GluA2 into the het-
eromeric AMPA receptors that prevail in the brain.
Similar observations have been made for kainate
receptors, in which the GluK1l and GluK2 subunits
undergo RNA editing, although to a lesser extent
than does GluA2 (Ball et al., 2010; Evans et al.,
2017). The M4 transmembrane helix also contributes
to assembly (Section II. Receptor Structure). Deleting
or mutating M4 in AMPA receptors impairs the tran-
sition from dimers to tetramers but does not impact
dimerization (Salussolia et al., 201la, 2013; Gan
et al., 2015). The wrapping of M4 helices, in which
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Fig. 21. AMPA receptor biogenesis in the ER. (A) The intrinsic assembly
of AMPA receptor dimers occurs largely through interactions between
their NTDs, whereas tetramerization (i.e., the dimerization of dimers)
involves mostly TMDs and ABDs. These steps are aided by chaperones
and assembly factors. (B) Extrinsic regulators based on the proposed
“assembly line” model (Schwenk et al., 2019) are shown: (1) AMPA recep-
tor monomers are associated with ABDHG6, (2) dimerization is induced by
coassociation with preassembled FRRS1L/CPT1c complexes, and (3) tetra-
merization is followed by (4) dissociation of ABDH6 and association of aux-
iliary subunits (TARP and/or CNIH). Dissociation of FRRS1L/CPT1c
renders the AMPA receptor/auxiliary subunit complex competent for ER
export via COPII vesicular carriers.

the M4 helices from each subunit associate with the
ion channel core (M1-M3) of the adjacent subunit
(Fig. 5), may help overcome energy barriers and facili-
tate tetramer formation (Gan et al., 2016). The M4
helices in NMDA receptors appear to play a less
prominent role in receptor assembly (Amin et al.,
2017).

2. Regulators of AMPA Receptor Assembly. A num-
ber of accessory proteins associate with AMPA recep-
tors in ER membranes and are not enriched at
synapses, including ferric chelate reductase 1-like
(Frrsll), Cptlc (carnitine palmitoyl transferase 1C),
o/ f-hydrolase domain—containing protein 6 (ABHDG6),
and PORCN (porcupine) (Brechet et al., 2017,
Schwenk et al., 2019). Cptlc knockdown reduces sur-
face expression of GluAl, presumably because of the
palmitoyl esterase activity of Cptlc (Gratacos-Batlle
et al., 2018). Palmitoylation by the palmitoyl transfer-
ase GODZ regulates forward trafficking of AMPA
receptors, but its relation to the role of Cptlc remains
unclear (Hayashi et al., 2005). Mass spectrometry of
AMPA receptors isolated from brain combined with
native gel electrophoresis revealed complexes of dif-
ferent sizes corresponding to AMPA receptor assem-
bly intermediates associated with these ER-based
proteins. When reconstituted in heterologous cells,
ABDH6 was predominantly associated with AMPA
receptor subunit monomers in a complex that is also
partly assembled with PORCN (Schwenk et al., 2019)
(Fig. 21). In a subsequent step, ABDHS6 is replaced by
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a complex consisting of Frrsll and Cptle, facilitating
AMPA receptor dimerization. Lastly, ER-export com-
petence is achieved through TARPs and CNIH pro-
teins (CNIH2 or CNIH3) joining the complex.
Addition of these AMPA receptor auxiliary proteins
(Section III. Auxiliary Subunits) results in dissocia-
tion of Frrsll and Cptlc, rendering the receptor ER
export competent.

CNIH proteins are closely related to ER cargo
export proteins originally identified in yeast and flies
(Section III. Auxiliary Subunits). Similarly, CNIH
proteins engage the COPII machinery that facilitates
budding from the ER (Powers and Barlowe, 2002).
This engagement involves the intracellular loops of
CNIH proteins (Nakagawa, 2019). Related to these
findings, knockdown of CNIH2, CNIH3, TARP -8,
and Frrsll reduces surface AMPA receptor protein
and EPSC amplitudes (Rouach et al., 2005; Herring
et al., 2013; Schwenk et al., 2019). Similarly, overex-
pression of ABHD6 reduced surface expression of
AMPA receptors (Wei et al., 2017; Schwenk et al.,
2019). Understanding the mechanics of this biogene-
sis pathway will require structural studies to reveal:
i) the interplay between ABDHG6, which stabilizes
monomers, and the NTD, which drives dimerization
via a stable dimer interface that forms once folding is
complete (Rossmann et al., 2011; Schwenk et al.,
2019); ii) the stoichiometry and architecture of the
GluA-Frrs1l-Cptcl complex; and iii) its interplay with
TARPs and CNIH proteins prior to ER exit. Recent
studies indicate that GluA1l-containing receptors exit-
ing the somatic ER follow the canonical secretory
pathway passing through the somatic Golgi appara-
tus en route to the plasma membrane (Bowen et al.,
2017). By contrast, GluAl-containing AMPA receptors
exiting the ER in dendrites, which mostly lack the
Golgi apparatus (Hanus and Ehlers, 2008; Hanus
et al., 2016), instead enter a noncanonical secretory
pathway passing first through the ER-Golgi interme-
diate compartment and then recycling endosomes on
their way to the cell surface (Bowen et al., 2017).

3. Subunit Arrangement in the Tetrameric Assem-
bly. The factors that determine subunit placement
within a tetramer at the two conformationally dif-
ferent subunit pairs (A/C and B/D positions, Section
II. Receptor Structure) are unknown. In NMDA
receptors, GluN1 subunits occupy the A/C positions
and GluN2 subunits reside in the B/D positions
(Salussolia et al., 2011b; Karakas and Furukawa,
2014; Lee et al., 2014) but reorganize around the
central axis of the channel if GluN1 and GluN2
NTDs are removed (Song et al., 2018), suggesting
that the NTD is somehow involved in subunit place-
ment. Structures of tetrameric AMPA receptors
documented that the functionally critical GluA2
subunit occupies the B/D positions (Herguedas
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et al., 2019; Zhao et al., 2019), a finding that is con-
sistent with functional data (He et al., 2016; Her-
guedas et al., 2019), although GluA2 at the A/C
positions also forms functional receptors (Herguedas
et al., 2016). Structures of isolated NTD hetero-
dimers from heteromeric kainate receptors suggest
that the GluK2 subunits occupy B/D positions and
GluK5 the A/C positions (Kumar et al., 2011).

B. Regulation by Secreted Proteins

The NTDs of iGluRs project into the crowded
environment of the synaptic cleft to face presynaptic
glutamate release sites (Garcia-Nafria et al., 2016;
Biederer et al., 2017). NTD associations with cleft
components can cluster and organize iGluRs in syn-
apses, and the formation of receptor clusters that
increase the local receptor concentration has been
observed by super-resolution microscopy for both
AMPA and NMDA receptors (Savtchenko and Rusa-
kov, 2013) (Section V.F. Mechanisms of Synaptic
Plasticity). AMPA receptor nanoclusters locate
directly beneath presynaptic glutamate release sites
in synaptic “nanocolumns” (Tang et al., 2016), which
enables full activation by high local agonist concen-
tration. Hence, reorganization of existing synaptic
AMPA receptors may be involved in plasticity (Bie-
derer et al., 2017; Buonarati et al., 2019) (Section
V.F. Mechanisms of Synaptic Plasticity). At CAl
synapses, deletion of the GluA2 NTD reduces
EPSCs and increases receptor mobility in spines
(Watson et al., 2017), whereas GluAl NTD deletion
reduces receptor expression at the synapse and
inhibits the expression of LTP (Diaz-Alonso et al.,
2017; Watson et al., 2017).

Clustering molecules targeting the NTD have been
described for all four iGluR classes, with a prominent
example being the cerebellins, a family of four
secreted proteins (Cblnl-4) that bridge between pre-
synaptic neurexin (Nrxn) isoforms and postsynaptic
GluD receptors (Section V.E. Neuronal Functions of
GluD Receptors). Structural data for this synaptic
organizer complex illustrate how the globular (C-ter-
minal) domain of Cblnl interacts with the GluD2
NTD, whereas the N-terminal Cblnl cysteine-rich
domain associates specifically with Nrxn proteins
that contain the splice site 4 insert (+SS4) (Elegheert
et al., 2016). Based on these data, it has been pro-
posed that two Cblnl hexamers associate with a
GluD2 receptor tetramer with nM binding affinity
(Elegheert et al., 2016). Moreover, this interaction is
not restricted to the cerebellum, since a related com-
plex consisting of Nrxn(+SS4)-Cbln2-GluD1 is impor-
tant for synapse formation and maintenance in the
hippocampus (Tao et al., 2018), whereas Nrxn-Cbln4-
GluD1 organizes inhibitory synapses in cortical pyra-
midal neurons (Fossati et al., 2019) (Section V.E. Neu-
ronal Functions of GluD Receptors).
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The best-described AMPA receptor clustering pro-
teins are the neuronal pentraxin family of calcium-
dependent lectins, of which two are secreted (Nptx1
and Nptx2), and one is transmembrane (Nptx recep-
tor; NptxR) (Dodds et al., 1997; O’'Brien et al., 1999,
2002; Cho et al., 2008; Lee et al., 2017b). Neuronal
pentraxins localize to excitatory synapses, where
their conserved C-terminal pentraxin domains
directly interact with the NTD of AMPA receptors
(Sia et al., 2007). Nptxs can assemble as homo- or het-
ero-hexameric complexes that interact through their
globular pentraxin domain with the NTD of all four
AMPA receptor subunits (Xu et al., 2003; Sia et al.,
2007). Of these, Nptx2, which is also known as neuro-
nal activity—regulated pentraxin (Narp), is regulated
as an immediate early gene (IEG) (Xu et al., 2003)
that is upregulated by neuronal activity (Tsui et al.,
1996; O’Brien et al., 1999). Nptx2 is enriched at excit-
atory synapses in parvalbumin-positive interneurons
(Chang et al.,, 2010) to promote activity-dependent
accumulation of GluA4-containing AMPA receptors
(Pelkey et al., 2015), which dictates interneuron activ-
ity to maintain circuit inhibitory/excitatory balance
(Pelkey et al., 2017). During early postnatal develop-
ment, increased Nptx2 expression coincides with
GluA4 upregulation in parvalbumin-containing fast-
spiking interneurons (Pelkey et al., 2017). Nptx1 and
NptxR in axonal compartments are also important for
recruitment of AMPA receptors to synapses (Sia
et al., 2007). Although presynaptic interaction part-
ners of Nptxs are not known, a recent study showed
that synthetic fusion proteins of the Nptx1 pentraxin
domain with the Nrxn-interacting region of Cblnl,
termed CPTX, are capable of clustering AMPA recep-
tors (Suzuki et al., 2020). The synthetic CPTX protein
restored synaptic function in mutant mouse models
for cerebellar ataxia, spinal cord injury, and Alz-
heimer’s disease, emphasizing the importance of
receptor clustering at the synapse (Suzuki et al.,
2020). Proteomic screens have unveiled other secreted
proteins interacting with AMPA receptors, including
noelin, brorin, and neuritin (Schwenk et al., 2012;
Shanks et al.,, 2012), but their roles are currently
unclear.

The secreted Clqg-like proteins 2 and 3 (C1ql2 and
C1ql3) bind to the GluK2 and GluK4 NTDs in vitro
and are implicated in kainate receptor targeting at
the hippocampal mossy fiber to CA3 region (Matsuda
et al., 2016). The globular domain in C1ql binds to the
GluK2 and GluK4 NTDs, whereas the Clgl N-termi-
nal region interacts with a presynaptic Nrx3 isoform
(Nrx3 +SS5%%?) and thereby recruits postsynaptic kai-
nate receptors (Matsuda et al., 2016). NMDA receptor
NTDs appear to interact with receptor tyrosine phos-
phatase EphB2 (Dalva et al., 2000; Washburn et al.,
2020), although this is not a secreted protein. In C.
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elegans, however, a presynaptically secreted protein,
NRAP-1, clusters NMDA receptors and shapes their
function (Lei et al., 2017).

C. Roles of AMPA and Kainate Receptors in Neuronal
Functions

The iGluRs play central roles in cellular and circuit
development, synaptic transmission, plasticity, and
signaling (see Fig. 22 for overview). For some features
of iGluRs in neuronal functions, there are relatively
few documented examples, and our knowledge is lack-
ing, whereas other topics (e.g., synaptic plasticity)
represent an enormous body of work with exhaustive
data. Virtually all of the reported functional data are
from mouse or rat neurons, and thus it is important
to bear in mind there may be differences across
species.

1. AMPA Receptors and Development. The involve-
ment of a particular gene in development is typically
inferred by its early expression in cells that give rise
to the organ of interest, often at an undifferentiated
stage. In the case of neurons, that might also include
a stage at which synaptic connectivity is absent or
just beginning to be established. AMPA receptors are
expressed in a number of systems during embryogen-
esis particularly during proliferative migratory stages
(Mi et al., 2018). Thus, these receptors are assumed
to play important roles in nervous system develop-
ment (Metin et al., 2000), such as guiding or acceler-
ating cell migration and controlling neurite extension
(e.g., (Poluch et al., 2001; Poluch and Konig, 2002;
Harlow et al., 2015). Indeed, immature and migrating
cells express AMPA receptors as well as kainate and
NMDA receptors prior to the expression of any func-
tional synapses (Soria and Valdeolmillos, 2002; Lujan
et al., 2005; Manent et al., 2006). The timing of their
expression coincides with critical developmental win-
dows in the CNS (Ambrogini et al.,, 2006; Huang
et al., 2012; Xu et al., 2020) (Fig. 23), which also con-
tains higher ambient glutamate levels than the adult
brain (Hanson et al., 2019). Collectively, higher ambi-
ent glutamate levels, the developmental expression of
iGluRs, and the recruitment of glutamatergic signal-
ing regulate neuronal development (Kelsch et al.,,
2014; Akgul and McBain, 2016, 2020; Akgul et al.,
2019), including the morphologic and electrical mat-
uration of neurons (Manent et al., 2006; Yozu et al.,
2008; Bortone and Polleux, 2009; De Marco Garcia
et al., 2011; Le Magueresse and Monyer, 2013; Gar-
cia et al., 2015; Chittajallu et al., 2017; De Marco
Hanson et al., 2019).

Studies with AMPA receptor KO mice have impli-
cated early embryonic or postnatal expression of
AMPA receptor subunits in key neurodevelopmental
processes, including activity-dependent maturation
of spinal cord motoneurons for GluAl (Zhang et al.,
2008a), dendritic spine complexity for GluA2
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Fig. 22. Roles of glutamate receptors in the CNS. The different iGluRs control diverse neuronal function beginning in embryonic development (left)
and continuing in the mature neuron (right). NMDA receptors contribute to neuron development by regulating (1) neural progenitor cell proliferation,
(2) migration, and (3) neurogenesis. NMDA receptor activation can either inhibit or enhance proliferation and migration. (4) NMDA and AMPA recep-
tors play key roles in dendrite development, whereas NMDA and kainate receptors regulate axon growth and (5) axon guidance toward appropriate
synaptic targets. (6) Synapse formation is regulated by postsynaptic GluD and NMDA receptors as well as presynaptic NMDA and kainate receptors,
with kainate receptors playing a role in axon terminal maturation. (7) Synapse maturation involves the recruitment of AMPA receptors as well as con-
tinued activity of NMDA, kainate, and/or GluD receptors, whereas (8) synapse pruning involves NMDA and GluD receptors and the removal of AMPA
receptors. (9) Extrasynaptic NMDA and kainate receptors regulate neuronal excitability in response to glutamate release from astrocytes. (10) Post-
synaptic AMPA, NMDA, and GluD receptors have roles in short- and long-term synaptic plasticity, and NMDA and kainate receptors are implicated in
presynaptic mechanisms underlying plasticity. (11) All iGluR subtypes (except GluD receptors) mediate depolarizing EPSPs that increase neuronal
excitability and promote action-potential generation. (12) NMDA and kainate receptors have metabotropic signaling capabilities. (13) Presynaptic
NMDA and kainate receptors are expressed at GABAergic synapses where they enhance inhibitory synaptic transmission.

(Medvedev et al., 2008), sleep architecture for
GluA3 (Steenland et al., 2008), and network excit-
ability in cortical-thalamic circuits underlying mod-
els of absence epilepsy for GluA4 (Paz et al., 2011).
Ablation or alteration of iGluRs in cortical or hippo-
campal pyramidal neurons during embryogenesis or
in early development has consequences at both ana-
tomic and physiologic levels that impact emerging
nascent cortical microcircuits (Tashiro et al., 2006;
Adesnik et al., 2008; Gray et al., 2011; Lu et al.,
2011; Zhang et al., 2013). In hippocampal inhibitory
interneurons, elimination of GluAl, GluA2, or
GluA3 AMPA receptor subunits either during
embryogenesis or postnatally has complex effects on

morphologic, synaptic, and circuit features that can
manifest as neural circuit disorders later in life
(Belforte et al., 2010; Chittajallu et al., 2017; Akgul
et al., 2019; Akgul and McBain, 2020). Embryonic
elimination of NMDA receptor subunits can also
impact AMPA receptor expression and synapse
development and hinder the circuit integration of
both hippocampal and neocortical neurons (Akgul
and McBain, 2016; Chittajallu et al., 2017). As the
brain develops, AMPA receptors continue to play
key roles in establishing the correct connectivity.
For example, GluA3 promotes the insertion of post-
synaptic AMPA receptors at synapses between audi-
tory nerve fibers and spherical bushy cells of the
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Fig. 23. Developmental roles of iGluRs in the CNS. The timeline shows receptors that play a developmental role in multiple early processes (left), as
well as roles in adult neuronal function (right). The developmental expression patterns as well as subcellular localization of iGluR subunits result in
subunit-specific functional roles through neuronal development. Only GluN1 and GluN2B are known to play roles in each developmental stage and
across all subcellular compartments from neural progenitor cell proliferation through mature neuron function. Specific kainate receptors regulate
axon and dendrite growth along with GluN1 and GluN2B, whereas GluN2D and specific AMPA receptor subunits regulate dendrite growth. Most sub-
units have established roles in synapse formation and/or maturation except for GluN2C and GluN2D. All receptor subtypes are expressed in the post-
synaptic compartment and most contribute to synaptic plasticity. NMDA and kainate receptors are prominent in presynaptic and extrasynaptic

compartments and can signal through noncanonical metabotropic pathways.

cochlear nucleus, which contain fast desensitizing
flop isoforms of AMPA receptor subunits (Antunes
et al., 2020). In addition, data from GluA3 KO mice
suggest that GluA3 is required for the normal devel-
opment of the presynaptic terminal (Antunes et al.,
2020). GluA3- and GluA4-containing AMPA recep-
tors also play a central role in maturation of synap-
ses, such as the whisker-relay synapse in the
thalamus (Wang et al., 2011b).

2. AMPA Receptor Function in Presynaptic Signal-
ing. AMPA receptors are present in the presynap-
tic compartments of neurons in hippocampus,
striatum, and spinal cord (Lu et al., 2002; Schenk
et al., 2003; Fujiyama et al., 2004; Fiszman et al.,
2007; Haglerod et al., 2017) and can potentially
influence synaptic function by multiple means,
including as autoreceptors that respond to gluta-
mate in the synaptic cleft or as receptors on nearby
terminals to impact vesicular release properties in
response to glutamate that has diffused from a dif-
ferent synapse. Whereas the autoreceptor paradigm
represents a conventional form of presynaptic regu-
lation, the second form allows AMPA receptors to
participate in  intersynaptic = communication.

Presynaptic Ca®"-permeable AMPA receptors are
increased in a model of inflammatory pain at spinal
cord dorsal horn peptidergic axon terminals (Wood-
hams et al., 2019) and are also suggested to modu-
late synaptic transmission from nociceptive DRG
neurons to dorsal horn neurons (Schenk and Mat-
teoli, 2004; Shypshyna and Veselovsky, 2015).

3. AMPA Receptor Function in Postsynaptic Signal-
ing. AMPA receptors are components of virtually
all excitatory PSDs in mature synapses (Petralia
and Wenthold, 1992; Polgar et al., 2008). Postsynap-
tic AMPA receptors are often the primary mediators
of the depolarizing actions of synaptically released
glutamate. This is in contrast to the role typically
played by NMDA receptors (discussed below), which
provide a more conditional or nuanced signaling
capacity to neurons. Early modeling studies of neu-
ronal circuits noted, however, that AMPA receptors
need to have different signaling properties to effec-
tively act as integrators of synaptic events and to
account for ensemble firing behavior of the cortex
and hippocampus (Shadlen and Newsome, 1994;
Konig et al., 1996; Reyes et al., 1996; Alkondon
et al., 2003). This is accomplished in a multitude of
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ways. For example, the time course of AMPA recep-
tor deactivation, and hence the time synapses
remain active, can be tuned by receptor subunits
and alternate splicing of the flip/flop cassette as
well as the type and stoichiometry of auxiliary sub-
units. The membrane time constant is a key deter-
minant of EPSP time course, such that small
changes in receptor deactivation rate may for some
neurons and synapses exert only minimal effects on
the EPSP decay time course. Furthermore, the volt-
age signal reaching the soma is typically smaller
and slower than the original EPSP, which is filtered
by the cable properties of the intervening mem-
brane, particularly in neurons with large, elaborate
dendritic arbors. In addition to the deactivation
time course, desensitization time course will set the
properties of frequency response regardless of mem-
brane filtering of the EPSP, making these two
parameters important underlying components of
synaptic AMPA receptor function (Chen et al.,
2002). These nuances to AMPA receptor signaling
kinetics are fit-to-purpose through the differential
expression of AMPA receptor subunits and auxiliary
signaling proteins throughout the CNS (Greger et al.,
2017; Jacobi and von Engelhardt, 2021) (Section III
Auxiliary Subunits).

Principal neurons express AMPA receptors with lin-
ear current-voltage (I/V) relationships and low Ca®*
permeability, indicating that these receptors are pri-
marily GluA2-containing with slow deactivation and
desensitization kinetics (Jonas et al., 1993, 1994; Gei-
ger et al., 1995), which are well suited to act as tem-
poral integrators of synaptic activity. CA1 pyramidal
cells use voltage-gated (I;,) conductances to shape
AMPA receptor EPSPs so that distally and proximally
originating EPSPs end up having similar time courses
(and temporal summation characteristics) at the
soma (Magee and Cook, 2000). However, principal
excitatory neurons and inhibitory interneurons in
both the hippocampus and cortex express AMPA
receptors with different gating and permeation prop-
erties (Jonas et al., 1994; Geiger et al., 1995). More-
over, interneuron expression profiles can be generally
subdivided according to their embryonic origins,
which arise either from the medial or caudal gangli-
onic eminence (MGE or CGE) of the developing telen-
cephalon (Matta et al., 2013; Pelkey et al., 2017). The
specific complements of AMPA receptors within inter-
neurons may also determine their afferent inputs for
feedforward and feedback inhibitory drive, which are
critical for normal network function (Akgul and
McBain, 2016). In addition, MGE-derived interneur-
ons express AMPA receptors with higher Ca®>" perme-
ability because of lower levels of the GluA2 subunit
(Matta et al., 2013) and faster gating kinetics (Jonas
et al., 1994; Geiger et al., 1995; Geiger et al., 1997).

Hansen et al.

The hippocampal CA1 MGE-derived interneuron syn-
apses are dominated by Ca®"-permeable, GluA2-lack-
ing AMPA receptors with a small contribution from
GluN2A-containing NMDA receptors, whereas CGE-
derived interneurons synapses include GluA2-con-
taining AMPA receptors with a larger contribution
from GluN2B-containing NMDA receptors (Matta
et al., 2013).

Differences in the recovery of paired-pulse depres-
sion (Jonas et al., 1994; Geiger et al., 1995) and the
response time course (Jonas et al., 1994; Geiger
et al., 1995; Geiger et al., 1997) suggested that prin-
cipal neurons expressed AMPA receptors that are
dominated by the GluA2-flip isoform, whereas
AMPA receptors expressed by interneurons are
dominated by the GluA4-flop isoform (Jonas et al.,
1994). A similar distinction in the AMPA receptor
gating kinetics was observed between principal cells
and interneurons of the basal ganglia (Gotz et al.,
1997) and cerebellum (Dawe et al., 2019), suggest-
ing that neuronal circuits throughout the brain may
share similar signaling capabilities due, in part, to
the expression of different AMPA receptor subtypes
(Fig. 24).

Most individual neurons express several types of
AMPA receptor subtypes with distinct subunit compo-
sition. For example, stratum lucidum hippocampal
interneurons express both GluA2-containing or
GluA2-lacking AMPA receptors when innervated by
Schaffer collaterals from CA3 pyramidal neurons or
mossy-fiber axons of dentate gyrus granule cells,
respectively (Toth and McBain, 1998). Fusiform cells
of the dorsal cochlear nucleus receive excitatory input
onto their apical dendrites from granule cell parallel
fibers and cochlear auditory nerve input onto their
basal dendrites. Although several types of iGluR sub-
units are found at both synapses, GluA4 is selectively
targeted to the basal dendrites and associated only
with synapses formed by the auditory nerve (Hunter
et al., 1993; Rubio and Wenthold, 1997; Wang et al.,
1998). Since AMPA receptors containing the GluA4-
flop subunit display a rapid response time course
(Mosbacher et al., 1994), this may be a property
essential for encoding timing information in sound
processing (Raman et al., 1994). Miniature EPSCs
(mEPSCs) that arise from auditory nerve inputs pos-
sess rapid kinetics and are blocked by PhTx (philan-
thotoxin), a selective inhibitor of GluA2-lacking
AMPA receptors (Gardner et al., 1999). In contrast,
mEPSCs associated with parallel fibers are resistant
to PhTx and possess slower kinetics. These data sug-
gest that in addition to GluR4 segregation, GluA2 is
also differentially targeted across the cochlear neuron
somato-dendritic axis (Rubio and Wenthold, 1997).

Studies of both developmental and plasticity mech-
anisms, particularly in the hippocampus and cortex,
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Fig. 24. AMPA receptor expression in different neurons. (A) Upper panel:
Current recordings illustrate how neuronal firing properties match
AMPA receptor signaling. In the hippocampus, the CA1l pyramidal cells,
hilar mossy cells, and hilar interneurons can be distinguished by their dis-
tinct firing properties. Lower panel: Current responses in excised outside-
out patches to 1 millisecond (red) or prolonged (black) glutamate reveal
that the gating kinetics of AMPA receptors are slower in pyramidal cells
and mossy cells than in interneurons. Unpublished current and voltage-
clamp records are from Ryan Alexander, Yuhao Yan, and Derek Bowie. (B)
Upper panel: In the cerebellum, stellate and Purkinje cells show distinct
firing properties. Lower panel: AMPA receptors in patches pulled from
these neurons showed different responses to brief (green) and prolonged
(black) application of glutamate. Reproduced with permission from Alex-
ander et al. (2019) and Dawe et al. (2019).

suggest that there are more than one population of
AMPA receptors at any given synapse. AMPA recep-
tors at individual synapses can assemble as hetero-
meric assemblies of GluAl/2 or GluA2/3 subunits
(Wenthold et al., 1996; Shi et al.,, 2001; Lu et al.,
2009), which play different roles during synapse
strengthening. GluA1/2 receptors traffic into synapses
during periods of patterned activity after the activa-
tion of CaMKII, whereas GluA2/3 receptors constitu-
tively cycle into and out of synapses (Shi et al., 2001).
In addition, homomeric GluA1l receptors can be traf-
ficked to synapses to mediate potentiation at some
developmental stages and in response to different pat-
terns of synaptic stimulation, neuromodulatory sig-
naling, and drug exposure (Plant et al., 2006; Lu
et al., 2007b; Yang et al., 2010; Clem and Huganir,
2010; Qian et al., 2012; Wolf and Tseng, 2012; Sander-
son et al., 2016; Purkey et al., 2018).

In the cerebellum, migrating and mature cerebellar
granule cells express GluA2/4 heteromeric receptors
(Swanson et al., 1997b; Smith et al., 2000) as well as
ultra-low conductance channels that arise from RNA-
edited homomeric GluA2(R) receptors (Cull-Candy et al.,
1988; Smith et al., 2000). In cerebellar stellate cells, high-
frequency stimulation of parallel fiber input promotes a
switch from GluA2-lacking to GluA2-containing AMPA
receptors (Liu and Cull-Candy, 2000; Liu and Cull-Candy,
2005), which causes a change in the strength and Ca®*
permeability of the postsynaptic response. Light-evoked
synaptic activation of NMDA receptors also induces a
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switch from GluA2-containing to GluA2-lacking AMPA
receptors in certain retinal ganglion cells (Jones et al.,
2012). In hippocampal parvalbumin-containing inhibitory
neurons, excitatory synapses are populated by homomeric
GluA1 receptors early in development, which then acquire
GluA4 in a manner dependent on the secreted protein
Nptx2 (Pelkey et al., 2015) (Section V.B. Regulation by
Secreted Proteins). The expression of heteromeric GluA1/4
receptors endows rapid synaptic signaling to the parvalbu-
min-inhibitory interneuron. These findings establish that
the composition and functionality of AMPA receptors in
individual neurons and at individual synapses are regu-
lated during development and during periods of sustained
neuronal activity.

Much of this functional heterogeneity previously
observed can in part be explained by AMPA receptor
auxiliary proteins (Jackson and Nicoll, 2011a; Greger
et al., 2017). Indeed, most native AMPA receptors
assemble as a complex with a variety of auxiliary sub-
units, which can promote the forward trafficking of
AMPA receptors to the plasma membrane (Section
II1. Auxiliary Subunits). Knockout/knockdown studies
have demonstrated that TARPs and CNIH proteins
shorten the time course of AMPA receptor-mediated
synaptic events (Herring et al., 2013; Boudkkazi
et al.,, 2014) consistent with a role in lengthening
EPSCs (Table 2). Moreover, the slowing of recovery
from desensitization when AMPA receptors coexpress
with CKAMP44 (von Engelhardt et al., 2010) or
GSG1L (Shanks et al., 2012) controls short-term plas-
ticity and synaptic depression in dorsal lateral genic-
ulate nucleus relay neurons (Chen et al., 2018) or at
corticothalamic synapses (Kamalova et al., 2020).

Variations in the stoichiometry of the AMPA recep-
tor/auxiliary subunit complex may regulate the time
course of postsynaptic AMPA receptors. In the cere-
bellum, for example, stellate cells express AMPA
receptors that coassemble with two TARP auxiliary
subunits, whereas AMPA receptors expressed by cere-
bellar Purkinje cells possess four TARPs per receptor
(Dawe et al., 2019) (Fig. 25). Earlier biochemical anal-
ysis of AMPA receptors in the cerebellum suggested
that TARP stoichiometry was fixed (Kim et al., 2010),
but it was not resolved whether the number of TARPs
per AMPA receptor corresponded to partial (.e.,
one, two, or three TARPs) or full occupancy (four
TARPs) (Section III. Auxiliary Subunits). Structural
studies have argued that the composition of AMPA
receptor—-TARP complexes can be variable, as indi-
cated by analyses of AMPA receptors expressed by
cerebellar stellate, granule, and Purkinje cells (Dawe
et al., 2019; Miguez-Cabello et al., 2020). In the hippo-
campus, granule and CA1l pyramidal cells have an
AMPA receptor—-TARP stoichiometry of 1:2 or 1:4,
respectively (Shi et al., 2009). Proteomic analysis sug-
gests that a given AMPA receptor can interact with
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multiple different auxiliary subunits (Schwenk et al.,
2012), and cryo-EM studies reveal four binding sites
for TARPs, GSG1L, and CNIH3, creating opportuni-
ties for dual regulation (Section III. Auxiliary
Subunits).

4. AMPA Receptor Function in Glial Cells. Virtually
all iGluRs have been identified in astrocytes, oligo-
dendrocytes, and microglia (Ceprian and Fulton,
2019). For example, Ca®"-permeable AMPA recep-
tor—-mediated EPSCs have been recorded in oligoden-
drocyte precursor cells (Bergles et al., 2000), which
detect glutamate released from axons in white matter
(Kukley et al., 2007). AMPA receptor activation pro-
motes oligodendrocyte precursor cell survival and,
consequently, myelin production (Kougioumtzidou
et al., 2017). In the cerebellum, Bergmann glial cells
express AMPA receptors that are activated by gluta-
mate released at parallel fiber and climbing fiber to
Purkinje cell synapses (Bergles et al., 1997; Matsui
and Jahr, 2004). These AMPA receptor signals have
been suggested to guide Bergmann glia to envelop
climbing fiber synapses onto Purkinje cells (Matsui
and Jahr, 2004). Several reports suggest microglia
also can express AMPA receptors, although the role in
normal brain function and injury has not been fully
explored (Noda et al., 2000; Christensen et al., 2006;
Sivakumar et al., 2010; Wong et al., 2011).

5. Kainate Receptor Function in Development. Like
AMPA receptors, kainate receptors are expressed
early in life, suggesting a role in developmental pro-
cesses (Fig. 23) (Section VI. Developmental and
Regional Expression in the Central Nervous System).
Kainate receptor activity promotes axon motility in
DRG neurons (Tashiro et al., 2003), dendrite growth
in cortical neurons (Monnerie and Le Roux, 2006),
and maturation of the hippocampal mossy fiber-CA3
and CA3-CAl synapses (Marchal and Mulle, 2004;
Lauri et al., 2006). Mechanistic studies have uncov-
ered roles for GluK1l and Neto2 in promoting DRG
axon growth (Joseph et al., 2011; Vernon and Swan-
son, 2017). Furthermore, kainate application regu-
lates DRG axon growth in a concentration-dependent
manner via GluK5-mediated activation of collapsin-
response-mediator proteins (CRMPs) and voltage-
gated calcium channels (Marques et al., 2013; Quach
et al., 2015). In the cortex, GluK2 promotes dendrite
growth in pyramidal neurons, whereas GluK1 and
Netol promote dendrite maturation in interneurons
(Jack et al., 2019). GluK1 and GluK2 regulation of
dendritogenesis requires downstream activation of
NMDA receptors and voltage-gated calcium channels
(Jack et al., 2019).

Overexpression of either GluK1, GluK2, or GluK3
increases presynaptic puncta and broadens the active
zone in cultured neurons, whereas GluK2 or GluK5
knockdown reduces the density of presynaptic
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Fig. 25. AMPA receptor/TARP stoichiometry influences function in a cell-
specific manner in cerebellar neurons. (A) Left panel: Cryo-EM structures
of GluA2-tandem TARP y-2 complex with a stoichiometry of 2 auxiliary
subunits (PDB: 5KBU). Right panel: Native and recombinant AMPA
GluA1/2 receptor responses exhibit a linear relationship between the rate
of the onset of desensitization (r) and the degree of desensitization
(steady-state/peak current ratio as %). The relationship between rate and
extent of desensitization for stellate cells best matched that for recombi-
nant AMPA receptors that had a constrained stoichiometry of two TARP
7-2 subunits per AMPA receptor. (B) Left panel: Cryo-EM structures of
GluA2-tandem TARP y-2 complex with a stoichiometry of 4 auxiliary sub-
units (PDB: 6DLZ). Right panel: Purkinje cell relationship between rate
and extent of desensitization best matched with recombinant AMPA
receptors that had a constrained stoichiometry of four TARP y-2 subunits
per AMPA receptor. Adapted with permission from Dawe et al. (2019).

specializations (Sakha et al., 2016). At the Schaffer
collateral to CA1l synapse in vivo, Netol-mediated
trafficking of GluK1 to axon terminals promotes syn-
aptogenesis and synapse maturation (Vesikansa
et al., 2012; Orav et al., 2017). Moreover, loss of
GluK?2 impairs structural and functional maturation
of the complex presynaptic and postsynaptic special-
izations of mossy fiber to CA3 synapses (Lanore et al.,
2012).

The kainate receptor auxiliary subunits Netol and
Neto2 are also expressed early in development and
thus may influence kainate receptor expression and
function (Michishita et al., 2003, 2004). Axonal kai-
nate receptors at immature Schaffer collateral synap-
ses in the hippocampus tonically regulate glutamate
release during synaptogenesis (Lauri et al., 2005;
Lauri et al., 2006; Sakha et al., 2016). This functional
role is absent in circuits from Netol KO mice, in
which the targeting of kainate receptors to axonal
domains is reduced (Orav et al., 2017). Netol is also
required for postsynaptic targeting of kainate recep-
tors in CA3 interneurons during development; genetic
ablation does not alter basal levels of excitability but
attenuates circuit activity in response to kainate
receptor activation (Orav et al., 2019).
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6. Kainate Receptor Function in Presynaptic Signal-
ing. Presynaptic kainate receptors have well estab-
lished roles in the bidirectional regulation of
glutamate and GABA release, as discussed in several
excellent reviews (Lerma and Marques, 2013; Sihra
and Rodriguez-Moreno, 2013; Pressey and Woodin,
2021) (Fig. 26). The majority of this work has been in
the hippocampus, but presynaptic kainate receptor
function is also apparent in the amygdala (Braga
et al., 2003, 2009; Aroniadou-Anderjaska et al., 2012;
Negrete-Diaz et al., 2012), cortex (Jouhanneau et al.,
2011; Andrade-Talavera et al., 2013; Gelsomino et al.,
2013; Rodriguez-Moreno and Sihra, 2013), cingulate
cortex (Wu et al., 2007b), cerebellum (Delaney and
Jahr, 2002; Cervetto et al., 2010; Falcon-Moya et al.,
2018), periaqueductal gray (Nakamura et al., 2010),
striatum (Marshall et al., 2018), and thalamus
(Miyata and Imoto, 2009). Presynaptic DRG kainate
receptors regulate release of glutamate from synapses
in the superficial dorsal horn of the spinal cord (Ker-
chner et al., 2001). A number of underlying mecha-
nisms have been identified, including canonical
ionotropic calcium-dependent mechanisms, G pro-
tein—-mediated protein kinase A (PKA) or PKC signal-
ing, and G protein—independent PKA signaling
(Negrete-Diaz et al., 2018; Pressey and Woodin, 2021)
(Fig. 26). More recently, several studies suggest pre-
synaptic kainate receptors work cooperatively with
cannabinoid receptors to control release of glutamate
(Marshall et al., 2018) and GABA (Daw et al., 2010;
Lourenco et al., 2010, 2011; Wyeth et al., 2017). In
addition, kainate receptors modulate release of gluta-
mate through presynaptic mechanisms at mossy fiber
synapses (Contractor et al., 2000; Kamiya and Ozawa,
2000; Schmitz et al., 2000).

7. Kainate Receptor Function in Postsynaptic Signal-
ing. By contrast to AMPA receptors, the roles
played by postsynaptic kainate receptors in glutama-
tergic transmission have been difficult to define
because of myriad modulatory effects ascribed to
these receptors as well as their ability to signal via
ionotropic and metabotropic pathways (Frerking and
Nicoll, 2000; McBain and Fisahn, 2001; Lerma, 2003;
Bowie, 2010; Perrais et al., 2010; Contractor et al.,
2011; Akgul and McBain, 2016; Valbuena and Lerma,
2016). The first recordings of kainate receptors in
acutely isolated sensory neurons from the rat DRG,
which express GluK1 (Sato et al., 1993), exhibited
rapid desensitization in response to the agonist kai-
nate, which is in contrast to the nondesensitizing
AMPA receptor response to kainate (Huettner, 1990;
Patneau and Mayer, 1990). The agonists domoate,
kainate, and glutamate all have a higher potency at
kainate receptors compared with AMPA receptors,
and kainate receptors recover from desensitization
nearly ten times more slowly than AMPA receptors
(Huettner, 1990; Patneau and Mayer, 1990; Jonas
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et al., 1994). In the CNS, kainate receptors were iden-
tified in cultured embryonic/early postnatal hippo-
campal neurons (Lerma et al., 1993; Ruano et al.,
1995) and glial progenitor cells (Patneau et al., 1994;
Puchalski et al., 1994), and were divided into low-
affinity (GluK1, GluK2, and GluK3) and high-affinity
(GluK4 and GluK5) subunits (Bettler et al., 1990;
Egebjerg et al., 1991; Werner et al.,, 1991; Bettler
et al., 1992; Herb et al., 1992; Sakimura et al., 1992).
Kainate receptors are expressed throughout the CNS,
with GluK2 and GIuK5 subunits being the most
abundant (Wisden and Seeburg, 1993), which is con-
sistent with de novo GluK2 variants identified in
patients with intellectual disability (Section X. Gluta-
mate Receptors in Disease) and GluK2-mediated neu-
rotoxicity in Huntington’s disease (Rubinsztein et al.,
1997; MacDonald et al., 1999).

The noncompetitive NAMs of AMPA receptors
GYKI-52466 and GYKI-53655 (Section IX. Exogenous
Positive and Negative Allosteric Modulators) can iso-
late neuronal kainate receptor responses by blocking
the almost 10-fold larger response mediated by AMPA
receptors (Paternain et al., 1995) and have been used
to demonstrate functional synaptic kainate receptors
(Roche and Huganir, 1995; Castillo et al., 1997;
Vignes and Collingridge, 1997) for both inhibitory
interneurons and principal neurons (Chittajallu et al.,
1996; Clarke et al., 1997; Rodriguez-Moreno et al.,
1997; Cossart et al., 1998; Frerking et al., 1998;
Bureau et al.,, 1999). Contrary to the rapid time
course of recombinant kainate receptors studied in
heterologous expression systems, most synaptic kai-
nate receptors mediate a slow excitatory response
that increases in amplitude during repetitive activa-
tion (Castillo et al., 1997; Vignes and Collingridge,
1997; Cossart et al., 1998; Frerking et al., 1998) (Fig.
26). However, not all synaptic kainate receptors
exhibit slow gating behavior, as relatively rapid syn-
aptic kainate receptor responses have been observed
in the retina (DeVries and Schwartz, 1999), hippo-
campal interneurons (Cossart et al., 2002), and hippo-
campal granule cells in a model of temporal lobe
epilepsy (Epsztein et al., 2005). In addition, in the
ground squirrel retina, different OFF bipolar cell sub-
types express a distinct complement of kainate (or
AMPA) receptors to achieve different time courses of
recovery from desensitization and, consequently, distinct
responses to light-evoked reductions in glutamate release
from photoreceptors (DeVries, 2000). To complicate mat-
ters further, kainate receptors expressed by hippocampal
interneurons and DRG neurons can signal via a G pro-
tein—coupled metabotropic pathway that is proposed to
diminish inhibitory neurotransmitter release by inhibit-
ing voltage-gated Ca®" channels (Rodriguez-Moreno and
Lerma, 1998; Rozas et al., 2003; Rutkowska-Wlodarczyk
et al., 2015) (Fig. 26). Another metabotropic action of



360 Hansen et al.
A1 B1 C1
KAR KAR
Na*
CaZ+
Glu/GABA Glutamate Glutamate
KAR I
AMPAR/GABAR KAR AMPAR @ AMPAR KAR
A2 Presynaptic Bz Postsynaptic C2 Postsynaptic
Neurotransmitter Release Intrinsic Excitability Depolarization

Glutamate Release (fEPSP)

Pyramidal cells

Mossy fiber-CA3 pyramidal

| |
| |
| |
| |
| |
| |
PTX treated ' |
v _._' | Control '
e | |
| |
| |
| |
| |
<4— Domoate | | 5pA
i | _tm|
<+— Control —» | . |
! 0.2 uM kainate : Thalamocortical
| |
GABA Release (IPSCs) I Interneurons A WA
Control | | it 2pA
: Control 50 o : Teaony = 203 mMs 25 ms |
20 pA : 100 ms : » —
Ls I | ATPA | Ay,
Kainate 3 pM : ‘ : Eavpaony = 3:5 s
4 | s _’4 p— _'7‘2.-...5,.,1 w— — | 5pA
| L y |
I 1

MMWMWWW

ZSEI
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(1999) (C) (Copyright 2001, 2007, 2010 Society for Neuroscience).

kainate receptors on cellular excitability is the long-last-
ing inhibition of slow Ca®'-activated K' channels
expressed by CAl hippocampal pyramidal cells (Melyan
et al., 2002, 2004).

The response time course of recombinant GluK2/5
receptors closely matches the response time course of
the slow synaptic kainate receptors (Barberis et al.,
2008). Kinetic analysis of agonist response time

course suggests that only partial occupancy of the
receptor is necessary to bring about channel activa-
tion and slow deactivation (Barberis et al., 2008).
Given that GluK2/5 have a higher apparent affinity
for glutamate than GluK2 receptors alone (Barberis
et al., 2008), it was proposed that occupancy of GluK5
brings about activation, whereas occupancy of GluK2
triggers desensitization (Mott et al., 2010; Fisher and
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Mott, 2011). Kainate receptor—mediated EPSCs are
faster in GluK5 KO mice (Contractor et al., 2003) but
not as fast as would be expected if GluK5 solely
accounted for slow synaptic time course.

In addition to the role of GluK5 in slowing synaptic
currents, Neto2 (Zhang et al., 2009b) and Netol
(Straub et al., 2011a; Tang et al., 2011) further slow
the kainate response time course [reviewed in Copits
and Swanson (2012)] (Sections III. Auxiliary Subunits
and IV. Receptor Activation, Deactivation, and Desen-
sitization), fully accounting for the temporal charac-
teristics of kainate receptor—-mediated EPSCs (Tomita
and Castillo, 2012). In the hippocamus, knockout of
Netol but not Neto2 accelerates the time course of
kainate-mediated synaptic events between mossy
fibers and CA3 principal neurons (Straub et al.,
2011a; Tang et al., 2011). Netol association with post-
synaptic mossy fiber kainate receptors may lengthen
the temporal window for summation of excitatory
input and thereby increase the probability of spike fir-
ing (Straub et al., 2011a). Neto2 slows kainate
responses in cultured hippocampal neurons (Zhang
et al.,, 2009b; Copits et al.,, 2011; Straub et al.,
2011a,b). Netol regulates somatodendritic kainate
receptors in different interneuron types, whereas
both Netol and Neto2 influence kainate receptors at
presynaptic terminals (Wyeth et al., 2017).

Kainate receptor function has been examined at
cortical synapses [e.g., Wu et al. (2005)], but the rele-
vance of their signaling to higher-order cognitive
processing is unexplored. In the entorhinal cortex,
kainate receptors contribute to up-states (Digby et al.,
2017), possibly through layer 3 pyramidal neurons
(Cunningham et al., 2006; West et al., 2007). The
pharmacological properties of these entorhinal cur-
rents and the expression patterns suggest that
GluK2- and GluK5-containing receptors underlie this
function (West et al., 2007; Beed et al., 2009). Kainate
receptors also play a role in central pain and itch per-
ception (Descalzi et al., 2013).

D. Roles of NMDA Receptors in Neuronal Functions

NMDA receptors are multifaceted signaling com-
plexes with wide-ranging, context-dependent influ-
ence on neuronal function. NMDA receptors are
localized to presynaptic, postsynaptic, and extrasynaptic
compartments where they regulate neurogenesis,
neurite development, synapse formation, synaptic
transmission, synaptic plasticity, and neuronal excit-
ability (Figs. 21 and 22).

1. Neurogenesis and Neuronal Migration. NMDA
receptors are expressed early in CNS development to
impact the generation of neurons as well as their
migration. In Xenopus laevis, neural plate cells
express NMDA receptor-mediated currents, and dis-
rupting NMDA receptor activity impairs neural tube
formation in chicken and X. laevis embryos (Andaloro
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et al.,, 1998; Rosenquist et al., 1999; Brauer and
Rosenquist, 2002; Sequerra et al., 2018). In mammals,
NMDA receptor expression does not begin until after
neural tube closure (Bennett et al., 2006), and concor-
dantly, complete GluN1 or GluN2B KO does not
impact neurulation in mice (Forrest et al., 1994; Li
et al., 1994). Subsequently, NMDA receptor activity
supports mammalian neurogenesis in the fetal brain
by promoting neural progenitor cell proliferation
(Sadikot et al., 1998; Luk et al., 2003; Suzuki et al.,
2006; Mochizuki et al., 2007; Li et al., 2011a). In addi-
tion, there is evidence to indicate NMDA receptor
activity also has an impact of neural migration.
NMDA receptors promote migration of cerebellar
granule cells and glutamatergic cortical neurons
in vitro (Komuro and Rakic, 1993; Behar et al., 1999;
Hirai et al., 1999; Hirasawa et al., 2003; Mancini and
Atchison, 2007; Tarnok et al., 2008). In vivo, NMDA
receptor agonist and antagonist administration
causes abnormal cortical architecture, which is indic-
ative of altered radial neuronal migration (Marret
et al., 1996; Reiprich et al., 2005). However, GluN1
deletion does not have significant effects on cortical
architecture (Messersmith et al., 1997; Iwasato et al.,
2000), although GRIN1 de novo variants have been
associated with cortical abnormalities (Fry et al.,
2018). Interestingly, AMPA but not NMDA receptors
regulate hippocampal interneuron migration (Manent
et al., 2006; Bortone and Polleux, 2009).

In contrast to early development, NMDA receptor
activity can restrict neurogenesis as the brain
matures. In the postnatal and adult dentate gyrus,
NMDA receptor blockade increases neural progenitor
cell proliferation (Gould et al., 1994; Cameron et al.,
1995; Bernabeu and Sharp, 2000; Nacher et al., 2001;
Kitayama et al., 2003; Nacher et al., 2003; Okuyama
et al., 2004; Bursztajn et al., 2007; Bunk et al., 2014).
This blockade can cause a long-lasting increase in
adult-born neurons while also depleting the precursor
cell population, potentially restricting behaviorally
relevant neurogenesis that may be required at a later
time (Joo et al., 2007; Petrus et al., 2009). This find-
ing is important given the clinical use of memantine
and ketamine, which accelerate progenitor cell prolif-
eration and differentiation in the dentate gyrus (Mae-
kawa et al., 2009; Namba et al., 2009; Zhao et al.,
2014; Choi et al., 2016; Soumier et al., 2016; Ma
et al., 2017; Michaelsson et al., 2019; Yamada and
Jinno, 2019). Cell-specific GluN1 or GluN2B knock-
down in postnatal subventricular and subgranular
zone progenitor cells reduces survival of adult-born
neurons in the olfactory bulb and dentate gyrus,
respectively (Tashiro et al., 2006; Platel et al., 2010;
Kelsch et al.,, 2012). These conflicting outcomes on
adult-born neuronal survival between genetic and
pharmacological manipulations suggest that there are
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unknown cell-type—specific roles for NMDA receptors
in neurogenesis. Furthermore, the timing and mecha-
nisms of NMDA receptors in transitioning from pro-
moting proliferation in embryonic development to
restricting proliferation in the adult are unknown.

2. Neurite Development.  Subtype-specific NMDA
receptor signaling has a complex role in the initial
stages of neuronal differentiation both promoting and
inhibiting growth of axons and dendrites. Investigations
of topographic sensory map formation revealed that
NMDA receptors regulate axonal arborization, and dis-
rupting NMDA receptor function causes axons to over-
lap erroneously in the visual and somatosensory
systems (Cline et al., 1987; Cline and Constantine-
Paton, 1989; Simon et al., 1992; Iwasato et al., 1997;
Rajan et al., 1999; Ramoa et al., 2001; Ruthazer et al.,
2003; Lee et al., 2005; Yamasaki et al., 2014; Van Horn
et al., 2017). Initially, dendritic NMDA receptors were
thought to orchestrate axonal arborization through ret-
rograde signaling (Schmidt, 2004), but more recent
studies indicate axonal NMDA receptors regulate axon
growth and pathfinding by controlling axon dynamics
(Gao et al., 2018b). NMDA receptors also regulate pre-
synaptic terminal maturation by promoting assembly of
synaptic vesicle and active zone proteins (Corlew et al.,
2007, 2008; Sceniak et al., 2012; Gill et al., 2015).

During embryonic and early postnatal development,
NMDA receptors promote dendrite dynamics, growth,
and branching in Xenopus tectal neurons and rat spi-
nal motor neurons (Kalb, 1994; Rajan and Cline,
1998; Rajan et al., 1999). NMDA receptor activation
is triggered by spontaneous glutamate release from
developing axons to promote dendrite growth prior to
axodendritic contact (Andreae and Burrone, 2015).
However, in the P14 ferret brain, NMDA receptor
blockade increases dendrite length in cortical neurons
and dendrite branching in the lateral geniculate
nucleus (Rocha and Sur, 1995; McAllister et al.,
1996). These opposing results may be due to subunit-
specific and context-dependent recruitment of NMDA
receptor signaling via the GTPase RhoA, which pro-
motes dendrite growth (Li et al.,, 2000, 2002; Sin
et al., 2002) versus CaMKII signaling, which pro-
motes dendrite stability (Wu and Cline, 1998; Gaudil-
liere et al., 2004; Ghiretti et al., 2013).

GluN2B signaling promotes dendrite growth, and
GluN2A signaling facilitates dendrite refinement and
stability in glutamatergic neurons (Espinosa et al.,
2009; Sepulveda et al., 2010; Bustos et al., 2014; Sce-
niak et al., 2019). However, such effects are context-
specific, as indicated by the finding that GluN2B-
CaMKII signaling limited dendrite growth in imma-
ture cultured neurons (5 days in vitro) but enhanced
growth in older neurons (12 days in vitro). Further-
more, artificially enhancing an interaction between
GluN2A and CaMKII reactivated dendritogenesis
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in vivo (Bustos et al.,, 2017). NMDA receptors also
regulate dendrite development in GABAergic inter-
neurons (Chittajallu et al., 2017; Pla et al., 2018;
Hanson et al., 2019), with GluN2D activation being
required during a critical developmental window for
proper cortical interneuron dendrite arborization
(Hanson et al., 2019).

3. Synapse Formation. Many studies suggest that
synaptogenesis triggers NMDA receptor clustering at
nascent glutamatergic synapses (Cottrell et al., 2000;
Washbourne et al., 2002), allowing NMDA receptors
to regulate dendritic spine formation, maturation,
and stabilization in developing and mature neurons
(Engert and Bonhoeffer, 1999; Maletic-Savatic et al.,
1999; McKinney, 2010; Kwon and Sabatini, 2011;
Yasuda et al., 2011). Indeed, NMDA receptor activity
has a well established role in synaptic refinement by
controlling the pruning and strengthening of imma-
ture synapses during development (Rabacchi et al.,
1992; Zhang et al., 2000; Luthi et al., 2001; Colonnese
and Constantine-Paton, 2006; Zhang et al., 2013; Per-
sonius et al., 2016). However, depolarization can
induce NMDA receptor clustering in the absence of
synaptic contacts (Tao-Cheng et al., 2015), and sev-
eral studies challenge the idea that glutamate release
or NMDA receptors are required for dendritic spine
formation in the developing nervous system (Verhage
et al., 2000; Varoqueaux et al., 2002; Lu et al., 2013;
Sigler et al., 2017). Thus, an alternative theory pro-
poses that NMDA receptors control activity-depen-
dent synapse refinement and elimination after circuit
formation but are not required for neurite growth or
synapse formation in developing neurons.

Several lines of evidence suggest GluN2B-mediated
signaling supports dendritic spine dynamics and syn-
apse refinement to exert a brake on synapse matura-
tion, whereas GluN2A-mediated signaling hinders
spine dynamics and promotes synapse maturation
and stabilization (Ohno et al., 2010; Gray et al., 2011;
Wang et al., 2011a; Henle et al., 2012; Kelsch et al.,
2014; Wang et al., 2021). Subunit-specific regulation
of synapse maturation depends upon distinct CTD
interactions, with GluN2B-CaMKII signaling playing
an important role [Alvarez et al. (2007), Gambrill and
Barria (2011), E1 Gaamouch et al. (2012), Dupuis
et al. (2014); but see McKay et al. (2018)]. GluN2B-
containing NMDA receptors are constitutively traf-
ficked to most forebrain glutamatergic synapses,
whereas GIuN2A trafficking is activity-dependent
(Barria and Malinow, 2002; Aizenman and Cline,
2007; Storey et al., 2011).

NMDA receptors are also critical in inhibitory syn-
apse development. Chronic NMDA receptor blockade
alters GABAergic synapse number (Aamodt et al.,
2000; Rosato-Siri et al., 2002; Henneberger et al.,
2005). GluN1 deletion from hippocampal pyramidal
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neurons impaired inhibitory synapse formation via a
mechanism requiring a calmodulin binding motif in
the GluN1 CTD (Lu et al., 2013; Gu et al., 2016b).
GluN2D-mediated signaling may be particularly
involved, since GluN2D-selective inhibition reduces
GABAergic synapse density in the adult cortex (Han-
son et al., 2019). Interestingly, GluN2D is highly
expressed in early postnatal development, but the
role of GIuN2D in the effects of GluN1 deletion or
nonselective NMDA receptor blockers is unknown. In
addition, NMDA receptors are embedded postsynapti-
cally with GABA receptors at some developing
GABAergic synapses, suggesting a unique develop-
mental mechanism in formation of these synapses
(Gundersen et al., 2004; Szabadits et al., 2011; Cserep
et al., 2012).

4. Presynaptic Signaling. Presynaptic NMDA
receptors control synaptic transmission by influencing
neurotransmitter release (Aoki et al., 1994; Charton
et al., 1999; Corlew et al.,, 2008). NMDA receptors
enhance both spontaneous and evoked glutamate
release at synapses in the cortex (Berretta and Jones,
1996; Woodhall et al., 2001; Sjostrom et al., 2003; Cor-
lew et al., 2007; Larsen et al., 2011b), hippocampus
(McGuinness et al., 2010; Prius-Mengual et al., 2019),
cerebellum (Glitsch and Marty, 1999; Bidoret et al.,
2009), and spinal cord (Robert et al., 1998; Bardoni
et al., 2004). Presynaptic NMDA receptors also regu-
late neurotransmitter release at GABAergic synapses
in the reticular nucleus of the thalamus (Crabtree
et al., 2013), cortex (Pafundo et al., 2018), and cere-
bellum (Duguid and Smart, 2004; Rossi et al., 2012).
Ambient glutamate likely activates NMDA receptors
regulating spontaneous release, whereas action
potential-driven release is likely mediated by autor-
eceptors or by glutamate spillover from adjacent
synapses (Duguid and Smart, 2004). Distinct down-
stream signaling may also be involved, as a Mg?"-
insensitive and Ca®*-independent pathway involv-
ing PKC and/or c-Jun N-terminal kinase is linked to
regulation of spontaneous release, whereas a canoni-
cal Mg?*-sensitive mechanism is linked to evoked
glutamate release (Kunz et al., 2013; Nistico et al.,
2015; Abrahamsson et al., 2017; Marcelli et al.,
2019).

NMDA receptor regulation of neurotransmitter
release can be target-specific, as layer 5 cortical neu-
rons express presynaptic NMDA receptors at synap-
ses onto other principal cells and somatostatin-
positive interneurons but not parvalbumin interneur-
ons (Sjostrom et al., 2003; Buchanan et al., 2012). In
addition, presynaptic NMDA receptors are present at
only a subset of synaptic inputs onto a single neuron
type (Brasier and Feldman, 2008; Corlew et al., 2008;
Christie and Jahr, 2009; Banerjee et al., 2014; Larsen
et al., 2014). GluN2B-containing receptors make up
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the majority of presynaptic NMDA receptors in the
cortex, but GluN2D may also regulate presynaptic
release in the hippocampus and cerebellum (Mameli
et al., 2005; Berg et al., 2013; Dubois et al., 2016;
Prius-Mengual et al., 2019). In addition, several stud-
ies implicate GIuN2A in presynaptic regulation of
neurotransmitter release in the spinal cord (Xie et al.,
2016) and the parallel fiber—Purkinje cell synapse in
the cerebellum (Bidoret et al., 2009).

5. Postsynaptic Signaling. The primary function of
postsynaptic NMDA receptors is to transduce synap-
tic signals by mediating excitatory synaptic currents
and initiating Ca®"-dependent intracellular signaling.
Because depolarization is required to relieve channel
block by extracellular Mg?", NMDA receptor activity
can detect coincident activity of presynaptic and post-
synaptic neurons—a mechanism critical for some
types of synaptic plasticity. A classic role of postsyn-
aptic NMDA receptors is to modify the function,
structure, and molecular composition of synapses via
Ca?*-dependent activation of local intracellular sig-
naling pathways, cytoskeleton dynamics, and syn-
apse-to-nucleus signaling plasticity (Section V.F.
Mechanisms of Synaptic Plasticity).

The impact of NMDA receptor activation on neuro-
nal function depends upon receptor composition, as
the properties of the NMDA receptor will control the
amount of Ca®" entering the postsynaptic spine, with
overall charge transfer through NMDA receptors
impacted by open probability, deactivation time
course, Mg?" sensitivity, and Ca®" permeability—all
properties that vary with the GIluN2 subunits in the
NMDA receptor subtypes (Section IV. Receptor Activa-
tion, Deactivation, and Desensitization and Table 1).
For example, GluN1/2A has a high open probability
but fast kinetics, whereas GluN1/2B has lower open
probability and deactivates more slowly. GluN1/2C
has a very low open probability and deactivates
slowly, whereas GluN1/2D has low open probability
and deactivates very slowly. De novo missense muta-
tions that have specific effects on response time
course are clearly disease-causing (Swanger et al.,
2016) (Section X. Glutamate Receptors in Disease),
suggesting that the deactivation time course is an
important determinant of circuit function as well as
potential developmental and compensatory processes.
Moreover, synapses expressing GluN2D, such as
Schaffer collateral to hippocampal interneuron synap-
ses, exhibit prolonged NMDA receptor—mediated cur-
rents compared with Schaffer collateral to pyramidal
neuron synapses, which express GluN2A and GluN2B
(von Engelhardt et al., 2015; Swanger et al., 2018; Yi
et al., 2019, 2020). The recruitment of triheteromeric
NMDA receptors, such as GluN1/2A/2B, GluN1/2A/
2C, or GluN1/2B/2D, would allow additional diversity
in synapse function given their unique properties
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relative to diheteromeric NMDA receptor subtypes
(Hansen et al., 2014; Bhattacharya et al., 2018; Yi
et al., 2019). In the cerebellum, GluN2C and GluN2D
partner with GIluN2A and GIluN2B, respectively
(Brickley et al., 2003; Bhattacharya et al., 2018), and
may be recruited to synaptic or extrasynaptic sites
after synapse formation. In cerebellar granule cells
and cultured hippocampal neurons, GluN2C preferen-
tially assembles with either GIluN2A or GluN2B, with
negligible surface expression of diheteromeric GluN1/
2C, raising a question about whether GluN2C is pre-
dominantly present in triheteromeric receptors (Bhat-
tacharya et al., 2018). In spinal and subthalamic
neurons, synaptic currents appear to arise from
GIluN1/2B/2D receptors (Hildebrand et al., 2014;
Swanger et al., 2015). The only evidence for dihetero-
meric GluN1/2D receptors is from Purkinje cells prior
to establishing climbing fiber synapses (Misra et al.,
2000).

The requirement for depolarization to relieve Mg?*
block and allow current flow in combination with the
longer deactivation time of NMDA receptors allows
their responses to summate during trains of synaptic
input, which is necessary for synaptic activity to drive
action-potential firing (Stuart and Spruston, 2015;
Iacobucci and Popescu, 2017a). Thus, NMDA recep-
tors are critical to the primary function of neurons,
which is to integrate synaptic signals and transduce
them into patterns of neuronal activity. Nonetheless,
the interplay of NMDA and AMPA receptor activities
in regard to membrane potential changes and current
flow is complex, given the effects of depolarization
on the driving forces for current flow [e.g., Poleg-Polsky
and Diamond (2016)]. One form of dendritic integration
is the nonlinear summation of NMDA receptor-mediated
synaptic potentials that generate large, sometimes regen-
erative, dendritic potentials referred to as “NMDA
spikes” (Schiller et al., 2000). In the cortex and thala-
mus, these depolarizing potentials enhance neuronal
excitability and drive action potential generation directly
(Losonczy and Magee, 2006; Major et al., 2008; Larkum
et al., 2009; Manita et al., 2011; Lavzin et al.,, 2012;
Smith et al., 2013; Farinella et al., 2014). NMDA recep-
tors may generate depolarizing potentials indirectly via
activating voltage-gated Ca®" channels that facilitate
dendritic calcium spikes capable of inducing action-
potential bursts (Calton et al., 2000; Wei et al., 2001;
Milgjkovic et al., 2004; Polsky et al., 2009; Palmer et al.,
2014). NMDA receptor—generated dendritic calcium
spikes can also shape dendritic spine structural plasticity
(Dittmer et al., 2019) and rapid signaling to the nucleus
that can regulate gene transcription (Wild et al., 2019).
One example is spike timing-dependent plasticity, in
which NMDA receptor activation can produce synaptic
plasticity depending on its relation to a back-propagating
action potential in the dendrite, which can relieve Mg*"
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block to enhance NMDA receptor activation if it precedes
presynaptic release of glutamate or produce a different
outcome if it follows glutamatergic transmission
(Supplemental Fig. 8). In addition, NMDA receptors are
predicted to contribute to burst firing in subthalamic
neurons that may reflect integration of multiple synaptic
inputs (Kubota and Rubin, 2011). Postsynaptic NMDA
receptor activity also regulates synaptic transmission
by activating small conductance Ca®"-activated potas-
sium channels (SK channels) (Cai et al., 2004; Faber
et al., 2005; Ngo-Anh et al., 2005; Faber, 2010; Seong
et al., 2014; Bock and Stuart, 2016; Babiec et al., 2017)
as well as large-conductance Ca®*- and voltage-gated
K" channels (BK channels) (Isaacson and Murphy,
2001; Zhang et al., 2018a), which shunt excitatory syn-
aptic transmission (Kshatri et al., 2018).

6. Extrasynaptic NMDA Receptors. Extrasynap-
tic NMDA receptors include receptors expressed in
somas, dendritic shafts, and perisynaptic regions.
Morphologically, extrasynaptic receptors lie more
than 100 nm away from the postsynaptic density,
with perisynaptic receptors generally being 100-300
nm from the postsynaptic density (Kohr, 2006; Groc
et al., 2009; Hardingham and Bading, 2010; Petralia
et al., 2010). However, many physiologists define syn-
aptic NMDA receptors as those activated by low-
frequency synaptic activity, such as spontaneous syn-
aptic release, and extrasynaptic receptors are not typ-
ically activated under these conditions (Tovar and
Westbrook, 1999; Chen and Diamond, 2002; Harris
and Pettit, 2007; Zhang and Diamond, 2009). Perisy-
naptic receptors are activated by spillover of synaptic
glutamate during high-frequency activity (Asztely
et al., 1997; Clark and Cull-Candy, 2002; Harris and
Pettit, 2008; Herman et al., 2011; Wild et al., 2015),
whereas NMDA receptors farther away from synapses
on dendritic shafts and somas are likely activated by
ambient glutamate (Sah et al., 1989; Cavelier and
Attwell, 2005; Herman and Jahr, 2007) or glutamate
released from astrocytes (Angulo et al., 2004; Bezzi
et al., 2004; Fellin et al., 2004; Jourdain et al., 2007;
Lee et al., 2007; Shigetomi et al., 2008; Bardoni et al.,
2010; Hamilton and Attwell, 2010; Nie and Weng,
2010; Fleming et al., 2011; Oh et al., 2012; Park et al.,
2015). It is also possible that synaptic NMDA recep-
tors in quiescent synapses may be activated by gluta-
mate spillover (“crosstalk”) from neighboring, active
synapses (Arnth-Jensen et al., 2002; Scimemi et al.,
2004; Henneberger et al., 2020), although the extent
to which this occurs is debated (Barbour, 2001).

Extrasynaptic NMDA receptors were detected
widely in the CNS more than 2 decades ago (Aoki
et al., 1997; Clark et al., 1997; Rao and Craig, 1997;
Kharazia and Weinberg, 1999; Valtschanoff et al.,
1999; Momiyama, 2000), but we still lack a clear pic-
ture of how synaptic versus extrasynaptic receptors
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are organized, the degree to which receptors move
between synaptic and extrasynaptic domains, and the
physiologic and pathophysiological roles for these two
receptor populations (Petralia, 2012; Papouin and
Oliet, 2014; Parsons and Raymond, 2014; Zhou et al.,
2015). Perisynaptic NMDA receptors may play a role
in long-term synaptic plasticity but also can diffuse
laterally into the synapse in an activity-dependent
manner, which blurs the distinction between synaptic
and extrasynaptic populations. Extrasynaptic recep-
tors are also well positioned to detect glial release of
glutamate, which can be triggered by G protein—
coupled receptor activation as well as other signals
(Mannaioni et al., 2001; Haroon et al., 2017; Kofuji
and Araque, 2021). Furthermore, NMDA receptors in
perisynaptic regions may have unique roles in den-
dritic excitability via activation of SK channels (Isaac-
son and Murphy, 2001) and “NMDA spikes” (Jourdain
et al., 2007; Oikonomou et al., 2012) due to their local-
ization near Ca?"- and voltage-activated channels.
Extrasynaptic NMDA receptors, particularly those
expressed on dendritic shafts and somas, mediate
tonic currents or slow inward currents that enhance
neuronal excitability in response to ambient gluta-
mate when the membrane potential is sufficiently
depolarized (Sah et al., 1989; Herman and Jahr, 2007;
Le Meur et al., 2007; Povysheva and Johnson, 2012;
Wu et al., 2012). Tonic NMDA receptor currents may
facilitate coupling between dendritic and somatic
compartments, enhancing action potential firing in
pyramidal neurons (Sah et al., 1989; Wu et al., 2012;
Riebe et al., 2016). Furthermore, tonic NMDA recep-
tor currents in interneurons regulate 7y oscillatory
activity (Mann and Mody, 2010), and slow inward cur-
rents activated by glial glutamate release contribute
to the synchronization of neuronal firing (Angulo
et al., 2004; Fellin et al., 2004, 2006; D’Ascenzo et al.,
2007; Nie and Weng, 2010). The hypothesis that
NMDA receptors containing GluN2C or GluN2D,
which have reduced Mg?" sensitivity and higher glu-
tamate potency relative to GIluN2A and GIluN2B,
mediate tonic currents is supported by studies in the
substantia nigra (Morris et al., 2018b), thalamus
(Zhang et al., 2012), and cortex (Hanson et al., 2019).
Extrasynaptic NMDA receptors were considered an
important mediator of excitotoxicity in neurons in
response to acute injury (Choi et al., 1987; Choi et al.,
1988), as discussed in several excellent reviews (Lai
et al., 2014; Li and Wang, 2016; Wang and Reddy,
2017; Olloquequi et al., 2018; Ge et al., 2020). Multi-
ple studies suggest that extrasynaptic NMDA recep-
tor signaling activates cell death pathways, whereas
synaptic NMDA receptors can support cell survival
(Sattler et al., 2000; Vanhoutte and Bading, 2003; Xu
et al., 2009; Hardingham and Bading, 2010; Kaufman
et al., 2012). Recent work contradicts these studies,
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however, by suggesting that synaptic receptors can
contribute to excitotoxic cell death, and perhaps acti-
vation of both synaptic and extrasynaptic NMDA
receptors is required to induce cell death (Papouin
et al., 2012; Wroge et al., 2012; Zhou et al., 2013a,b).
Thus, current evidence does not unequivocally sup-
port a rule for linking synaptic or extrasynaptic
NMDA receptors to cell survival or death. The two
populations likely make context-dependent contribu-
tions to excitotoxicity, and better methods for distin-
guishing and selectively manipulating signaling by
synaptic and extrasynaptic receptors will be required
to determine specific roles. Selective disruption of a
novel noncanonical Ca®*-independent signaling path-
way mediated by extrasynaptic NMDA receptors in
complex with TRPM4 channels prevents neuronal
death in models of stroke and retinal degeneration
(Yan et al., 2020).

7. GluN3-Containing NMDA Receptors. Functional
receptors that contain two GlulN1 and two GIuN3 sub-
units (GluN1/3) have been demonstrated in heterolo-
gous expression systems (e.g., Xenopus oocytes and
HEK cells) (Chatterton et al., 2002; Smothers and
Woodward, 2003, 2007, 2009; Wada et al., 2006; Awo-
buluyi et al., 2007; Madry et al., 2007, 2008, 2010;
Ulbrich and Isacoff, 2007, 2008; Schuler et al., 2008;
Cavara et al., 2009; Wee et al.,, 2010; McClymont
et al., 2012; Kvist et al., 2013a,b; Balasuriya et al.,
2014; Cummings and Popescu, 2016; Cummings
et al.,, 2017; Grand et al., 2018; Kaniakova et al.,
2018). NMDA receptors composed of GluN1, GluNZ2,
and GluN3 subunits (GluN1/2/3) have also been sug-
gested to exist [reviewed in Perez-Otano et al. (2016)],
but the expression of GluN1/2/3 is ambiguous and the
subunit stoichiometry is unresolved. The caveat that
a mixed population of GluN1/3 and GluN1/2 receptors
is expressed rather than GlulN1/2/3 receptors cannot
easily be excluded. This limited understanding of the
subunit composition of neuronal GluN3-containing
receptors has impeded studies of their physiologic
roles. However, glycine-activated neuronal currents
mediated by GluN3A-containing receptors have been
recorded from wild-type mouse hippocampal CA1 neu-
rons and are absent in GluN3A-deficient mice (Grand
et al., 2018; Otsu et al., 2019; Zhu et al., 2020). These
currents are insensitive to NMDA receptor antago-
nists, suggesting the receptor complex contains the
glycine-binding GIuN3A but not glutamate-binding
GluN2 subunits. The neuronal glycine responses
require the presence of the GluN1-selective competi-
tive antagonist CGP-78,608, which prevents desensi-
tization triggered by agonist binding to GluN1
(Section IV. Receptor Activation, Deactivation, and
Desensitization), allowing glycine binding to GluN3A
to activate the receptor. These data provide the first
unambiguous evidence for native GluN1/3A receptors.
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Despite this advance, GluN1/3 receptors have cryp-
tic activation properties that obscure their physiologic
roles. Although desensitization can be prevented by
GIluN1 binding site mutations or GluN1-selective
inhibitors, GluN1/GluN3 receptors in the CNS will be
tonically exposed to low glycine (or D-serine) concen-
trations (Bergeron et al., 1998; Billups and Attwell,
2003), resulting in occupancy at the high-affinity
GluN1 glycine binding site that will presumably pro-
duce desensitization of the GluN1/3 receptors (Grand
et al., 2018; Zhu et al., 2020). However, canonical ion-
otropic signaling mediated by GluN1/3 receptors may
be dependent on an unknown biologic context that
relieves this tonic desensitization (Grand et al., 2018).

GIluN3A expression restricts synapse maturation
(Perez-Otano et al., 2006; Roberts et al., 2009; Henson
et al., 2012; Fiuza et al., 2013; Kehoe et al., 2014),
and neurons in GIuN3A KO mice have increased
spine density compared with wild-type mice (Das
et al., 1998). Studies of the role of GluN3A as a molec-
ular brake on synapse maturation have focused on
the intracellular CTD of GluN3A and its interactions
with proteins involved in spine plasticity [reviewed in
Perez-Otano et al. (2016)]. The postsynaptic scaffold-
ing protein GIT1 forms an interaction with the
GIuN3A CTD that is critical to the prevention of syn-
apse maturation (Fiuza et al., 2013; Kehoe et al.,
2014) and facilitates activation of Racl and its effec-
tor PAK1 to promote synapse rearrangements and
stabilization (Zhang et al., 2003, 2005). The GIuN3A
CTD has also been shown to interact with PP2A,
microtubule associated protein 1S (MAP1S), MAP1B,
plectin, CARP1, GPS2, and RHEB [Chan and Sucher
(2001), Eriksson et al. (2007a,b), Eriksson et al.
(2010); reviewed in Perez-Otano et al. (2016)].
Increased surface expression of GIuN3A due to dis-
rupted interaction with PACSIN1 has been suggested
to contribute to behavioral impairments in Hunting-
ton’s disease (Marco et al., 2013, 2018; Mahfooz et al.,
2016). In this disease, aggregation of huntingtin pro-
tein disrupts the subcellular localization of PACSIN1,
thereby promoting cell surface expression of GluN3A-
containing NMDA receptors (Marco et al., 2013).
Genetic deletion of GluN3A slows motor and cognitive
decline and reduces neuronal loss in a Huntington’s
disease mouse model. GluN3A has been linked to
cocaine-evoked synaptic changes, and cocaine expo-
sure drives surface expression of GIuN3A in the ven-
tral tegmental area [Yuan et al. (2013), Creed et al.
(2016); see also Huang et al. (2013), Huang et al.
(2017)]. The physiologic roles of GluN3B-containing
NMDA receptors are less understood. GluN3B KO
mice show deficits in motor learning consistent with
GIluN3B expression in motoneurons (Section VI.
Developmental and Regional Expression in the Cen-
tral Nervous System) and show increased social
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interactions with familiar cage mates, decreased
social interaction in a novel environment, and moder-
ate anxiety-like behavior (Niemann et al., 2007).

E. Neuronal Functions of GluD Receptors

The GluD1 and GluD2 subunits show significant
sequence similarity to glutamate receptor subunits,
yet it remains uncertain whether they form functional
ion channels (Kakegawa et al., 2007a; Schmid et al.,
2009; Yuzaki and Aricescu, 2017). Rather, postsynap-
tic GluD receptors are shown to function as synaptic
organizer proteins through interactions between their
NTD and secreted Cblnl-4 proteins, which interact
with presynaptic Nrxn (Yuzaki and Aricescu, 2017;
Yuzaki, 2018; Dai et al., 2021). This Nrxn-Cbln-GluD
trans-synaptic interaction is involved in the formation
and maintenance of synapses in various brain
regions. Furthermore, p-serine can bind to the ABD
of GluD2 (Naur et al., 2007) and is an endogenous
ligand of GluD2 receptors expressed in Purkinje cells,
wherein D-serine binding triggers cerebellar LTD
(Kakegawa et al., 2011). p-Serine can also bind the
GluD1 ABD (Yadav et al., 2011).

1. GluD1 Receptors. GluD1 can bind to Cblnl and
Cbln2 (Yasumura et al., 2012), which in turn can
interact with presynaptic Nrxn cell adhesion mole-
cules (Ushkaryov et al., 1992; Ullrich et al., 1995;
Reissner et al., 2013; Dai et al., 2021). The Nrxn-
CbIn1-GluD complex has been studied in a coculture
system in which artificial synapse can be formed
between GluD expressing HEK293 cells and neurons
expressing Nrxn when Cblnl is provided into the
growth medium (Matsuda and Yuzaki, 2011; Ryu
et al., 2012; Elegheert et al., 2016). One Cblnl hex-
amer can recruit one neurexin on the presynaptic ter-
minal, and the Cblnl hexamer can bind to one GluD
dimer at the postsynaptic side through interaction
with the GluD NTD (Lee et al., 2012; Cheng et al.,
2016; Elegheert et al., 2016). GluD1 organizes excit-
atory synapses in the dorsal striatum through inter-
actions with Cblnl (Liu et al., 2020a). Ablating GluD1
reduces excitatory neurotransmission in medium
spiny neurons, decreases vGlut2 protein levels in ter-
minals from parafascicular thalamic neurons, and
impairs behavioral flexibility (Liu et al., 2020a). Fur-
thermore, GluD1 regulates the formation of synapses
from parallel fibers to molecular layer interneurons in
cerebellar cortex (Konno et al.,, 2014). GluD1 regu-
lates the formation of excitatory synapses in hippo-
campal CAl pyramidal cells through interactions
with Cbln2; increased spine density follows overex-
pression of GluD1 in CA1l pyramidal cells, with a
reciprocal reduction in spine density after knockdown
of GluD1 (Tao et al., 2018, 2019). GluD1 receptors can
also organize inhibitory synapses between cortical
interneurons and pyramidal neurons via interactions
with CbIn4, which is secreted by somatostatin-
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expressing interneurons (Yasumura et al., 2012;
Favuzzi et al., 2019; Fossati et al., 2019).

D-Serine and glycine elicit postsynaptic signaling
mediated by GluD1 that involves a guanine nucleo-
tide exchange factor, ARHGEF12 and the regulatory
subunit of protein phosphatase 1 (PPP1R12A) that
may be involved in the formation of inhibitory synap-
ses (Fossati et al., 2019). Studies with GluD1 KO
mice have consistently found increased dendritic
spine density in hippocampus and prefrontal cortex
along with reduced expression of GluAl and GluN2B
(Yadav et al., 2012, 2013; Gupta et al., 2015). GluD1
KO mice show higher spontaneous activity, lower anx-
iety-like behavior, increased aggressiveness, reduced
social interaction, deficits in learning, and altered
cocaine-conditioned place preference (Yadav et al.,
2012; Liu et al., 2018; Gantz et al., 2020; Nakamoto
et al., 2020a). GluD1-dependent currents have been
reported in raphe neurons in response to noradrener-
gic synaptic input, although the activating mecha-
nism has not been elucidated (Gantz et al., 2020).

2. GluD2 Receptors. GluD2 receptors are expressed
in cerebellar Purkinje cells at synapses in the distal
dendrites that receive parallel fiber input but are
excluded from synapses in proximal dendrites that
receive climbing fiber and molecular layer interneuron
input (Takayama et al., 1996; Landsend et al., 1997).
GluD2 receptors in Purkinje cells bind to Cblnl, which
is released from granule cells and also binds to presyn-
aptic Nrxn located on the parallel fiber terminals (Mat-
suda et al., 2009, 2010; Uemura et al., 2010). The
formation of the neurexin-Cblnl-GluD2 complex trig-
gers accumulation of proteins associated with the pre-
synaptic and postsynaptic sites (Hirai et al., 2005;
Matsuda and Yuzaki, 2011; Ito-Ishida et al., 2012;
Yamashita et al., 2013; Ichikawa et al., 2016). The num-
ber of parallel fiber to Purkinje cell synapses is reduced
in GluD2 KO mice (Kashiwabuchi et al., 1995; Kuri-
hara et al., 1997; Takeuchi et al., 2005), cerebellar LTD
is impaired (Torashima et al., 2009), and the loss of syn-
apses can be restored by introduction of GluD2 (Mat-
suda et al., 2010; Uemura et al., 2010). One Purkinje
cell in adult wild-type mice is normally innervated by a
single climbing fiber, but in GluD2 KO mice, multiple
climbing fibers can synapse onto one Purkinje cell
(Miyazaki et al., 2010; Hashizume et al., 2013). The
density of molecular layer to Purkinje cell synapses is
also increased in Cblnl KO mice, which can be restored
by recombinant Cblnl protein in a manner dependent
on the presence of GluD2 (Ito-Ishida et al., 2014).

GluD2 signaling is involved in cerebellar LTD in
parallel fiber to Purkinje cell synapses (Yuzaki, 2013),
which requires phosphorylation of AMPA receptors
followed by their removal from synaptic sites (Kohda
et al., 2013; Gallimore et al., 2016). The role of GluD2
in regulating AMPA receptor trafficking during
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cerebellar LTD requires the intracellular GluD2 CTD
(Kohda et al., 2007, 2013; Torashima et al., 2009). In
immature cerebellar slices, D-serine is released from
Bergman glia in response to the burst stimulation of
parallel fibers that trigger cerebellar LTD, which is
dependent on D-serine binding to GluD2 (Kakegawa
et al., 2011; Elegheert et al., 2016). Thus, D-serine
could be an endogenous agonist of GluD2 receptors,
although ion channel activity has not been detected
in response to D-serine binding (Naur et al., 2007;
Hansen et al., 2009; Kakegawa et al., 2011).

The importance of GluD2 in adaptive control of
locomotion is illustrated by several mouse lines with
mutations or deletions in the Grid2 gene (Hoxha
et al., 2018). The lurcher mutation (GluD2-A654T)
spontaneously opens the ion channel pore in the
absence of agonist binding (Zuo et al., 1997; Kohda
et al., 2000; Wollmuth et al., 2000). The constitutive
inward currents in GluD2-expressing cells of lurcher
mice result in ataxia and impaired motor skills as a
result of Purkinje cell death (Hoxha et al., 2018). Mul-
tiple hotfoot mutations have been identified in mice
with similar phenotypes as GluD2 KO mice, including
deficits in cerebellar circuit function and impaired
cerebellar LTD (Kashiwabuchi et al., 1995; Lalouette
et al., 2001; Motohashi et al., 2007; Cendelin, 2014).
Some hotfoot mutations as well as the more recently
identified £s3 mutation (Miyoshi et al., 2014) are dele-
tions in the open reading frame encoding GluD2,
explaining the similar phenotype with GluD2 KO
mice (Matsuda and Yuzaki, 2002; Wang et al., 2003;
Motohashi et al., 2007; Takeuchi et al., 2012; Zanjani
et al., 2016).

F. Mechanisms of Synaptic Plasticity

Synaptic plasticity, or the ability to bidirectionally
modulate intercellular signaling strength, is an
important feature of the CNS. Synaptic plasticity
takes many different forms, producing changes in
synaptic efficacy ranging from seconds to days that
are thought to encode complex behaviors, such as
learning, memory, sensory processing, emotional
responses, addiction, and general cognition. The
iGluRs play essential roles in several key forms of
synaptic plasticity. This section will focus largely on
work performed in the hippocampus and, in particu-
lar, the Schaffer collateral-CAl synapse. Because of
its laminar structure and well characterized connec-
tivity, the hippocampal slice has been exhaustively
used for studies of synaptic plasticity. However, syn-
aptic plasticity is a key feature of neuronal signaling
throughout the brain, including the neocortex (Sjos-
trom et al., 2001), basal ganglia (Kreitzer and Mal-
enka, 2008), and cerebellum (Sjostrom et al., 2001).
The field of synaptic plasticity is enormous, with
many excellent reviews on specific models of synaptic
plasticity (Abbott and Nelson, 2000; Citri and
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Malenka, 2008; Herring and Nicoll, 2016b; Nicoll,
2017; Diering and Huganir, 2018; Harris, 2020; Pur-
key and Dell’Acqua, 2020) as well as homeostatic
plasticity (Turrigiano and Nelson, 2004; Turrigiano,
2012) and metaplasticity (Abraham, 2008; Lee et al.,
2010b), which will not be discussed here.

1. Synaptic Organization and the Postsynaptic Den-
sity. The PSD at the Schaffer collateral-CAl syn-
apse, or the portion of the dendritic spine with a
cluster of neurotransmitters receptors and signaling
proteins, is directly apposed to presynaptic release
sites and is organized into several nanoscale domains.
This organization holds important implications for
participation of glutamate receptors in synaptic plas-
ticity. The center of the PSD contains several NMDA
receptors, with AMPA receptor clusters adjacent to
but not overlapping with NMDA receptor clusters
(Shinohara, 2012; Fukata et al., 2013; MacGillavry
et al., 2013; Nair et al., 2013; Tang et al., 2016; Kel-
lermayer et al., 2018; Goncalves et al., 2020) (Fig. 27).
AMPA receptor clusters may position directly under-
neath presynaptic neurotransmitter vesicular release
sites, forming a nanoscale column of presynaptic
release machinery and postsynaptic AMPA receptors,
possibly aided by trans-synaptic neuroligins and
Nrxns (Nair et al.,, 2013; Tang et al., 2016; Haas
et al., 2018) (Fig. 27). However, nearly half of the
postsynaptic AMPA receptors have been shown to be
mobile within the PSD and are not associated with a
particular nanodomain (Ashby et al., 2006; Heine
et al., 2008; Makino and Malinow, 2009; Jacob and
Weinberg, 2015; Goncalves et al.,, 2020) (Fig. 27).
Each nanodomain is roughly 70 nm in diameter (Mac-
Gillavry et al., 2013; Nair et al., 2013), with adjacent
nanodomains within the same synapse being approxi-
mately 100 nm apart (Haas et al., 2018; Choquet and
Hosy, 2020). The glutamate concentration within the
synapse rapidly diminishes to 500 uM or less about
100 nm outside of the activated nanodomain per given
quanta, and this may be even faster in some regions
because of the segregated architecture of the nanodo-
mains (Nair et al., 2013; Haas et al., 2018; Choquet
and Hosy, 2020) (Fig. 27). Recent work found that
optogenetic recruitment of GluAl-containing AMPA
receptors to the PSD in bulk, although sufficient to
potentiate the strength of evoked transmission by
increasing quantal event frequency, was not able to
increase quantal amplitude. These findings support
the model that only those AMPA receptors recruited
to the “slots” in the PSD located near active sites of
glutamate release are effectively engaged in synaptic
transmission, whereas those that are recruited to the
PSD distant from release sites are not (Sinnen et al.,
2017). Since NMDA receptors are at the center of the
PSD roughly 80-100 nm from each AMPA receptor
nanodomain and require coagonists glutamate and
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glycine to bind as well as membrane depolarization to
relieve Mg?" block to generate current flow, their acti-
vation might require multiple presynaptic events at
some synapses [Silver et al. (1996b), Helassa et al.
(2018); but see Bekkers and Stevens (1989)]. This cre-
ates opportunities for plasticity to proceed through
modulation of both postsynaptic receptors and presyn-
aptic release.

2. Short-Term Plasticity. Short-term plasticity
refers to the ability of a synapse to increase or decrease
postsynaptic signaling output and spine depolarization
when pairs of presynaptic stimuli arrive within the
same presynaptic bouton on a millisecond timescale.
Short-term plasticity at excitatory synapses is impor-
tant for several forms of memory (Ferguson et al., 2004;
Jaaskelainen et al., 2011; Hansel and Mato, 2013), can
serve to counterbalance frequency-dependent depres-
sion (Turecek et al., 2016), can exert frequency-depen-
dent filtering (Jackman and Regehr, 2017), and can
influence sensory processing (Fortune and Rose, 2002).
Short-term plasticity only lasts for a matter of seconds
to minutes, and both presynaptic and postsynaptic
mechanisms are involved.

Short-term plasticity is classically divided into
paired-pulse facilitation and paired-pulse depression,
although other forms exist (Zucker and Regehr, 2002).
Paired-pulse facilitation of AMPA receptor—mediated
postsynaptic currents occurs when the second stimu-
lus arrives in the presynaptic bouton before the first
Ca®" load is cleared. The further rise in terminal
Ca®" from the second action potential causes more
neurotransmitter to be released by increasing the
release probability, increasing the number of vesicles
released, and engaging multiple release sites (Katz
and Miledi, 1968). When the glutamate concentration
in the synaptic cleft does not saturate AMPA recep-
tors, increased glutamate release generates a larger
postsynaptic current. The effect of Ca®" during facili-
tation is also modulated by presynaptic Ca®" buffer-
ing via calcium-binding proteins, such as calbindin,
which compete for Ca?* with release machinery (Bla-
tow et al., 2003). Additionally, a postsynaptic mecha-
nism for paired-pulse facilitation may involve
activity-dependent relief of polyamine block acting on
GluA2-lacking AMPA receptors, increasing postsynaptic
depolarization (Bowie et al., 1998; Rozov and Burnashey,
1999; Toth et al., 2000).

Paired-pulse depression, the counterpoint to paired-
pulse facilitation, is defined as a depressed postsy-
naptic response to a second presynaptic stimulus com-
pared with the preceding stimulus. Paired-pulse
depression also occurs by both presynaptic and post-
synaptic mechanisms. As even brief exposure to glu-
tamate can desensitize AMPA receptors (Hestrin,
1992), the postsynaptic hypothesis of paired-pulse
depression posits that the second pulse arrives within
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Fig. 27. Organization of the glutamatergic synapse. (A) The center of the PSD contains several NMDA receptors with adjacent AMPA receptor clus-
ters. Presynaptic vesicular release machinery is positioned above each AMPA receptor cluster with transsynaptic anchoring proteins (e.g., neuroligins,
neurexins) flanking the release sites. This alignment of presynaptic release machinery with postsynaptic AMPA receptors encased by neuroligins
forms a 70-100-nm diameter domain. Intracellular postsynaptic scaffolding proteins have been omitted for clarity, as have mobile NMDA and AMPA
receptors. (B) Simulations of glutamate concentration within the synaptic cleft after release of a single quanta suggest that neighboring AMPA recep-
tor nanodomains might not see a sufficient concentration of glutamate for rapid activation. (C) Stimulated emission depletion (STED) imaging of cul-
tured neurons demonstrates how AMPA receptors are clustered in dendrites (left), and single-particle tracking photoactivation localization microscopy
(sptPALM) enables visualization of AMPA receptor nanodomains within dendritic spines (right, scale bar 200 nm). (D) sptPALM imaging revealed
greater mobility of GluA2 than GluA1l within dendritic spines (left). Imaging of surface-expressed GluA2 subunits by universal point accumulation in
nanoscale topography (uPAINT) imaging demonstrated its restricted mobility. (E) Stochastic optical reconstruction microscopy (STORM) imaging of
immunostained AMPA and NMDA receptors in mouse brain revealed a diversity in the synaptic organization of receptor nanodomains, with some syn-
apses displaying higher AMPA receptor content (top, left) and others higher NMDA receptor content (top, right). AMPA and NMDA receptor distribu-
tion within the postsynaptic area differed as some synapses displayed a high level of centrally located NMDA receptors (bottom, right), and other
synapses had both AMPA and NMDA receptors located toward the periphery of the synapse. Adapted with permission from Choquet and Hosy (2020)
(B), Nair et al. (2013) (C and D), and Dani et al. (2010) (E).

a time window during which many AMPA receptors
are still desensitized and unable to respond to agonist
(Koike-Tani et al., 2008). Indeed, desensitization
shapes evoked postsynaptic responses at calyx synap-
ses in the auditory pathway (Otis et al., 1996),
although its impact at hippocampal CA3-CA1 synap-
ses has been questioned (Hjelmstad et al., 1999).
Alternatively, the second pulse may arrive while
AMPA receptors are still substantially active, and the
repeated exposure to glutamate may facilitate their

desensitization, rendering them unresponsive to sub-
sequent stimulation. Auxiliary subunits that alter
AMPA receptor desensitization (Sections III. Auxil-
tary Subunits and IV. Receptor Activation, Deactiva-
tion, and Desensitization; Table 2) should impact this
form of plasticity (Devi et al., 2020). AMPA receptors
in the desensitized state can uncouple from PSD scaf-
folding proteins, potentially increasing their lateral
mobility (Constals et al., 2015). Thus, an alternative
mechanism for paired-pulse depression is a lack of
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new receptors to replace desensitized receptors that
moved from the release site (Heine et al., 2008; Opazo
et al., 2010; Constals et al., 2015), consistent with the
observation that paired-pulse depression can be
enhanced by reducing the mobile pool of extrasynap-
tic AMPA receptors either by crosslinking or by anti-
body tethering (Heine et al., 2008). Presynaptic
models of paired-pulse depression center on vesicle
depletion. Here, the readily releasable pool of neuro-
transmitter-loaded and docked presynaptic vesicles
becomes depleted, particularly at synapses where a
single action potential can generate the release of
multiple vesicles (Betz, 1970; Wadiche and Jahr,
2001; Chen et al., 2004a). Such vesicular depletion
combined with evidence showing presynaptic calcium
spikes help prepare release machinery for subsequent
fusion events (Hosoi et al.,, 2009) could generate a
weakened second postsynaptic response.

It seems likely that different mechanisms for paired
pulse facilitation and depression will be employed at
different synapses. The form of short-term plasticity
that each synapse may adopt is influenced by previ-
ous activity at that synapse. Synapses with a high
presynaptic release probability, such as some cerebel-
lar synapses, are prone to paired-pulse depression,
whereas synapses with low vesicle release probability,
such as some synapses in the hippocampus, are ame-
nable to paired-pulse facilitation (Regehr, 2012). Pre-
synaptic NMDA receptors (Chamberlain et al., 2008)
and kainate receptors (Sun and Dobrunz, 2006) mod-
estly influence short-term plasticity.

3. Long-Term Plasticity. LTP and LTD refer to
forms of synaptic plasticity whereby specific stimula-
tion of afferent glutamatergic fibers can induce long-
lasting (sustained for hours and days) increases or
decreases in synaptic signaling, respectively. Both
LTP and LTD are thought to be the molecular corre-
lates for encoding and storing long-term memories
throughout the brain (Lisman, 1989; Nabavi et al.,
2014). Although the exact molecular mechanisms
involved in LTP and LTD are still under investiga-
tion, there is a consensus that iGluRs participate in
all three phases (i.e., induction, expression, and main-
tenance) of long-term plasticity and that the end-
points ultimately result in changes in synaptic AMPA
receptor content (Fig. 28). For an in-depth discussion
of these topics, readers are referred to several excel-
lent reviews on LTP (Nicoll, 2017; Diering and Huga-
nir, 2018; Harris, 2020) and LTD (Collingridge et al.,
2010).

a. Long-term potentiation. A vast number of LTP
studies have explored the Schaffer collateral-CA1 syn-
apse, as this laminar pyramidal cell structure simpli-
fies experimentation and allows recording of robust
field excitatory postsynaptic potentials (fEPSPs). LTP
induction at the Schaffer collateral-CA1l synapse
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requires sufficient postsynaptic depolarization to
relieve Mg®" block of NMDA receptors, coagonists
glutamate and glycine binding to the NMDA receptor,
and Ca®" influx into the postsynaptic spine (Luscher
and Malenka, 2012). In the classic paradigm, this is
accomplished by a high-frequency burst or tetanic
stimulation, which produces more persistent depolari-
zation than a single synaptic event (Schwartzkroin
and Wester, 1975). Pharmacological inhibition of
NMDA receptors with competitive antagonists like
amino-5-phosphonovaleric acid (AP5) (Collingridge
et al., 1983), or channel blockers like MK-801 (Gilbert
and Mack, 1990) and chelation of postsynaptic Ca®"
with EGTA (Lynch et al., 1983) prevent induction of
LTP after tetanic stimulation. Multiple biochemical
experiments have shown that a rise in postsynaptic
Ca?* via NMDA receptors activates intracellular sig-
naling cascades, including PKA (Otmakhova et al.,
2000), PKC (Malinow et al., 1989), PKG (Serulle
et al., 2007), and CaMKII (Lisman et al., 2012), all of
which help traffic, anchor, and sustain AMPA recep-
tors within the PSD to produce a potentiated synaptic
response (Fig. 28).

Several lines of early evidence suggested that the
GIluN2B subunit was the key driver for postsynaptic
LTP induction, including the observation that RNA
knockdown of GIuN2B in hippocampus abolishes LTP
at the Schaffer collateral-CAl synapse (Kutsuwada
et al., 1996; Clayton et al., 2002), and overexpression
of GluN2B in hippocampus enhanced spatial learning
(Tang et al., 2001). In addition, the GIuN2B subunit
harbors a CaMKII binding site on its intracellular
CTD (Strack and Colbran, 1998; Leonard et al., 1999;
Strack et al., 2000; Barria and Malinow, 2005) along
with several phosphorylation sites critical for LTP
(Rostas et al., 1996; Nakazawa et al., 2006). However,
experiments using GluN2A KO mice indicate the
involvement of the GIuN2A in LTP induction, as
noted by their lower level of potentiation compared
with wild-type mice (Sakimura et al., 1995; Ito et al.,
1997). GluN2A KO mice show deficits in spatial learn-
ing and memory, providing behavioral evidence to
support the importance of GluN2A in LTP induction
(Bannerman et al., 2008; Brigman et al., 2008).

Despite these observations, there is no clear evi-
dence suggesting only one GluN2 subunit controls
LTP induction and facilitates expression. Genetic
deletion experiments carry the caveat of compensa-
tion, and pharmacological experiments also yield com-
plex data. Furthermore, the majority of postsynaptic
NMDA receptors at Schaffer collateral to CAl synap-
ses are triheteromeric assemblies containing two
GluN1 subunits, one GIuN2B subunit, and one
GIluN2A subunit (Sheng et al., 1994; Gray et al., 2011;
Rauner and Kohr, 2011; Tovar et al., 2013; Yi et al.,
2019). For example, the GluN2B-selective inhibitor



Glutamate Receptor Ion Channels

A Nascent

(Silent)

NMDA receptor
v P (1}

¥ Ca*-impermeable (Cl) AMPA receptor
. Ca?*-permeable (CP) AMPA receptor

) TARP PSD-95
(P) Phosphorylation lDevelopment
LTD Mature LTP
e ve e
P Depression LA v Potentiation " v v
P —
— =
Potentiation De-potentiation
| AMPAR number I Exchange 1 AMPAR number
Cl & CP AMPAR
00000
1 ca? permeability
LTD LTP
fewer PSD ‘slots’ more PSD ‘slots’
We CaN, PP1, [ ) w Ve CaMKIl, wgﬁ "ﬂ’w
Z~ PSD <, oF Y g
.am\ PKA, DAPK1, 20 PKC, PKG, .a(emu”\
G exchange & P38, CaMKIl Lexchange P PKA Ca  exchange B
— % — o
endocyioss @)/ N~ % oocytosis @ _/
& | AMPAR number Do 1 AMPAR number t
recycling 4

endosome

Fig. 28. Control of synaptic strength through modification of AMPA
receptors. (A) Summary of four ways an excitatory synapse can change
its properties through changes in either the number or subtype of AMPA
receptors at the postsynaptic density (PSD). (B) Mechanisms underlying
AMPA receptor trafficking during NMDA receptor-dependent LTP and
LTD at hippocampal CAl synapses. Under basal conditions (center),
AMPA receptors undergo dynamic lateral exchange into and out of the
PSD and recycling between the plasma membrane and endosomes. Dur-
ing induction of LTP (right), brief, high levels of Ca®* influx through
NMDA receptors activate a variety of protein kinase signaling pathways
that promote PSD trapping of both Ca?*-permeable and Ca®"-imperme-
able AMPA receptors through lateral exchange and increased delivery to
the extrasynaptic plasma membrane by exocytosis from recycling endo-
somes. During the induction LTD, prolonged, low, levels of NMDA recep-
tors Ca®* influx activate a variety of protein phosphatase and kinase
pathways that promote AMPA receptor loss from the PSD and removal
from the extrasynaptic plasma membrane by endocytosis. AMPA receptor
trafficking during LTP and LTD is regulated by changes in both AMPA
receptor CTD and TARP phosphorylation/dephosphorylation. AMPA
receptor synaptic recruitment in LTP and removal in LTD are also coordi-
nated with structural changes that increase and decrease, respectively,
the number of PSD “slots” for AMPA receptors.

ifenprodil can act on triheteromeric GluN1/2A/2B
receptor complexes, and the competitive antagonist
NVP-AAMO07, which in error was described as
GluN2A-selective (Frizelle et al.,, 2006; Lind et al.,
2017), lacks sufficient selectivity from GluN2B-con-
taining NMDA receptors to yield interpretable
results. Thus, consistent with the triheteromeric view
of NMDA receptors at hippocampal synapses, it is
likely that both GIuN2A and GluN2B subunits are
important for LTP induction [e.g., Volianskis et al.
(2013, 2015)].

A feature of GIuN2 subunits is their distinct CTDs
that harbor multiple binding sites for scaffolding pro-
teins, kinases, and other binding partners (Section II.
Receptor Structure). There may well be some GluN2-
specific aspects to types and strength of LTP depend-
ing on, for example, CaMKII binding (Barria and
Malinow, 2005; Zhou et al., 2007; Halt et al., 2012;
Incontro et al., 2018). Notably, deletion of the CaMKII
binding site on GluN2B reduces LTP, and transfer of
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this binding site to GluN2A increases LTP (Barria
and Malinow, 2005; Halt et al., 2012). Whereas
NMDA receptors and CaMKII are also required for
induction of LTD, activation of a calcineurin-DAPK1
signaling pathway that prevents CaMKII from bind-
ing to GluN2B appears to be crucial for promoting
LTD and preventing inappropriate synaptic potentia-
tion (Coultrap et al., 2014; Goodell et al., 2017).

Since the initial description of LTP, many addi-
tional stimulus paradigms have been shown to elicit
long-lasting potentiation, leading to the idea that
multiple mechanisms exist by which synaptic
strength can be enhanced. High-frequency stimula-
tion applied in a series of bursts at a frequency within
the 0 range may be a more physiologic stimulus that
mimics the endogenous 0 rhythms of pyramidal cells.
Although both tetanic and 0 burst stimulus protocols
can induce LTP, there may be distinctions between
the underlying mechanisms. Application of several 0
bursts produces a robust LTP signal, as these bursts
can relieve Mg?" block to allow increased CaZ" flux
through NMDA receptors (Larson and Munkacsy,
2015). Another relevant form of LTP induction
involves temporal spike timing. In this Hebbian para-
digm, presynaptic stimulation must precede postsyn-
aptic action potential generation to potentiate the
synapse [reviewed in Feldman (2012)]. This occurs
presumably as a result of back-propagating action
potentials that relieve Mg2* block to increase the
influx of Ca?* through NMDA receptors (Dan and
Poo, 2004). In addition, LTP at CA1l synapses and in
cultured hippocampal neurons can also be induced
chemically by a variety of means, including through
the application of forskolin (Otmakhov et al., 2004) to
activate adenylyl cyclase and rolipram to inhibit phos-
phodiesterases, which is sufficient to promote LTP
induction, expression, and maintenance via activation
of the PKA pathway along with spontaneous burst fir-
ing of CA3 neurons (Otmakhova et al., 2000). Like-
wise, some paradigms that use glycine application (to
ensure saturation of GluN1l) in low extracellular
Mg?* (to promote activation of synaptic NMDA recep-
tors by glutamate released in response to spontaneous
activity) also induce LTP [e.g., Musleh et al. (1997),
Lu et al. (2001)). These forms of chemical LTP have
allowed biochemical, imaging, and genetic approaches
to better explore signaling systems in LTP, since
chemical LTP can produce plastic changes at a much
larger number of synapses than local electrical stimu-
lation, although mechanisms may be somewhat differ-
ent from LTP that is induced by electrical stimulation.

After induction, the expression of LTP is mediated
by Ca®*-dependent signaling cascades that increase
AMPA receptor numbers within the PSD, with activ-
ity-dependent trafficking of the AMPA receptor being
a prevailing theory (Lledo et al., 1998; Lu et al., 2001)
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(Fig. 28). This process involves AMPA receptor traf-
ficking to the plasma membrane, lateral diffusion into
the synapse, and capture of the AMPA receptor by the
PSD (Ahmed and Siegelbaum, 2009; Kennedy et al.,
2010; Patterson et al.,, 2010; Opazo et al., 2012;
Jurado et al., 2013; Penn et al., 2017; Wu et al., 2017)
(Fig. 28). This idea was supported by studies of silent
synapses in the developing CNS, which contain
NMDA receptors but lack AMPA receptors (Isaac
et al., 1995; Liao et al., 1995). The response of these
synapses to various stimulation protocols highlighted
a central role for AMPA receptor trafficking (Ker-
chner and Nicoll, 2008). One element of our under-
standing of extrasynaptic AMPA receptor recruitment
into the PSD during the expression of LTP was the
discovery that LTP induction generates extensive
actin polymerization (Kim and Lisman, 1999; Matsu-
zaki et al., 2004; Harvey et al., 2008). By promoting
actin polymerization, the activated dendritic spine
can sustain an increased number of AMPA receptors
within the PSD via an increase in spine-head diame-
ter. Additionally, actin polymerization is concomitant
with intracellular rearrangements with PDZ-contain-
ing scaffolding proteins such as PSD-95. The molecu-
lar shuffling in the dendritic spine actin cytoskeleton
and the PSD induced by NMDA receptor signaling
during LTP induction has been proposed to generate
new PSD “slots” into which mobile surface AMPA
receptors diffuse and become stabilized through inter-
action with AMPA receptor—associated TARPs (Opazo
et al., 2012; Granger et al., 2013; Herring and Nicoll,
2016a) (Fig. 28). Roughly 70% of the AMPA receptor
content of the PSD may enter by diffusion in the ini-
tial phase of LTP expression (Patterson et al., 2010).
This finding was validated using antibody tethering
to restrict the lateral mobility of surface AMPA recep-
tors (Penn et al.,, 2017), which prevented synaptic
enhancement after high-frequency stimulation of the
Schaffer collateral pathway both in vitro and in vivo
(Clarke and Johnson, 2006). However, antibody teth-
ering was only able to inhibit initial LTP expression,
whereas LTP at a lower amplitude persisted an hour
after the high-frequency stimulus. Thus, it appears
that the earliest LTP expression is mainly mediated
by lateral diffusion of surface AMPA receptors fol-
lowed by AMPA receptor trafficking by exocytosis to
maintain increased AMPA receptor levels within the
PSD. Early LTP could reflect phosphorylation of post-
synaptic receptors and rapid capture of laterally dif-
fusing receptors in the PSD followed by slower
exocytic delivery of new AMPA receptors (Penn et al.,
2017). Finally, late-phase LTP persisting longer than
3 hours requires new synthesis of plasticity-related
proteins, including AMPA receptors (Sutton and
Schuman, 2006; Buffington et al., 2014).
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The AMPA receptor NTD appears to also play a
central role in LTP maintenance, raising the possibil-
ity that NTD-interacting proteins in the synaptic
cleft, such as Nptx1 and Nptx2, could also help define
slots for AMPA receptors (Diaz-Alonso et al., 2017;
Watson et al., 2017), perhaps anchoring the receptor
proximal to presynaptic glutamate release sites (Bie-
derer et al., 2017; Watson et al., 2017) (Section V.B.
Regulation by Secreted Proteins).

LTP at its most fundamental level may only require
structural rearrangements of the PSD to create addi-
tional “slots” that are then filled by AMPA receptors
(independent of subunit composition) exchanging in
and out of the synapse from a reserve pool of extrasy-
naptic receptors (Opazo et al., 2012; Granger et al.,
2013; Herring and Nicoll, 2016b; Tang et al., 2016;
Penn et al.,, 2017) (Fig. 28). Nonetheless, multiple
studies have reported on the importance of GluA1l for
the expression and maintenance of LTP (Vanderklish
et al., 1992; Diering and Huganir, 2018). Data from
multiple groups found that the majority of newly
incorporated synaptic AMPA receptors in initial LTP
expression are GluA2-lacking, Ca%*-permeable AMPA
receptors [Plant et al. (2006), Guire et al. (2008), Jaa-
fari et al. (2012), Purkey and Dell’Acqua (2020); but
see Adesnik and Nicoll (2007)]. As the potentiated
synapse transitions into the maintenance phase of
LTP, these homomeric GluAl are replaced with Ca®*-
impermeable GluA1/2 receptors (Plant et al., 2006;
Yang et al., 2010; Jaafari et al., 2012). In this regard,
a number of studies have investigated the roles of
GluAl CTDs in AMPA receptor trafficking related to
LTP expression. One approach has been to study the
effects on LTP of CTD swapping in chimeric recep-
tors. LTP was deficient in a transgenic animal in
which native GluAl was replaced with a chimeric
GluAl with the GluA2 CTD, but this deficiency was
rescued by adding the GluAl CTD to GluA2 (Zhou
et al., 2018). Rescue experiments using triple-KO
mouse lacking GluAl, GluA2, and GluA3 subunits
(Lu et al., 2009), in which engineered receptors were
reinserted into the neuron, found that LTP could still
be recorded after GluAl lacking the CTD was coex-
pressed with GluA2 (Granger et al., 2013). Similar
results were found in a knock-in mouse in which the
endogenous GluAl was replaced with GluA1l lacking
its CTD (Diaz-Alonso et al., 2020). Thus, the GluAl
CTD does not appear to be required for LTP expres-
sion. Nonetheless, a number of studies have demon-
strated modulatory effects of GluAl CTD
phosphorylation. There are several key post-transla-
tional modifications on the GluA1l CTD, such as phos-
phorylation of Ser818 (Lin et al., 2009), Ser831 (Lee
et al., 2000, 2003), and Ser845 (Lee et al., 2000,
2003), which have been shown to be important for
LTP expression. These phosphorylation events
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activated by PKA, PKG, PKC, and CaMKII increase
single-channel conductance and open probability
(Derkach et al., 1999; Banke et al., 2000; Kristensen
et al., 2011; Jenkins and Traynelis, 2012; Jenkins
et al., 2014), help direct GluAl-containing AMPA
receptors to the surface (Man et al., 2007; Serulle
et al., 2007), and stabilize receptors in the PSD (Dier-
ing et al., 2016).

Although multiple studies suggest a particular role
for GluAl, they do not rule out GluAl-independent
mechanisms of LTP, consistent with findings from a
number of studies suggesting that there is little
involvement of homomeric GluAl in LTP expression
and no requirement for persistent Ca®* influx for sub-
sequent LTP maintenance (Adesnik and Nicoll, 2007,
Gray et al., 2007; Granger et al., 2013). In considering
these apparently conflicting results, differences in
stimulation protocols and the potentially confounding
effects of animal age must be considered (Guire et al.,
2008; Park et al., 2016b; Purkey et al., 2018; Purkey
and Dell’Acqua, 2020). In particular, the effects of
genetic and pharmacologic manipulations can differ
over the course of postnatal development, and genetic
changes can elicit compensatory mechanisms (Zama-
nillo et al., 1999; Jensen et al., 2003; Kolleker et al.,
2003; Lee et al., 2003; Lu et al., 2007b; Sanderson
et al., 2016). For example, prior work found that post-
synaptic PKA signaling and GluA1 Ser845 phosphory-
lation contribute to LTP in adult animals but are
dispensable for LTP expression in juveniles (Lee
et al., 2003; Lu et al., 2007b). These observations are
consistent with findings mentioned above, such as
those reported in Granger et al. (2013). It appears
that the subunit composition of AMPA receptors
already present in and acutely delivered to this
reserve pool to be available for synaptic insertion may
change during development and also be influenced by
the induction stimulus employed as well as neuromo-
dulatory input [reviewed in Purkey and Dell’Acqua
(2020)]. Regardless, these differences among plasticity
mechanisms proposed by different groups highlight
both the diversity of mechanisms available to the syn-
apse [e.g., Plant et al. (2006), Clem and Huganir
(2010)] as well as a need for further exploration of the
mechanisms of LTP expression and maintenance.
Although there is enormous volume of work com-
pleted at the Schaffer collateral-CAl synapse, there is
ample precedent for both similar and different mecha-
nisms at other central synapses. For example, the
mossy fiber—-CA3 synapse utilizes an NMDA recep-
tor—-independent LTP induction mechanism (Johnston
et al., 1992; Nicoll and Schmitz, 2005).

b. Long-term depression. The induction of LTD
has typically involved a low-frequency stimulus para-
digm (Kemp et al., 2000) but can also be evoked by
postsynaptic action potential generation before a

373

presynaptic stimulation (i.e., spike-timing protocols)
(Feldman, 2012) (Supplemental Fig. 8) or chemically
by low concentrations of NMDA (Lee et al., 1998).
These LTD induction paradigms suggest a need for
low levels of intracellular Ca®", as opposed to high
levels needed to induce LTP. For NMDA receptor—
dependent LTD, Ca?" influx into the PSD activates
several phosphatases, including calcineurin and pro-
tein phosphatase 1 (Mulkey et al., 1994) (Fig. 28).
Low levels of Ca®?" promote phosphatase activity,
which can promote dephosphorylation of GluAl
Ser831 and Ser845 (Lee et al.,, 2003) and TARPs
(Tomita et al., 2005b), which can cause destabilization
of AMPA receptor anchoring and removal from the
PSD (Diering and Huganir, 2018). NMDA receptor—
independent LTD is thought to rely on the metabo-
tropic actions of mGluRs, mainly mGluR5, which acti-
vates PLC-PKC and tyrosine phosphatase signaling
pathways (Oliet et al., 1997; Gladding et al., 2009). It
remains a matter of investigation as to how NMDA
receptor—dependent versus NMDA receptor—indepen-
dent LTD induction mechanisms are coordinated to
depress synaptic strength.

Although pharmacological studies initially indi-
cated a primary role for GluN2B-containing receptors
in LTD induction (Massey et al., 2004); but see (Mor-
ishita et al., 2007), LTD induction can proceed with
either GluN2A or GluN2B alone, since genetic dele-
tion of either subunit is insufficient to block LTD
(Wong and Gray, 2018). Moreover, LTD expression
does not rely on a specific AMPA receptor subtype
being removed from the synapse, as confirmed via
GluAl and GluA2 KO experiments (Granger and Nic-
oll, 2014). There is no consensus on the identities of all
of the intracellular proteins driving this phenomenon,
but it is clear that local, postsynaptic scaffolding and
highly regulated signaling crosstalk between protein
phosphatase 1, calcineurin, PKA, DAPK1, p38-mitogen-
activated protein kinase (MAPK), and CaMKII is cru-
cial (Hu et al., 2006, 2007; Lu et al., 2007a; Jurado
et al., 2010; Sanderson et al., 2012; Aow et al., 2015;
Gao et al., 2018a; Goodell et al., 2017) (Fig. 28, see also
Fig. 6). In particular, anchoring to the postsynaptic
actin-associated scaffold protein neurabin is required
for PP1 regulation of GluAl phosphorylation, AMPA
receptor trafficking, and synaptic depression during
LTD (Hu et al., 2006, 2007; Gao et al., 2018a). In addi-
tion, PKA anchors to the scaffold protein A-kinase-
anchoring protein 150 (AKAP150) along with the oppos-
ing phosphatase calcineurin, where it regulates GluAl
phosphorylation and plays a role controlling Ca®*-per-
meable AMPA receptor synaptic incorporation during
NMDA receptor—dependent LTD, similar to its role dur-
ing LTP [reviewed in Purkey and Dell’Acqua (2020)].
Using knock-in mice that are deficient in AKAP anchor-
ing of either PKA or the opposing phosphatase
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calcineurin, Ca®*-permeable AMPA receptors were
shown to be recruited to hippocampal synapses by
anchored PKA during LTD induction but then rapidly
removed by anchored calcineurin (Sanderson et al.,
2016). Importantly, blocking Ca®’-permeable AMPA
receptor recruitment, removal, or activity interferes
with LTD. Thus, Ca®"-permeable AMPA receptor syn-
aptic recruitment may be required to transiently aug-
ment NMDA receptor Ca®" during LTD induction.
Interestingly, NMDA receptor activation of the Ca®*-
dependent kinases DAPK1 and CaMKII is also required
for LTD, with calcineurin-dependent dephosphorylation
and activation of DAPK1 maintaining its postsynaptic
localization to prevent CaMKII from binding to
GluN2B, which would instead result in LTP (Goodell
et al., 2017). Whether Ca®" influx through Ca®*-perme-
able AMPA receptors also contributes to DAPK1 and
CaMKII signaling during LTD remains to be
determined.

4. Nonionotropic Signaling and Plasticity.  The
CTD of some iGluRs responds to conformational
changes within the ABD, initiating mechanisms for
synaptic plasticity via intracellular signaling that are
independent of current flow. NMDA receptor—depend-
ent LTD can be induced by glutamate binding to the
GluN2 subunit in the absence of ion flux [Nabavi
et al. (2013), Stein et al. (2015, 2020); but see Babiec
et al. (2014), Sanderson et al. (2016)]. Here, exposing
synaptic receptors to glutamate but blocking the gly-
cine site on GluN1 to block channel gating is suffi-
cient for LTD induction and associated dendritic
spine shrinkage. These data indicate that conforma-
tional changes within NMDA receptors enable metab-
otropic intracellular signaling that leads to LTD
induction. Agonist binding to NMDA receptors inde-
pendent of channel gating generates a conformational
rearrangement of the CTD that promotes protein
phosphatase 1 disengagement from the receptor com-
plex (Aow et al., 2015; Dore et al., 2015). Sustained,
nonionotropic signaling can lead to dephosphorylation
of CaMKII potentially via newly released protein
phosphatase 1, culminating in CaMKII removal from
the NMDA receptor CTD (Dore et al., 2015). The
diminished catalytic activity of CaMKII and its
removal from NMDA receptors via dephosphorylation
may be a priming factor in generating nonionotropic
NMDA receptor—dependent LTD and associated den-
dritic spine shrinkage (Nabavi et al., 2013; Stein
et al., 2015, 2020) and could also represent a mecha-
nism for synaptic scaling in response to low presynap-
tic activity.

Glutamate binding to NMDA receptors can also
activate p38 MAPK independent of glycine occupancy.
Blockade of the GluN1 glycine binding site with
antagonist when GluN2 is bound to glutamate
reduces dendritic spine diameter in a manner
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dependent on p38 MAPK (Stein et al., 2015). This
nonionotropic signaling is activated via neuronal
nitric oxide synthase and cofilin, which promote cyto-
skeletal remodeling (Stein et al., 2020). Considering
that some extracellular glycine is always present,
even if phasically regulated, it is difficult to imagine a
situation in which the GluN1 ABD would be unoccu-
pied. However, given the higher potency of glutamate
for NMDA receptors compared with AMPA receptors,
glutamate spillover might preferentially bind to
NMDA receptors without mediating ionotropic signal-
ing due to Mg?" block if the membrane is not ade-
quately depolarized. Thus, nonionotropic spine
shrinkage may influence synaptic strength via uncon-
ventional mechanisms [reviewed in Dore et al. (2017),
Rajani et al. (2020)].

Although nonionotropic signaling has been
described in AMPA receptors (Hayashi et al., 1999;
Valbuena and Lerma, 2016), nonionotropic signaling
via kainate receptors appears to be more robust and
multifaceted. In addition to impacting membrane
depolarization by catalyzing ion permeation, kainate
receptors couple to Gy, proteins and to a lesser
extent G,q (Cunha et al., 1999; Ruiz et al., 2005). Act-
ing presynaptically at the mossy fiber-CA3 and CA3-
CA1l synapses, kainate receptor activation suppresses
glutamate release onto pyramidal cells in a PKA-
dependent manner (Lauri et al., 2005, 2006; Negrete-
Diaz et al., 2006). Presynaptic kainate receptors also
act through a PKC-dependent manner to depress
GABA release from hippocampal interneurons and
indirectly by stimulating the release of endocannabi-
noids that bind to CB1 receptors to attenuate GABA
release (Rodriguez-Moreno and Lerma, 1998; Cunha
et al., 2000; Lourenco et al., 2010). In addition, the
metabotropic effects of GluK2-containing kainate
receptors can control intrinsic excitability by dampen-
ing the magnitude of the slow Ca®"-activated K* cur-
rent, Iagp (Melyan et al., 2002; Fisahn et al., 2005;
Segerstrale et al., 2010). Moreover, kainate receptors
and their G protein signaling partners exhibit a bidi-
rectional impact on neurite extension via interactions
with cytoskeletal proteins, including cofilin, thus
modulating overall synaptogenesis (Tashiro et al.,
2003; Gelsomino et al., 2013; Marques et al., 2013).

5. Auxiliary Subunits and Plasticity. TARP auxil-
iary subunits play roles in plasticity by anchoring
AMPA receptors within the PSD (Chen et al., 2000;
Sumioka et al., 2010), promoting diffusional trapping
in the PSD during LTP (Opazo et al., 2012), increas-
ing channel conductance, slowing deactivation kinet-
ics, and diminishing time spent in the desensitized
state (Sections III. Auxiliary Subunits and IV. Recep-
tor Activation, Deactivation, and Desensitization,
Table 2). The best-studied TARP, y-2 (Noebels et al.,
1990), is required for long-term synaptic plasticity in
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cerebellar stellate cells (Jackson and Nicoll, 2011b)
and CA1 pyramidal cells (Tomita et al., 2005b). More-
over, y-8 is expressed along with y-2 and is critical for
the expression of hippocampal LTP, in part through
promoting phosphorylation of AMPA receptor CTDs
by CaMKII (Tomita et al., 2005b; Park et al., 2016a;
Sheng et al., 2018) (Fig. 28). The kainate receptor
auxiliary subunit Netol is critical for kainate receptor
surface expression and stabilization within the PSD
(Tang et al., 2011; Wyeth et al., 2014; Sheng et al.,
2015). Netol is required for delivery of presynaptic
kainate receptors, which regulate synaptogenesis at
the Schaffer collateral-CA1 synapse (Orav et al.,
2017), facilitate LTP induction (Ng et al., 2009), and
modulate glutamate release onto GABAergic inter-
neurons (Wyeth et al.,, 2017). Thus, given their
involvement with multiple aspects of plasticity, auxil-
iary subunits could be therapeutic targets for diseases
that involve maladaptive plasticity, such as epilepsy
and addiction.

VI. Developmental and Regional Expression in
the Central Nervous System

Cloning studies starting in 1989 enabled the locali-
zation of all iGluR subunit mRNAs in the mammalian
central and peripheral nervous systems through in
situ hybridization, revealing temporal and regional
expression patterns. The production of subunit and
splice isoform-specific antibodies together with advan-
ces in single-cell PCR yielded complementary maps of
subunit protein distributions and finer-grained reso-
lution of mRNA expression (Boulter et al.,, 1990;
Sommer et al., 1990; Monyer et al., 1991, 1994; Bahn
et al., 1994; Hollmann and Heinemann, 1994; Geiger
et al., 1995; Dingledine et al., 1999). Many iGluR sub-
units exist as alternative splice isoforms (Fig. 7)
whose expressions are regulated in a developmental
and cell type—specific fashion (Monyer et al., 1991,
Hadzic et al., 2017). An enormous volume of data has
been generated in the intervening 30 years describing
developmental, regional, cellular, and subcellular locali-
zation of all iGluR subunits. In addition, large-scale
mapping and warehousing of gene transcript expression
in publicly available databases provide a comprehensive
(and growing) profile of subunit expression at the sin-
gle-cell level (Schmidt et al., 2018; Armand et al., 2021).
These resources include The Allen Brain Atlas (https:/
portal.brain-map.org/), DropViz (http:/dropviz.org/),
Mousebrain.org (http:/mousebrain.org), the Single Cell
Portal (https:/singlecell.broadinstitute.org/single_cell),
and the Human Protein Atlas (http://www.proteinatla-
s.org/). We limit this review to a survey of iGluR expres-
sion that provides specific examples for each receptor
class in several well studied brain regions [e.g.,
reviewed in Akgul and McBain (2016), Hadzic et al.
(2017)].
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A. AMPA Receptor Subunit Expression

AMPA receptor subunits are expressed in neurons
and glia throughout the mammalian brain and spinal
cord from an early stage of development (Bettler
et al., 1990; Keinanen et al., 1990; Sommer et al.,
1990; Monyer et al., 1991; Pellegrini-Giampietro
et al.,, 1991; Tolle et al., 1993; Ritter et al., 2002;
Hadzic et al., 2017). All mature excitatory synapses
contain AMPA receptors, but mRNAs encoding all four
AMPA receptor subunits are also present well before
synaptogenesis, suggesting that the receptors play a
role in the earliest stages of brain development.

1. Expression of GluA2 Controls AMPA Receptor Prop-
erties. The GluA2 subunit determines many func-
tional properties of AMPA receptors (Sections IV.
Receptor Activation, Deactivation, and Desensitization
and V. Glutamate Receptors in Neuronal Functions
and Synaptic Plasticity), and its expression pattern
influences circuit function. RNA editing at the Q/R/N
site of GluA2 changes the codon for Gln at the tip of
the M2 pore loop to an Arg, which renders the pore
impermeable to Ca®?® and insensitive intracellular
polyamine. RNA editing of the GluA2 Q/R/N site
occurs early in development with high fidelity
(Sommer et al., 1991; Nutt and Kamboj, 1994; Kask
et al., 1998). Thus, the Ca?" permeability of AMPA
receptor-mediated synaptic currents at an excitatory
synapse depends on whether cells express GluA2
mRNA and in what quantity (Bochet et al., 1994; Gei-
ger et al., 1995; Washburn et al., 1997).

GluA2 mRNA is expressed in all brain regions and
is accompanied by transcripts for at least one other
AMPA receptor subunit needed to form heteromeric
receptors. As an example, GluA2 mRNA can be found
in pyramidal neurons throughout the hippocampus as
well as in dentate granule cells (Keinanen et al.,
1990; Monyer et al., 1991). AMPA receptor—-mediated
EPSCs in principal neurons of the hippocampus and
other parts of the CNS are typically Ca®"-imperme-
able and have approximately linear current-voltage
relationships, a hallmark of GluA2-containing recep-
tors (Hestrin et al., 1990; Perkel et al., 1990; Livsey
et al., 1993). Some hippocampal interneurons, such as
CGE-derived interneurons, express GluA2 and
receive excitatory input to Ca®"-impermeable AMPA
receptors (McBain and Dingledine, 1993; Matta et al.,
2013; Akgul and McBain, 2016) (Fig. 29). Similarly,
AMPA receptors in cerebellar Purkinje cells and stria-
tal projection neurons contain GluA2 subunits despite
being GABAergic (Perkel et al., 1990; Stefani et al.,
1998). However, many GABAergic interneurons do not
to express GluA2 and show AMPA receptor properties
consistent with Ca?* permeable receptors (Jonas et al.,
1994; Geiger et al., 1995; Racca et al., 1996; Matta et al.,
2013; Lalanne et al., 2016) (Fig. 29). Diversity occurs
even at the level of single neurons. Hippocampal CA3
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interneurons, for example, express AMPA receptors with
distinct Ca®* permeation properties (i.e., with or without
GluA2 subunits) and differentially target those receptors
to synapses from dentate granule cells (mossy fibers) or
from CA3 pyramidal neurons in an afferent-specific
manner (Toth and McBain, 1998). Similarly, a population
of fast-spiking interneurons in the dentate gyrus localize
Ca®"-permeable AMPA receptors to perforant path
inputs but Ca®"-impermeable receptors to mossy-fiber
synapses from granule cells (Sambandan et al., 2010).

Single-cell RNA-sequencing analyses in the hippo-
campus also found GluA2 transcripts expressed in all
glutamatergic neurons: dentate granule cells, mossy
cells, CA1-CA3 pyramidal neurons, and subicular neu-
rons (Zeisel et al., 2015; Cembrowski et al.,, 2016b,
2018). Similarly, GluA2 mRNA was detected in nearly
all principal excitatory neurons in the mouse cortex but
only in a subset of interneurons (Tasic et al., 2016). The
heterogeneity in expression of GluA2 and other AMPA
receptor transcripts revealed by single-cell mapping
studies underscores the limitations in considering any
one cell type, even those as well characterized as hippo-
campal CAl pyramidal neurons, as having a monolithic
transcriptional identity (Cembrowski et al., 2016a).

2. Developmental Expression Patterns for AMPA
Receptor Subunits. In contrast to GluA2, transcripts
for GluAl, GluA3, and GluA4 are more heteroge-
neously distributed throughout in the CNS (Boulter
et al.,, 1990; Keinanen et al., 1990; Monyer et al.,
1991; Geiger et al., 1995). GluA1l and GluA3 are found
in all hippocampal pyramidal neurons (Fig. 29) and
dentate granule cells, where they assemble with
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GluA2 to form Ca®'-impermeable AMPA receptors
(Hayashi et al., 2000; Passafaro et al., 2001; Shi
et al., 2001; Meng et al., 2003; Lu et al.,, 2009;
Granger et al., 2013). GluA4 transcripts, on the other
hand, are expressed weakly in the mature principal
cells of the hippocampus but are a key component of
AMPA receptors on parvalbumin-containing inter-
neurons (Keinanen et al., 1990; Monyer et al., 1991).
GluA4 is highly expressed in cerebellar granule cells
as part of heteromeric GluA2/4 receptors that under-
lie EPSCs at mossy-fiber synapses (Gallo et al., 1992;
Lambolez et al., 1992). Elsewhere in the cerebellum,
GluAl is found in Purkinje cells, and GluA3 is
expressed in molecular-layer interneurons and Pur-
kinje cells (Keinanen et al., 1990; Lambolez et al.,
1992). Bergmann glia express Ca®*-permeable AMPA
receptors composed of GluAl and GluA4 subunits
(Keinanen et al.,, 1990; Gallo et al., 1992; Geiger
et al., 1995). GluAl and GluA4 are expressed by a
subpopulation of striatal parvalbumin—positive inter-
neurons but are absent from projection neurons and
cholinergic interneurons. In contrast, AMPA receptors
in striatal projection neurons are predominantly
GluA2/3 receptors (Tallaksen-Greene and Albin, 1994;
Bernard et al., 1997; Kwok et al., 1997).

AMPA receptor expression is developmentally regu-
lated in brain region— and neuronal population—specific
patterns. Although transcripts for AMPA receptor subu-
nits can be detected as early as embryogenesis, it
remains unknown whether functional receptors are pro-
duced at that stage. Transient postnatal expression of
GluA4 in the hippocampus provides a striking example

B MGE-derived Interneuron

PhTX
Baseline

-

PhTX
Baseline

-

Fig. 29. AMPA receptor expression in hippocampal neurons. (A) Left panel: Hippocampal CA1 pyramidal cell filled with biotin, reproduced with per-
mission from Yankova et al. (2001) (Copyright 2001 National Academy of Sciences, U.S.A.). Right panels: Evoked AMPA receptor-mediated EPSCs
from CA1 pyramidal cells in hippocampal slices from floxed Grial, Gria2, Gria3, or Grial /2 mice injected with an rAAV1-Cre-GFP virus, which pro-
duced single-cell elimination of the desired gene product (green). Recordings from adjacent wild-type cells are in black; scale bars are 5 pA, 10 millisec-
onds. Adapted with permission from Lu et al. (2009). Reconstructions of MGE-derived (B) and CGE-derived (C) CAl interneurons. MGE-derived
interneurons are more sensitive to an inhibitor of GluA2-lacking AMPA receptors (PhTX-433), than CGE interneurons, suggesting that MGE-derived
interneurons express more Ca2"-permeable AMPA receptors. Scale bars are 50 pA and 10 milliseconds. CRE, cAMP response element. Adapted with

permission from Matta et al. (2013) and Lee et al. (2011).
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of developmental regulation. The restricted appearance
of GluA4-containing receptors in pyramidal neurons
plays a key role in the development of excitatory synap-
ses and influences the mechanisms underlying synaptic
plasticity, but the transcript is then downregulated and
remains at nearly undetectable levels into adulthood
(Zhu et al., 2000; Luchkina et al., 2014). GluAl is
expressed at high levels in early development of cere-
bellar granule cells and Purkinje neurons but is down-
regulated with maturation of this brain region (Martin
et al., 1998), whereas the GluA4 expression increases in
granule cells throughout development (Monyer et al.,
1991). GluA2 shows only modest developmental peaks
of mRNA expression in the hippocampus and other
brain regions (Pellegrini-Giampietro et al., 1991).

3. Expression of AMPA Receptor Splice Isoforms. All
four AMPA receptor subunit mRNAs undergo alter-
nate splicing of the flip/flop cassette in the ABD (Fig.
7), which alters the response time course (Section V.
Glutamate Receptors in Neuronal Functions and
Synaptic Plasticity). In general, flip isoforms are
expressed early in development and maintained in
the mature brain, whereas flop isoforms tend to arise
at later phases of maturation after synaptogenesis
(Monyer et al., 1994). In the rat hippocampus, cortex,
and striatum, for example, the flip isoform of GluAl,
GluA2, and GluA3 mRNAs is transcribed in excit-
atory neurons at postnatal day 1, whereas flop iso-
forms begin to express about a week later. There are
a few exceptions to this general principle; GluA2-flop
is expressed at much higher levels than GluA2-flip in
the cerebellum during early postnatal development
(Monyer et al., 1994). The regulation of flip versus
flop expression is critical to the function of certain
synapses, such as in the cochlear nucleus. Stimula-
tion of auditory nerves elicits excitatory synaptic cur-
rents with fast decay kinetics in cochlear neurons
compared with parallel fiber inputs to the same neu-
rons. EPSCs with submillisecond kinetics are medi-
ated by AMPA receptors containing flop-containing
subunits (Gardner et al., 1999, 2001) consistent with
the fast deactivation and desensitization observed in
recombinant receptors (Mosbacher et al., 1994). Brain-
stem auditory neurons also express fast-decaying AMPA
receptor currents indicative of flop-containing receptors
(Raman et al., 1994; Ravindranathan et al., 2000). Thus,
mammalian auditory systems rely on fast AMPA recep-
tor kinetics to encode high-frequency sensory signals.

GluA2 and GluA4 subunits have alternative splice
isoforms of the CTDs, which diversifies post-transla-
tional modifications and interactions with chaperones
during biogenesis and synaptic targeting [e.g., Dev
et al. (1999), Shi et al. (2001), Kolleker et al. (2003),
Lee et al. (2004), Tigaret et al. (2006)] (Fig. 7). The
GluA2 subunit CTD exists in two splice isoforms
referred to as “short” and “long” isoforms (Kohler
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et al., 1994). Both long and short forms of GluA2 are
detectable in brain lysates, and the long version plays
a role in synaptic targeting of AMPA receptors after
LTP in CA1l pyramidal neurons especially in juvenile
animals (Kolleker et al., 2003). The “short” and “long”
isoforms of GluA4 differ in their cerebellar expres-
sion; the long form is found in Bergmann glia,
whereas the short form is expressed in granule neu-
rons (Gallo et al., 1992).

In addition to central neurons, AMPA receptors are
also found in peripheral neurons (Seifi and Swinny,
2016) and nearly all non-neuronal cells in the nervous
system [reviewed in Ceprian and Fulton (2019)].
Indeed, transcripts for AMPA receptor subunits are
detected in all types of glial cells (Conti et al., 1994;
Noda et al., 2000; Talos et al., 2006; Christensen
et al., 2016). AMPA receptor function has been con-
firmed in Bergmann glia (Geiger et al., 1995), oligo-
dendrocyte precursor cells (Patneau et al., 1994;
Bergles et al., 2000), astrocytes (Seifert and Stein-
hauser, 1995), and microglia (Noda et al., 2000).

B. Kainate Receptor Subunits

1. Regional Expression of Kainate Receptors Subu-
nits. High-affinity binding sites for radiolabeled kai-
nate reveal a high density of kainate receptors in the
stratum lucidum of the CA3 region in the hippocam-
pus, in the striatum, and in cerebellar granule cells,
with less intense binding throughout other brain
regions (Monaghan and Cotman, 1982). Subsequently,
in situ hybridization shows a strong but not perfect
correlation between high-affinity kainate binding
sites in the hippocampus and the expression pattern
of kainate receptor subunits GluK2 and GluK4 (Bet-
tler et al., 1990; Egebjerg et al., 1991; Werner et al.,
1991; Herb et al., 1992; Lomeli et al., 1992; Wisden
and Seeburg, 1993; Bureau et al., 1999). The dense
pattern of binding to a subregion of the CA3 arises
from the targeting of GluK2/4-containing kainate
receptors in CA3 pyramidal neurons to mossy-fiber
synapses from dentate granule cells (Castillo et al.,
1997; Vignes and Collingridge, 1997; Mulle et al.,
1998). Deletion of GluK2 in mice eliminates high-
affinity kainate binding sites in the CA3 stratum luci-
dum and in the dentate gyrus (Mulle et al., 1998).

To a first approximation, GluK1 is mostly expressed
in interneurons, GluK2 is found in glutamatergic
principal neurons, and GluK3 is found in a variety of
neurons in several brain regions (Wisden and See-
burg, 1993). GluK4 is most restricted in its expression
in the mature CNS and contrasts with the abundant
and widespread distribution of GluK5. As with AMPA
receptor subunits, however, these are generalizations,
and expression varies within select neurons and brain
regions. In the hippocampus, GluK1 transcripts are
expressed predominantly by interneurons in the CA1l
and CA3 regions (Bureau et al., 1999; Mulle et al.,



378

2000; Paternain et al., 2000). GluK2-containing kai-
nate receptors are found primarily in glutamatergic
principal neurons, including pyramidal cells, hilar
mossy cells, and dentate granule neurons as well as a
subset of interneurons (Wisden and Seeburg, 1993;
Bureau et al.,, 1999; Mulle et al., 2000; Paternain
et al., 2000). GluK3 subunit mRNA is present in den-
tate granule cells and at very low levels elsewhere.
GluK4 exhibits the most restricted expression pattern
with dense expression in dentate granule cells and
CA3 pyramidal cells but weak expression elsewhere
(Kask et al., 2000) (Fig. 30). In fact, the GluK4 pro-
moter was used to create a transgenic mouse with
CA3-restricted expression of cAMP response element
(CRE) recombinase (Nakazawa et al., 2002). Con-
versely, GluKS5 is expressed in nearly all hippocampal
regions and most neuronal subtypes (Herb et al.,
1992; Wisden and Seeburg, 1993; Christensen et al.,
2004) (Fig. 30). Kainate receptor signaling studies in
most cases provide functional support for the distribu-
tions found in these studies (Fig. 30).

GluK3 and GluK5 mRNAs are expressed in most
cortical layers in many regions, whereas GluK2 tran-
scripts show dense expression in the cingulate cortex.
GluK1 mRNA is distributed at a lower level through-
out the cortex but with a notable density within the
sensorimotor cortex. GluK4 signals are weaker than
all other kainate receptor subunit transcripts (Wisden
and Seeburg, 1993; Bahn et al., 1994). Subsequent
RNA-sequencing analysis of broad classes of cortical
neurons has identified GluK1 and GluK2 as differen-
tially localized to cortical interneurons and GluK3 to
pyramidal neurons in the S1 somatosensory cortex
(Zeisel et al., 2015). Data from the Allen Brain Atlas
(https://portal.brain-map.org/) confirm and extend the
earlier in situ studies in the cortex: GluK1 is distrib-
uted throughout the lower layers of many cortical
regions, likely in interneurons but also in a denser
pattern in layer 4 in somatosensory cortices; GluK2
appears at highest levels in layer 5 neurons in a vari-
ety of neocortical regions; and GluK3 is found in all
layers of the neocortex except layer 4.

In the cerebellum, mature granule cells and Golgi
cells both express GluK2, and functional kainate
receptors in these neurons are likely GluK2/5 (Wisden
and Seeburg, 1993; Bahn et al., 1994; Ripellino et al.,
1998; Bureau et al., 2000; Zhang et al., 2009b) in com-
plex with the auxiliary subunit Neto2 (Tang et al.,
2012). Kainate receptors in cerebellar granule cells
are localized to presynaptic terminals at parallel fiber
synapses and provide frequency-dependent homosy-
naptic regulation of glutamate release onto Purkinje
neurons and Golgi cells (Delaney and Jahr, 2002).
Purkinje cells express GluK1 and GluK4 mRNAs at
low levels, and kainate receptors contribute a small
component to climbing-fiber but not parallel-fiber
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synaptic currents (Huang et al., 2004). GluK3 tran-
scripts are present in interneurons of the molecular
layer, but their function in those cells remains
unknown.

Kainate receptors are found in all other brain
regions in overlapping expression patterns (Brand-
statter et al., 1994). In the striatum, GluK2, GluK3,
and GluK5 transcripts are most prominent (Wisden
and Seeburg, 1993; Bischoff et al., 1997). GluK2-
containing kainate receptors are present in striatal
projection neurons, where they mediate a postsyn-
aptic current at corticostriatal synapses (Fernandes
et al., 2009) and modulate excitatory and inhibitory
tone through indirect mechanisms involving Aga
adenosine receptors (Chergui et al., 2000) or stimu-
lation of endocannabinoid release (Marshall et al.,
2018). GluK3 was localized to the substantia nigra
pars compacta and ventral tegmental area, whereas
GluK1 was expressed most prominently in the ven-
tral pallidum and Islands of Calleja (Bischoff et al.,
1997). Kainate receptor signaling can regulate
GABAergic transmission in the basal ganglia (Jin
and Smith, 2011).

Glutamate-activated currents in acutely dissociated
DRG neurons almost entirely arise from GluK1/5 kai-
nate receptors with Neto2 (Huettner, 1990; Sahara
et al., 1997; Vernon and Swanson, 2017). Kainate
receptor mRNAs are widely expressed in spinal cord
neurons (Tolle et al., 1993). The localization of kainate
receptors in nonpeptidergic nociceptors (Usoskin
et al., 2015) and the analgesic activity of GluK1-selec-
tive antagonists [reviewed in Wu et al. (2007a), Bhan-
goo and Swanson (2013)], led to a drug discovery
effort for pain relief in inflammatory hyperalgesia,
postoperative, migraine-associated, and other forms
of pain (Sang et al., 1998; Gilron et al., 2000; Sang
et al., 2004). Central kainate receptors in the anterior
cingulate cortex also play a role in pain and itch per-
ception (Wu et al., 2007b).

2. Developmental Expression of Kainate Receptor Sub-
units.  Kainate receptor expression begins early in
embryonic development and changes in select regions
before adulthood. For example, thalamocortical trans-
mission in layer IV barrel cortex switches from kainate
to AMPA receptor-mediated transmission (Bannister
et al., 2005). In the hippocampus and other brain
regions, GluK1 mRNA appears transiently in the early
postnatal weeks before diminishing to undetectable lev-
els as maturation progresses (Bahn et al., 1994). The
early expression of GluK1- and Netol-containing recep-
tors in hippocampal pyramidal neurons regulates the
development of nascent excitatory synapses (Lauri
et al., 2005; Vesikansa et al., 2007, 2012; Clarke et al.,
2014; Orav et al., 2017). Early studies of mossy-fiber
kainate receptors using pharmacological tools and gene-
targeted mice arrived at differing conclusions regarding
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Fig. 30. Kainate receptor expression in hippocampal CA3 pyramidal cells. (A) Electron micrograph showing mossy-fiber boutons (MFBs) and thorny
excrescence spines (SPs) with gold particles for GluK2/3 labeling at the postsynaptic (blue) or the presynaptic membranes (red). (B) Left panel: GluK4
immunoperoxidase staining is evident in CA3 stratum lucidum (SL, arrowheads) but absent from the CA3 pyramidal cells in stratum pyramidale (SP,
asterisk). Right panel: GluKS5 staining is present in CA3 stratum lucidum and stratum pyramidale; SR indicates stratum radiatum. (C) Pairs of evoked
mossy-fiber CA3 EPSCs recorded at several interstimulus intervals reveal paired-pulse facilitation in hippocampal slices from wild-type mice. Paired
pulse facilitation is reduced in slices from GluK4 and GluK5 double-KO mice. (D) Mossy-fiber CA3 kainate receptor-mediated EPSCs isolated using
the AMPA receptor inhibitor GYKI 53655 were evoked with short trains of stimulation (5 stimuli, 100 Hz) in slices from wild-type mice. Slices from
GluK4 and GluK5 double KO mice show no detectable kainate receptor—mediated EPSCs. Reproduced with permission from Fernandes et al. (2009)
(A, C, and D) and Darstein et al. (2003) (Copyright 2003 Society for Neuroscience) (B).

contributions by GluK1l subunits. GluKl1-selective
antagonists block postsynaptic kainate receptor cur-
rents and NMDA receptor-independent LTP (Clarke
et al., 1997; Bortolotto et al., 1999), but GluK1 KO mice
show no apparent deficits in whole-cell kainate receptor
currents or LTP (Contractor et al., 2000; Breustedt and
Schmitz, 2004). This impasse may be explained by the
transient postnatal expression of GluK1 subunits in
CAS3 pyramidal cells or compensatory gene expression
in GluK1 KO mice. Developing synaptic connections
between basolateral and central amygdalar neurons
can be disrupted upon exogenous reduction or overex-
pression of GluK1 or GluK4 (Ryazantseva et al., 2020).
RNA editing of the Q/R/N site, first identified in
GluA2 subunit transcripts, occurs in GluK1l and
GluK2 mRNAs and progresses to different extents
during an early neonatal time window (Sommer
et al., 1991; Bernard and Khrestchatisky, 1994). Both
GluK1 and GIluK2 are substantially unedited during
embryonic development in the rat and unlike GluA2
remain at least partially unedited into adulthood
(Bernard and Khrestchatisky, 1994; Bernard et al.,
1999). In the hippocampus, GluK1 is edited to ~50%,
whereas GluK2 mRNA is edited to a greater degree
(70%-85%), and these proportions are generally

consistent across many brain areas (Sommer et al.,
1991; Bernard and Khrestchatisky, 1994; Bernard
et al., 1999). RNA editing of the Q/R/N site in kainate
receptors has similar functional consequences as for
GluA2-containing AMPA receptors (i.e., elimination of
Ca®" permeability, reduced single-channel conduc-
tance, and insensitivity to intracellular polyamines),
but the relevance of the changes in channel properties
remains unclear. Mice expressing only unedited
GluK2 are viable, exhibit no detectable behavioral or
anatomic differences, and only a modest physiologic
phenotype (Vissel et al., 2001b). In contrast, mice in
which editing of GluA2 is genetically ablated develop
lethal seizures within the first 3 postnatal weeks
(Brusa et al., 1995), and mice lacking adenosine
deaminase can be rescued from a similar phenotype
by introducing alleles that encode edited GluA2
(Higuchi et al., 2000).

C. NMDA Receptor Subunits

1. Expression of GluNI1/2 Receptors. Distinct
expression patterns for GluN1 splice isoforms and
GIluN2 subtypes were established 3 decades ago, and
recent advances in the sensitivity of single-cell
sequencing and imaging methods have enriched our
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understanding of cell-type—specific gene expression.
Furthermore, recently developed subtype-selective
allosteric modulators (Section IX. Exogenous Positive
and Negative Allosteric Modulators) have been used
to assess functional contributions of NMDA receptor
subtypes in specific cell types.

Consistent with its role as an obligate NMDA
receptor subunit, GluN1 is expressed throughout the
nervous system as early as E13 in rodents and gesta-
tional week 8 in humans and remains ubiquitous
through adulthood (Moriyoshi et al., 1991; Watanabe
et al., 1992; Ritter et al., 2001, 2002). In contrast,
alternative splice isoforms of GluN1 are tightly regu-
lated in a regional pattern that is established at birth
and maintained through adulthood (Nakanishi et al.,
1992; Laurie and Seeburg, 1994; Zhong et al., 1995;
Paupard et al., 1997). The NTD splice isoforms of
GluN1 influence NMDA receptor deactivation time
course and pharmacology (Fig. 7 and Section IV.
Receptor Activation, Deactivation, and Desensitiza-
tion). The expression pattern of GluN1-b isoforms,
which contain residues encoded by exon 5, is largely
complementary to the pattern of those lacking exon 5
(GluN1-a isoforms). Exon 5-lacking transcripts are
highly expressed in the telencephalon and weakly
expressed in the thalamus, midbrain, and hindbrain,
whereas transcripts containing exon 5 are abundant
in the thalamus, midbrain, hindbrain, and spinal cord
but restricted to only a few cortical areas, hippocam-
pal CA3, and the dentate gyrus (Laurie and Seeburg,
1994; Luque et al., 1994; Paupard et al., 1997). Dele-
tion of exon 5 thereby enables expression of only
GluN1-a isoforms, disrupts developmental remodeling
of NMDA receptors in the thalamus, and alters corti-
cal excitatory connectivity (Liu et al., 2019a). How-
ever, hippocampal LTP is significantly enhanced in
GluN1-a mice (i.e., mice with exon 5 deletion) com-
pared with that in GluN1-b mice (i.e., mice with com-
pulsory exon 5 expression), consistent with improved
learning and spatial memory for GluN1-1a mice com-
pared with GluNN1-b mice (Sengar et al., 2019). In the
cerebellum, 20% of GluN1 contains residues encoded
by exon 5 early in development, compared with 80%
of GluN1 in adult (Prybylowski et al., 2000), suggest-
ing alternative splicing may be an important develop-
mental factor (Paupard et al., 1997).

The expression of isoforms with alternative splicing
in two regions of the intracellular CTD referred to as
C1 and C2 (Fig. 7) is also regionally controlled with
GIluN1-2 isoforms expressed in nearly all brain
regions, GluN1-1 isoforms restricted to the telenceph-
alon and cerebellum, GluN1-3 isoforms displaying
weak expression in the hippocampus, and GluN1-4
isoforms mirroring exon 5—containing transcripts
with high expression in specific cortical areas, thala-
mus, midbrain, and hindbrain (Laurie and Seeburg,
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1994; Paupard et al., 1997). Furthermore, cell-type—spe-
cific expression of splicing factors indicates that GluN1
splicing likely differs between excitatory and inhibitory
neurons within specific brain regions (Furlanis et al.,
2019). In addition, the C1 region contains a nuclear
localization signal, raising the possibility of regulation
by intracellular protease cleavage (Zhou and Duan,
2018).

The different spatial gene expression patterns of
GIluN2 subunits are major determinants of NMDA
receptor functional diversity across the CNS. The
GluN2B and GluN2D subunits are highly expressed
during embryonic development, whereas GluN2A and
GIluN2C expression increases postnatally (Watanabe
et al.,, 1992, 1993; Akazawa et al., 1994; Monyer
et al.,, 1994; Wenzel et al., 1996, 1997). GluN2A
mRNA expression in rodents begins a few days after
birth and becomes highly expressed in nearly all CNS
regions. GluN2B expression remains high in most
brain regions through early postnatal development
and then becomes restricted primarily to the fore-
brain. The increase in synaptic GluN2A expression
and coordinated reduction in synaptic GluN2B
expression is regulated by activity during develop-
ment in the cortex, hippocampus, amygdala, thala-
mus, and cerebellum (Tovar and Westbrook, 1999;
Philpot et al., 2001; Barria and Malinow, 2002; Lopez
de Armentia and Sah, 2003; Gray et al., 2011). This
developmental GluN2B-GluN2A switch occurs over
timelines that differ across cortical regions and
between GABAergic interneurons and principal gluta-
matergic cells within the forebrain (Dumas, 2005;
Wang and Gao, 2009; Mierau et al., 2016). Further-
more, some cell types, such as neurons in the dorsal
horn, do not undergo a developmental loss of synaptic
GluN2B (Hildebrand et al., 2014; Mahmoud et al.,
2020). The relative levels of synaptic GIuN2A and
GluN2B also differ between anatomically distinct
inputs to a single neuron type in the cortex, hippo-
campus, striatum, thalamus, and retina (Fritschy
et al., 1998; Kumar and Huguenard, 2003; Miyata
and Imoto, 2006; Shinohara et al., 2008; Kalbaugh
et al., 2009; Carta et al., 2018; Li and Pozzo-Miller,
2019).

GluN2C expression begins at approximately post-
natal day 10 in the rodent, and it is abundantly
expressed in cerebellar granule cells, lateral nuclei
of the dorsal thalamus, and the glomerular layer
and mitral cells of the olfactory bulb (Watanabe
et al., 1993; Akazawa et al., 1994; Monyer et al.,
1994). GluN2C is weakly expressed in the cortex,
hippocampus, striatum, and amygdala, and recent
evidence suggests that GluN2C is expressed primar-
ily in astrocytes and not neurons in these regions
(Karavanova et al., 2007; Ravikrishnan et al., 2018;
Alsaad et al.,, 2019). Several reports suggest
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GluN2C is also expressed in oligodendrocytes in the
white matter of the cerebellum, corpus callosum,
and optic nerve (Karadottir et al., 2005; Salter and
Fern, 2005; Micu et al., 2006; Burzomato et al.,
2010; Doyle et al., 2018). In the spinal cord, GluN2C
was weakly detected in the dorsal horn and non-
neuronal cells in white and gray matter in the lum-
bar region (Tolle et al., 1993; Sundstrom et al.,
1997; Shibata et al., 1999; Akesson et al., 2000) as
well as the ventral horn early in postnatal develop-
ment (Stegenga and Kalb, 2001), but was not detect-
able in the cervical spinal cord (Watanabe et al.,
1994). Functional studies utilizing GluN2C-selective
pharmacology support neuronal expression in the
cerebellum, thalamus, and globus pallidus (Fernan-
dez et al., 2017; Bhattacharya et al., 2018; Liu
et al., 2019b, 2021).

GluN2D is widely expressed in the CNS during
embryonic and early postnatal development, but after
the first postnatal week GIuN2D expression becomes
restricted to GABAergic interneurons in the cortex
and hippocampus (Fig. 31), cholinergic interneurons
in the striatum, and select neurons within the thala-
mus, basal ganglia, bed nucleus of the stria termina-
lis, substantia gelatinosa of the spinal cord, and
cerebellum (Tolle et al., 1993; Akazawa et al., 1994;
Monyer et al., 1994; Standaert et al., 1994, 1996;
Wenzel et al., 1996; Dubois et al., 2016; Salimando
et al., 2020). GluN2D is not restricted to particular
interneuron classes in the cortex and hippocampus
and is commonly expressed in 2parvalbumin- and
somatostatin-positive cells (von Engelhardt et al.,
2015; Perszyk et al., 2016). Recent functional studies
utilizing subtype-selective pharmacology support
GIluN2D expression in cortical and hippocampal inter-
neurons (von Engelhardt et al., 2015; Perszyk et al.,
2016; Swanger et al., 2018; Yi et al., 2019, 2020;
Garst-Orozco et al., 2020), striatum (Feng et al., 2014;
Zhang et al., 2014b,c; Nouhi et al., 2018), subthalamic
nucleus (Swanger et al., 2015, 2018; Yi et al., 2020),
substantia nigra (Pearlstein et al.,, 2015; Wu and
Johnson, 2015; Morris et al.,, 2018b; Sitzia et al.,
2020), and spinal cord (Hildebrand et al., 2014; Mah-
moud et al., 2020).

2. Expression of GluN3 Subunits. The spatial and
temporal expression of GluN3A and GluN3B provides
hints to the roles of these subunits [reviewed in Low
and Wee (2010), Perez-Otano et al. (2016)]. Expression
of the GluN3A protein is low in the brain during
embryonic stages, peaking in the first two weeks of
postnatal development and declining into adulthood
(Chan and Sucher, 2001; Wong et al., 2002; Sucher
et al., 2003; Mueller and Meador-Woodruff, 2005; Wee
et al., 2016; Murillo et al., 2021). GluN3A mRNA is
expressed in the thalamus, entorhinal cortex, subicu-
lum, neocortex, hippocampus, spinal cord, medulla,
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pons, tegmentum, and hypothalamus (Ciabarra et al.,
1995; Sucher et al., 1995; Das et al., 1998; Sun et al.,
1998; Wong et al., 2002; Domingues et al., 2011,
Murillo et al., 2021). Adult mice show distinet lami-
nar GluN3A expression in the granular, mitral, and
glomerular cell layers of the olfactory bulb (Lee et al.,
2016b). GIuN3A is functionally expressed in hippo-
campal CA1l principal cells (Grand et al., 2018; Zhu
et al., 2020), neurons of the adult mouse medial habe-
nula (Otsu et al., 2019), and possibly astrocytes [Lee
et al. (2010a), Palygin et al. (2011), Zhang et al.
(2014d); reviewed in Verkhratsky and Chvatal (2020)]
and oligodendrocytes (Karadottir et al., 2005; Salter
and Fern, 2005; Micu et al., 2006; Burzomato et al.,
2010; Pina-Crespo et al., 2010). The expression of
GluN3A is well timed to play a role in neuronal differ-
entiation, migration, and synapse formation (Ciabarra
et al.,, 1995; Sucher et al., 1995; Wong et al., 2002;
Murillo et al., 2021). The spatial and temporal expres-
sion of GluN3A overlaps with the timing of spine and
synapse development, and GluN3A KO mice show
increased spine density (Section V.D.7. Kainate Recep-
tor Function in Postsynaptic Signaling).

GluN3B has a different spatial and temporal
expression than GlulN3A (Chatterton et al., 2002;
Matsuda et al., 2002; Wee et al., 2016), being either
weakly expressed or absent in the embryonic and neo-
natal brain (Fukaya et al., 2005a; Ishihama et al.,
2005; Ishihama and Turman, 2006; Liu and Wong-
Riley, 2010; Wee et al., 2016). GluN3B expression
starts to increase in the early postnatal period (P7)
and maintain expression levels into adulthood (Wee
et al, 2008, 2016). Spatially, GIluN3B is highly
expressed in pons, midbrain, medulla, and spinal cord
but at low levels in forebrain and cerebellum (Mat-
suda et al., 2002; Wee et al., 2008). In the spinal cord,
GIluN3B shows a different temporal expression pat-
tern compared with the brain. GluN3B is expressed
in somatic motoneurons as early as embryonic day 16,
peaking at postnatal day 28, and have been hypothe-
sized to be neuroprotective for these neurons (Nishi
et al.,, 2001; Matsuda et al., 2003; Fukaya et al.,
2005a; Prithviraj and Inglis, 2008).

D. GluD Receptors

GluD1 expression is higher in younger animals,
especially in the striatum and the anteroventral tha-
lamic nucleus, whereas in the adult, GluD1 is
expressed moderately in the cerebral cortex, hippo-
campus, dorsal raphe, striatum, central nucleus of
the amygdala, and cerebellar cortex (Konno et al.,
2014; Hepp et al., 2015; Nakamoto et al., 2020b).
GluD1 expression is stronger than GluD2 in the hip-
pocampus, dentate gyrus, piriform cortex, central
nucleus of the amygdala, oval nucleus of the bed
nucleus of the stria terminalis, and parafascicular
thalamic nucleus (Nakamoto et al., 2020b). In the
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Fig. 31. NMDA receptor expression in hippocampal CA1 neurons. (A) Upper panel: fluorescence in situ hybridization for CB1 cannabinoid receptor,
parvalbumnin, and Grin2d mRNA. Lower panel: the percentage of CAl interneurons showing the GluN2 subunit expression based on interneuron
classification as determined by single-cell reverse transcription PCR (RT-PCR). PV, parvalbumin; CCK, cholecystokinin; SOM, somatostatin; NPY,
neuropeptide Y. Adapted with permission from Perszyk et al. (2016). (B) Paired recordings of outward NMDA receptor—-mediated evoked EPSCs
(VgoLp +40 mV) from wild-type CA1 pyramidal neurons (black) and pyramidal neurons lacking GluN2A, GluN2B, or both subunits (green). Scale bars
as are 25 pA and 100 milliseconds. Adapted with permission from Gray et al. (2011). (C) Whole-cell current recording of evoked EPSCs from either CA1
pyramidal cells (C1) or interneurons (C2) in the absence (black) or presence (blue) of the GluN2A-selective negative allosteric modulator MPX-004, the
GluN2B-selective negative allosteric modulator CP-101,606, or the GluN2C/D-selective negative allosteric modulator NAB-14. These data demon-
strate pyramidal cell expression of GluN2A/B and interneuron expression of GluN2B/2D. Scale bars are 20 pA and 100 milliseconds. Adapted with per-
mission from Yi et al. (2019) and Swanger et al. (2018) (Copyright 2018 American Chemical Society).

cerebellar cortex, GluD1 is expressed in molecular
layer interneurons, where the receptors are localized
at the parallel fiber—molecular layer interneuron syn-
apses (Konno et al., 2014). In the auditory system,
GluD1 mRNA is highly expressed in the inner hair
cells, outer hair cells, spiral ganglia, and vestibular
hair cells, and GluD1 KO mice showed hearing loss at
high frequencies (>16 kHz) (Safieddine and Went-
hold, 1997; Gao et al., 2007). The expression of GluD1
may depend on their role as trans-synaptic organizers
mediated through the presynaptic terminal and thus
may be related to expression of the Cbln family of pro-
teins with which they interact (Section V. Glutamate
Receptors in Neuronal Functions and Synaptic
Plasticity).

GluD2 subunits expressed in cerebellar Purkinje
cells play a role in motor coordination and motor
learning [reviewed in Hirano (2006), Mandolesi et al.
(2009), Yuzaki and Aricescu (2017)]. GluD2 is in dis-
tal dendrites of Purkinje cells that receive synaptic

input from the parallel fibers, whereas proximal den-
drites that receive input from climbing fibers (axons
of inferior olivary nucleus) and molecular layer inter-
neurons (stellate and basket cells) are devoid of
GluD2 (Takayama et al., 1996; Landsend et al., 1997).
GluD2 is also expressed in the olfactory glomerular
layer, cingulate cortex, medial prefrontal cortex, ret-
rosplenial granular cortex, olfactory tubercle, subicu-
lum, striatum, anterodorsal thalamic nucleus, lateral
septum, and arcuate hypothalamic nucleus (Naka-
moto et al., 2020b). GluD2 mRNA is preferentially
expressed in glutamatergic neurons in the cortical
regions and by various neurons in subcortical regions
(Nakamoto et al., 2020b).

E. Glutamate Receptor Subunits in Peripheral Tissues

Virtually all of the glutamate receptor subunits are
expressed in peripheral tissues. This likely reflects
the body’s ability to repurpose signaling molecules for
the unique roles various cells play. There is ample
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precedent for this in biology, and although terminal
differentiation can reduce active gene sets, every cell
still has access to every gene. A comprehensive review
of expression of glutamate receptor subunits in all
peripheral tissues would be enormous, and thus we
provide here only a summary of tissues and referen-
ces for the most commonly discussed expression pat-
terns (Supplemental Table 3).

VII. Pharmacology of Orthosteric Ligands and
Channel Blockers

The functional iGluR classes were first identified
based on the selective activation or inhibition by
orthosteric ligands (i.e., agonists and competitive
antagonists) or channel blockers [reviewed in Mayer
and Westbrook (1987b), Collingridge and Lester
(1989), Lodge (2009), Dawe et al. (2015), Lodge et al.
(2019)]. After cloning of the different iGluR subunits,
it became possible to quantitatively determine the
activity of these ligands at recombinant iGluR sub-
types expressed in heterologous expression systems.
This approach facilitated the identification of new
classes of orthosteric ligands and channel blockers
with diverse chemical structures, some of which dis-
played subunit selectivity. More recently, X-ray crys-
tallography and molecular dynamics have provided a
more detailed understanding of binding mechanisms
and the structural basis for subunit selectivity.

A. Agonists

The initial conformational change that triggers receptor
activation is mediated by agonist binding and closure of
the bilobed ABD, in which the upper and the lower (mem-
brane-proximal) lobes are denoted D1 and D2, respec-
tively. The agonist binding pocket is located in the cleft
formed between D1 and D2, which are tethered by a
highly flexible “hinge” region (Section II. Receptor Struc-
ture). Many structural features of agonist binding are con-
served in all iGluR subunits, but some key differences
exist that enable the design of subunit-selective ligands.
Central to all iGluR agonists is the requirement that the
chemical structure include a moiety equivalent to the
backbone portion of glutamate and glycine/p-serine,
namely the ¢-amino and o-carboxyl groups (i.e., the amino
acid moiety). The region of the binding pocket that har-
bors the amino acid moiety primarily comprises residues
from D1 and is similar in all iGluR subunits (Fig. 32).
Agonists initially form interactions with the D1 lobe, pri-
marily driven by the strong electrostatic interaction
between the agonist a-carboxyl group and an arginine res-
idue, which is conserved in all iGluR subunits. Once
docked in the D1 region of the binding pocket, the agonist
can recruit interactions with the D2 region, thereby clos-
ing the ABD (Abele et al., 2000; Armstrong and Gouaux,
2000; Cheng et al., 2005; Yu and Lau, 2018; Yu et al,,
2018a). The iGluR subunits display greater structural
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variation in the D2 region of the pocket, consistent with
the diversity in endogenous agonists (glutamate vs. gly-
cine/D-serine). The agonist binding pockets are conserved
among those iGluR subunits that bind glutamate (GluA1-
4, GluK1-5, GluN2A-D) and are more variable in those
subunits that bind glycine/D-serine (GlulN1, GlulN3A-B,
GluD1-2) (Fig. 32). Because of this conservation, there are
only few examples of agonists that display subunit
selectivity.

1. AMPA and Kainate Receptor Agonists. A wide
range of natural products, including kainate, ibotenic
acid, domoate, quisqualate, willardiine, and dysiher-
baine, and synthetic analogs thereof are agonists at
AMPA and kainate receptors (Supplemental Tables 4
and 5). Considerable efforts have been devoted to the
development of analogs of these natural products that
are capable of discriminating between AMPA and kai-
nate receptors but with limited success (Brauner-Os-
borne et al., 2000; Stensbol et al., 2002; Jane et al.,
2009; Vogensen et al., 2011). For example, the agonist
AMPA is a partial agonist at some kainate receptor
subtypes (Herb et al., 1992; Swanson et al., 1996;
Mott et al., 2010). Similarly, the agonist kainate is
also a partial agonist at AMPA receptors (Patneau
et al., 1993). Nonetheless, some agonists with selectiv-
ity for AMPA receptors over kainate receptors (except
GluK1), and agonists with selectivity for kainate
receptors have been developed (Supplemental Tables
4 and 5). By now, several hundred crystal structures
of isolated AMPA and kainate receptor subunit ABDs
provide detailed insights into ligand-receptor interac-
tions, and these structures reveal the molecular basis
for the selectivity of agonists between iGluR classes
[reviewed in Pohlsgaard et al. (2011), Kumar and
Mayer (2013), Mollerud et al. (2017a)] (Fig. 32).

AMPA receptor agonists show variation in the
extent of desensitization they induce during pro-
longed activation. Glutamate and AMPA are full ago-
nists at AMPA receptors (i.e., high agonist efficacy)
that activate strongly desensitizing current responses,
whereas kainate is a partial agonist (i.e., lower agonist
efficacy) that induces rapid but incomplete desensitiza-
tion (Patneau and Mayer, 1991; Patneau et al., 1993;
Armstrong and Gouaux, 2000). Similarly, a series of 5-
substituted willardiines act as partial agonists at
AMPA receptors with varying levels of agonist efficacy
and desensitization (Patneau et al., 1992; Jin et al,,
2003). The correlation between agonist efficacy and
desensitization for AMPA and kainate receptor agonists
results in widely different values for agonist potencies
and efficacies being reported for steady-state responses
and peak responses, thereby complicating comparisons
of agonist efficacy reported in studies using different
functional assays. Similarly, it is difficult to compare
agonist activities determined on native receptors with
those determined on recombinant receptors, since
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Fig. 32. Agonist binding pockets in iGluR subunits. (A) Binding of glutamate (yellow) in the agonist binding pocket of GluA2 (PDB: 1FTJ), GluA3
(PDB: 3DLN), and GluA4 (PDB: 3EPE). Only side chains of key interacting residues are shown. (B) Binding of glutamate in GluK1 (PDB: 2F36),
GluK2 (PDB: 1S7Y), and GluK3 (PDB: 4MH5). Compared with the agonist binding pocket of GluA2, there is a loss of a direct hydrogen bond to the
o-amino group of glutamate at position Ala518 in GluK2, which is equivalent to Thr501 in GluA2. An additional water molecule forms a hydrogen bond
to the o-amino group of glutamate in GluK2 (not shown). (C) Binding of glutamate in GluN2A (PDB: 5157) and GluN2D (PDB: 30EL). Compared with
GluA2, the salt bridge between Asp731 and the a-amino group of glutamate is absent. Instead, the z-amino group of glutamate forms water-mediated
hydrogen bonds to Asp731, Glu413, or Tyr761 (W indicates water). (D) Binding of glycine in GluN1 (PDB: 5157). Specificity of GluN1 for glycine can be
explained by the hydrophobic environment created by Val689 and the steric barrier formed by Trp731. (E) Binding of glycine in GluN3A (PDB: 2RC7)
and GluN3B (PDB: 2RCA). Trp731 of GluN1 is replaced by GluN3A Met844. (F) Binding of D-serine in GluD2 (PDB: 2V3U).

neuronal receptors presumably express a mixed popula-
tion of receptor subtypes with a varied complement of
auxiliary subunits (Tables 2 and 3 in Section IV. Recep-
tor Activation, Deactivation, and Desensitization). For
example, auxiliary subunits can convert some competi-
tive antagonists (e.g., DNQX and CNQX) into partial
agonists for AMPA receptors (Section II1.1.b. Functional
effects of TARPs).

Efforts to develop agonists selective for a single
AMPA receptor subunit have been unsuccessful. How-
ever, Br-HIBO, an analog of ibotenic acid (Coquelle
et al.,, 2000), and CPW399, a willardiine analog
(Campiani et al.,, 2001), can preferentially activate
GluAl, GluA2, and GluA4 over GIuA3 receptors
(Supplemental Table 4). In part, this subunit prefer-
ence is enabled by water-mediated hydrogen bonding
between the agonists and a binding pocket Tyr in
GluAl and GluA2, which is Phe in GluA3 and GluA4
(Hogner et al., 2002; Frandsen et al., 2005). Molecular
modeling predicted that the exchange of bromine for
chlorine would improve selectivity, resulting in
C1-HIBO, which activates GluA1-2 subunits with 275-
to 1600-fold selectivity over GluA3-4 subunits (Bjer-
rum et al., 2003; Ahmed et al., 2009Db).

The AMPA receptor agonists AMPA, 2-amino-3-(3-
hydroxy-5-tert-butylisoxazol-4-yl)propanoic acid (ATPA),

2-Me-Tet-AMPA, and 2-Bn-Tet-AMPA have increasingly
bulky substituents in the 5-position of the isoxazole
ring (Supplemental Table 4). Crystal structures
revealed that these substituents point toward a side
cavity in the agonist binding pocket that is formed
by residues in both D1 and D2, including Met729
(Armstrong and Gouaux, 2000; Hogner et al., 2002;
Lunn et al., 2003; Vogensen et al., 2007). The side
chain of Met729 in GluA2 adopts widely different
conformations to optimize the van der Waals inter-
action with the bulky substituents of the agonists
(Fig. 32). Thus, the volume of the side cavity
changes to accommodate agonists of varying sizes,
resembling an induced fit mechanism of binding.
The increase in bulk of the substituent in 2-Bn-Te-
t-AMPA (methyl to benzyl) resulted in >10-fold pref-
erence for GluA4 over GluA1-3 (Jensen et al., 2007),
which might result from interactions with noncon-
served residues in the cavity (Vogensen et al., 2007).

Kainoids are natural products composed of a 2-car-
boxypyrrolidine-3-acetic acid backbone, some of which
are agonists at AMPA and kainate receptors, includ-
ing domoate and kainate [reviewed in Jane et al.
(2009), Tian et al. (2019)] (Supplemental Table 5).
Heteromeric kainate receptor subtypes (e.g., GluK2/4
and GluK2/5) can have bell-shaped steady-state
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agonist concentration-response relationships due to
initial binding of agonists to the high-affinity
GluK4-5 subunits and, at higher agonist concentra-
tions, binding to the low-affinity GluK1-3 subunits
(Mott et al., 2010; Fisher and Mott, 2011, 2013; Fisher
and Fisher, 2014). Agonist binding to GluK4-5 medi-
ates activation with low desensitization (i.e., rising
phase of the concentration-response curve), whereas
agonist binding to GluK1-3 produces desensitization
(i.e., falling phase). This dependence on subunit com-
position is at least in part due to the relationship
between agonist binding (i.e., occupancy) and channel
activation, in which partial occupancy of agonist bind-
ing sites in both homomeric or heteromeric receptors
can be sufficient for activation but may not be suffi-
cient for desensitization (Swanson et al., 2002; Fisher
and Mott, 2011; Pinheiro et al., 2013; Fisher, 2014;
Fisher and Fisher, 2014; Reiner and Isacoff, 2014;
Pollok and Reiner, 2020).

The structural basis for the higher binding affinity
of kainate at GluK4-5 over GluK1-3 has been investi-
gated in a crystal structure of the isolated GluK4
ABD in complex with kainate (Kristensen et al.,
2016b). In part, the higher binding affinity could be
afforded by a more optimal shape complementarity
with I1e670 in GluK4 (I1e669 in GluK5); the residue
at this position is Leu in GluA1-4 and Val in GluK1-3.
Two characteristics of the agonist binding pocket in
GluA2 are conserved in GluK4-5. First, Met729 in
GluA2, which wundergoes major conformational
changes to adopt the bound ligand (Pohlsgaard et al.,
2011), is conserved in GluK4-5 and absent in GluK1-
3. Second, an interdomain lock in GluA2 formed by
Glu423 in D1 and Thr707 in D2 (Armstrong and
Gouaux, 2000) is conserved in GluK4-5.

In contrast to kainate, the marine toxin dysiher-
baine has high affinity for GluK1-2 and low affinity
for GluK5 (Sakai et al., 2001; Swanson et al., 2002;
Sanders et al., 2005, 2006). The high affinity of dysi-
herbaine for GluK1 promotes strong desensitization
that persists minutes after agonist removal, enabling
the use of dysiherbaine as a selective functional
antagonist of GluK1 subunits in heteromeric GluK1/
K5 receptors (Swanson et al., 2002). Neodysiherbaine
is a naturally occurring analog that shows lower
affinity for GluK1-2 and higher affinity for GluK5
compared with dysiherbaine (Sanders et al., 2005).
However, the synthetic analogs 8-deoxy-neodysiher-
baine (partial agonist), 9-deoxy-neodysiherbaine (full
agonist), and MSVIII-19 show nanomolar affinity for
GluK1 and more than 1000-fold selectivity for GluK1
over GluK2, GluK3, and GluK5 (Lash et al., 2008).
MSVIII-19 was initially presumed to act as a GluK1
antagonist (Sanders et al., 2005), but a crystal struc-
ture of the isolated GluK1 ABD revealed full cleft clo-
sure, and functional studies show that MSVIII-19 is
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an agonist with very low efficacy (i.e., functional
antagonist) (Frydenvang et al., 2009). Crystal struc-
tures of GluK1 and GluK2 ABDs bound to dysiher-
baine analogs identified three nonconserved amino
acids in the agonist binding pocket as the structural
basis for the selectivity between GluK1l and GluK2
subunits (Unno et al., 2011).

Other agonists, including ATPA, 2-amino-3-(3-hydroxy-
7,8-dihydro-6H-cycloheptaldlisoxazol-4-yl)propionic acid
(AHCP), 8-Me-AHCP, iodowillardiine, CBG-IV, (4R)-
isopentyl glutamate, and LY339434, are potent ago-
nists selective for GluK1, with almost no activity at
GluK2 (Clarke et al., 1997; Jane et al., 1997; Small
et al., 1998; Brehm et al., 2003; Bunch et al., 2009;
Clausen et al., 2009; Juknaite et al., 2012). This
selectivity is, in some cases, mediated by steric
occlusion in the agonist binding pocket that pre-
vents the accommodation of bulky groups on ago-
nists. For example, the larger binding cavity in
GluK1 relieves steric occlusion of the bulky tert-
butyl group of ATPA and the halogen atom of iodo-
willardiine (Mayer, 2005). The importance of cavity
size has been further demonstrated by mutagenesis
(Swanson et al., 1997a, 1998; Nielsen et al., 2003).
Steric occlusion also mediates the selectivity for
some agonists toward kainate receptors over AMPA
receptors. The agonist binding cavities of kainate
receptor subunits GluK1 and GluK2 are larger and
can accommodate bulkier agonists compared with
the AMPA receptor subunit GluA2 (Mayer, 2005;
Naur et al., 2005; Venskutonyté et al., 2011b; Veran
et al., 2012; Kristensen et al., 2016b). For example,
GluA2 Leu671 is a smaller valine residue in GluK1-
3 and Ile in GluK4-5, thereby enabling higher affin-
ity binding by accommodating the 4-methyl group of
SYM2081 or the 4-isoprenyl group of kainate (Arm-
strong et al., 1998, 2003; Mayer, 2005). Interest-
ingly, the conformationally restricted glutamate/
kainate analog CIP-AS has strong preference for
GluK3 over GluK1, GluK2, and AMPA receptor sub-
units (Conti et al., 1999; Mollerud et al., 2017b).

The availability of crystallographic data for AMPA
and kainate receptor ABDs has enabled molecular
dynamics simulations to investigate mechanisms of
agonist binding (Arinaminpathy et al., 2002, 2006;
Lau and Roux, 2007, 2011; Postila et al., 2010, 2011;
Sahai and Biggin, 2011; Yu and Lau, 2017; Yu et al.,
2018a; Wied et al., 2019). Furthermore, ABD crystal
structures have provided opportunities to design
light-activated or light-inhibited AMPA and kainate
receptor subunits [Volgraf et al. (2006), Gorostiza
et al. (2007), Szobota et al. (2007), Numano et al.
(2009), Janovjak et al. (2010), Reiner and Isacoff
(2014), Carroll et al. (2015), Levitz et al. (2016);
reviewed in Bregestovski et al. (2018)].
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2. Agonists for Glutamate Binding NMDA Receptor
Subunits (GluN2). The GluN1/GluN2 NMDA recep-
tors are unique among iGluRs by having a strict
requirement of simultaneous binding of two distinct
agonists for activation, namely glycine or D-serine to
GluN1 and glutamate to GluN2 (Fig. 32 and Section
II. Receptor Structure). The mechanism underlying
selectivity of the agonist NMDA for GluN2 subunits
was first suggested from a crystal structure of the
glutamate/glycine-bound GluN1/2A ABD heterodimer
(Furukawa et al., 2005) and later revealed in a
GluN2D ABD structure in complex with NMDA
(Vance et al., 2011). In the GluN2 binding pocket, a
conserved Asp residue in D2 (Asp731 in GIluN2A) is
one methylene group shorter than the Glu residue
found in AMPA and kainate receptor subunits (Fig.
32). Unlike the Glu residue in AMPA and kainate
receptor subunits that directly interacts with the ago-
nist, the Asp residue in GluN2 subunits interact with
agonist «-amino groups via water-mediated hydrogen
bonds (Furukawa et al., 2005; Vance et al., 2011; Han-
sen et al., 2013; Jespersen et al., 2014; Hackos et al.,
2016; Volgraf et al., 2016; Yi et al., 2016; Chou et al.,
2020). The reduced side chain of this Asp residue
therefore creates space for the N-methyl group of
NMDA in the GluN2 binding pocket, since this group
can displace the water molecule that otherwise binds
the o-amino group of glutamate (Vance et al., 2011).
However, the position of the N-methyl group of
NMDA in a hydrophilic subsite is less favorable, pre-
sumably resulting in the relative low potency of
NMDA at the different NMDA receptor subtypes
(Supplemental Table 6).

Several other endogenous agonists for GluN2 subu-
nits have been identified, such as p- and L-aspartate,
homocysteate, and cysteinesulfinate (Supplemental
Table 6). Furthermore, a number of agonists that are
selective for NMDA receptors over AMPA and kainate
receptors are derived from the natural product ibo-
tenic acid (or ibotenate) isolated from the toxic mush-
room Amanita muscaria [reviewed in Risgaard et al.
(2010)], such as the NMDA receptor-selective agonist
AMAA (Madsen et al., 1996) (Supplemental Table 6).
Glutamate adopts several conformations in the ago-
nist binding pocket, but the introduction of ring sys-
tems in the agonist structure limits the number of
possible conformations, resulting in improved binding
affinity if the conformational restriction resembles a
favorable conformation adopted by glutamate. Many
GIluN2 agonists are conformationally restricted gluta-
mate analogs, including L-CCG-1V, trans-ACBD, cis-
ACPD, and homoquinolinate (Supplemental Table 6).
L-CCG-IV is the most potent conformationally restricted
analog, and the potent agonist (RS)-(tetrazol-5-yl)glycine
is conformationally restricted with a tetrazole as the car-
boxylate bioisostere (Schoepp et al., 1991) (Supplemental
Table 6).

Hansen et al.

All the residues lining the agonist binding pocket
are conserved among GluN2 subunits (Fig. 32),
explaining why efforts to design GluN2-selective ago-
nists have not been successful (Supplemental Table
6). However, agonist potencies display a graded varia-
tion among GluN2 subunits, with the lowest potency
at GluN2A- and the highest potency at GluN2D-con-
taining receptors (Erreger et al., 2007; Hansen et al.,
2008) (Supplemental Table 6). This trend is profound
for the agonist SYM2081, which also binds kainate
receptors and displays a 46-fold lower EC5, value for
GluN2D-containing receptors compared with Glu-
N2A-containing NMDA receptors (Erreger et al.,
2007). Most partial agonists also display variation in
efficacy among GluN2 subunits (Supplemental Table
6). Consistent with the conserved agonist binding
pocket, the structural determinants of the differences
in agonist potency and efficacy between the GlulN2
subunits reside in the NTD, suggesting that interdo-
main interactions between the ABD and the NTD
influence the manner by which agonist binding leads
to channel activation (Gielen et al., 2009; Yuan et al.,
2009; Hansen et al., 2013). Crystal and cryo-EM
structures have provided structural data that can
facilitate studies of these interactions [Esmenjaud
et al. (2019), Chou et al. (2020); reviewed in Wang
and Furukawa (2019)].

Agonists with some GluN2 subunit selectivity in
terms of agonist efficacy have been developed from
the partial agonist NHP5G that relies on N-hydroxy-
pyrazole as bioisostere for the distal carboxylate in
the agonist aspartate (Clausen et al., 2004, 2008).
Substituted NHP5G analogs showed GluN2 subunit
selective agonist efficacy, with the strongest effects
observed for ethyl- and propyl-NHP5G that have
broad ranges of agonist efficacies among GluN2 subu-
nits (Supplemental Table 6). The maximal responses
to ethyl- and propyl-NHP5G relative to glutamate are
5% and ~0%, 2D (/2A, but 72% and 45%, respectively,
at GluN1/2D (Hansen et al., 2013). Single-channel
recordings revealed that propyl-NHP5G activates
brief channel openings of GluN1/2A with low probabil-
ity, confirming that propyl-NHP5G is a partial agonist
with very low efficacy (i.e., functional antagonist) at
GluN1/2A (Hansen et al., 2013). The substituents of
the NHP5G analogs protrude toward a Val residue
in the GluN2 binding pocket, and the agonist efficacy
of the NHP5G analogs correlated with the extent of
predicted steric clash (i.e., Van der Waals interaction)
with this Val residue (Hansen et al., 2005, 2013).
Thus, larger substituents on NHP5G (e.g., propyl)
reduce agonist efficacy. The 4-methyl substitution on
the glutamate backbone in SYM2081 is predicted
from molecular modeling to protrude toward the same
Val residue in the GluN2 binding pocket (Erreger
et al, 2007). The NHP5G analogs displayed
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promising discrimination between GluN2 subunits
in terms of agonist efficacy, albeit the potencies of
the analogs are relatively low (Supplemental Table
6). Efforts to increase potency while maintaining the
variation in agonist efficacy among GlulN2 subunits led
to a series of 4-substituted CCG analogs (Risgaard
et al., 2013) that combined the features of NHP5G that
influence agonist efficacy with conformational restric-
tion of the glutamate backbone to improve potency.
The potencies of ethyl- and propyl-CCG considerably
improved compared with ethyl- and propyl-NHP5G,
but the CCG analogs did not show strong GluN2-spe-
cific efficacy (Supplemental Table 6).

Crystallographic data for GluN2 ABDs have facili-
tated molecular dynamics simulations to investigate
the mechanisms of agonist binding to wild-type recep-
tors (Erreger et al., 2007; Yao et al., 2013; Dai and
Zhou, 2016; Yu and Lau, 2018) and NMDA receptors
harboring human variants in the ABD (Swanger
et al., 2016; Wells et al., 2018). This information has
also enabled the design of light-activated or light-
inhibited NMDA receptor subunits (Berlin et al.,
2016). Extended molecular dynamics simulations sug-
gested that positively charged residues on the surface
of the GluN2A ABD facilitate glutamate binding by
guiding (or “funneling”) the agonist to the binding
pocket (Yu and Lau, 2018). Similarly, “guided-dif-
fusion” mechanism for glutamate binding may also
occur for the GluA2 ABD (Yu et al., 2018a). By con-
trast, the extended molecular dynamics simulations
suggested that glycine binding to the GluN1 ABD
occurs by “unguided diffusion” (Yu and Lau, 2018).

3. Agonists for Glycine/p-Serine Binding Subunits
(GluN1, GluN3, GluD). The agonist binding pockets
of the glycine/D-serine-binding iGluR subunits lack
D2 residues to stabilize a distal carboxylate group
found in glutamate but form interactions between D1
residues and the agonist amino acid moiety similar to
those in glutamate binding subunits (Fig. 32). The
selectivity for either glycine or glutamate is primarily
but not entirely mediated by two divergent residues
that change the nature of the agonist binding pocket
in GluN1 and GIuN2 subunits (Furukawa and
Gouaux, 2003; Furukawa et al., 2005; Inanobe et al.,
2005). In GluN2A, the side chain of Tyr730 is in van
der Waals contact with the y-carboxylate of gluta-
mate, which is further stabilized by hydrogen bonding
to Thr690 (Fig. 32). The residue corresponding to
GIluN2A Tyr730 is the larger Trp731 in GluN1 that
sterically occludes the y-carboxylate of glutamate and
provides a tighter fit with glycine or p-serine (Fig.
32). Furthermore, the hydrophobic Val689 in GluN1
replaces GluN2A Thr690, since this hydrogen bonding
is not required for stabilization of glycine or D-serine.
In addition to glycine, both D- and L- isomers of

387

alanine and serine are GluN1 agonists (Supplemental
Table 7).

D-Serine and glycine, endogenous coagonists of
GluN1/2 NMDA receptors, are present in CSF at con-
centrations (2—6 pM) sufficient to result in partial or,
in some cases, full saturation of GluN1 agonist bind-
ing sites [D’Souza et al. (2000), Madeira et al. (2015);
reviewed in Mothet et al. (2015)]. Intraparenchymal
concentrations of glycine and D-serine in vivo are not
yet established, but concentrations in the 0.5-10 uM
range have been reported (Bergeron et al., 1998; Bill-
ups and Attwell, 2003; Ishiwata et al., 2015; Bae
et al., 2021). p-Serine in vivo is synthesized in neu-
rons from L-serine by serine racemase (Wong et al.,
2020), but p-serine can also be produced from astro-
cytes in primary cultures (i.e., in vitro) [reviewed in
Coyle et al. (2020)]. Depletion of D-serine using enzy-
matic degradation or serine racemase KO mice
reduces NMDA receptor signaling at synapses onto
hippocampal CA3 and CA1l pyramidal neurons, pre-
frontal cortex, visual cortex, hypothalamic supraoptic
nucleus, and nucleus accumbens (Panatier et al.,
2006; Basu et al., 2009; Fossat et al., 2012; Papouin
et al., 2012; Curcio et al., 2013; Rosenberg et al.,
2013; Le Bail et al., 2015; Meunier et al., 2016). How-
ever, substantial NMDA receptor responses remain
after depletion of D-serine, suggesting that glycine
can also serve as coagonist at these synapses. The
contributions of glycine and p-serine to the activation
of NMDA receptors therefore appear to overlap, albeit
there are differences between synapses in the prefer-
ence for glycine or D-serine [reviewed in Mothet et al.
(2015)]. In the mature hippocampus, D-serine is the
main coagonist in Schaffer collateral to CA1l synapses,
where there is a switch from glycine to p-serine as the
coagonist during postnatal development (Le Bail
et al., 2015) that parallels the timing of GluN2A
expression in these neurons (Monyer et al., 1994;
Gray et al., 2011; Rauner and Kohr, 2011; Rodenas-
Ruano et al., 2012). By contrast, glycine is predomi-
nant in medial perforant path to dentate gyrus synap-
ses (Le Bail et al., 2015).

The GluN2 subunits within the NMDA receptor
assembly influence potencies of GluN1 agonists, with
the lowest potency (i.e., highest ECj;y) typically
observed for GluN2A and the highest potency (.e.,
lowest ECso) observed for GluN2D (Supplemental
Table 7). Several cyclic and halogenated analogs of
glycine, including D-cycloserine, can act as GluN1
agonists (Supplemental Table 7). p-Cycloserine is a
partial agonist of GluN2A-, GluN2B-, and GluN2D-
containing NMDA receptors but is a superagonist at
GluN2C-containing NMDA receptors (Sheinin et al.,
2001; Dravid et al., 2010; Jessen et al., 2017). That is,
D-cycloserine activates GluN2C-containing receptors
with greater agonist efficacy than the endogenous
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agonist glycine (Fig. 33). p-Serine is also a superagon-
ist at GluN2C-containing receptors compared with
glycine, albeit with lower efficacy than p-cycloserine
(Supplemental Table 7). A series of GluN1 agonists
have been synthesized by replacing the hydroxy
group of D-serine with an amido group, allowing the
introduction of larger heterocyclic substitutions
(Urwyler et al., 2009). These agonists display high
binding affinity and a wide range of agonist efficacies.
Evaluation of one of these agonists, (R)-2-amino-3-(4-(2-
ethylphenyl)-1H-indole-2-carboxamido)propanocic acid (AICP)
[R-26 in Urwyler et al. (2009)], at recombinant NMDA
receptors found an unprecedented potency in the low
nanomolar range (Jessen et al., 2017) (Fig. 33;
Supplemental Table 7). AICP is full agonist at GluN1/
2A, a partial agonist at GluN1/2B and GluN1/2D, and a
highly efficacious superagonist at GluN1/2C receptors.
Two additional agonists, 15a and 16a, displayed a simi-
lar GluN2-dependent activity at recombinant NMDA
receptor subtypes (Urwyler et al., 2009; Maolanon
et al., 2017) (Supplemental Table 7). Both 15a and 16a
are superagonists at GluN1/2C receptors, but unlike
AICP, they are partial agonists at GIuN1/2A, suggesting
that GlulN1 agonists can be designed with a range of
GluN2-dependent agonist efficacies (Maolanon et al.,
2017). Structural determinants for the GIuN2 subtype--
dependent agonist efficacy of p-cycloserine, AICP, 15a,
and 16a are located in both the GluN2 NTD and GlulN2
ABD (Chen et al., 2008; Dravid et al., 2010; Jessen
et al., 2017).

GluN3A and GluN3B also bind glycine and p-ser-
ine, but several differences exist between the agonist
binding pockets of GIluN3 and GluN1 subunits, and
the affinity of glycine for the isolated GluN3A ABD is
over 600-fold higher than that for the GluN1 ABD
(Yao and Mayer, 2006; Yao et al., 2008) (Fig. 32). The
higher agonist affinity in the isolated GluN3A ABD is
likely mediated by several unique interdomain inter-
actions between D1 and D2 that are absent in the
GIluN1 ABD (Yao and Mayer, 2006; Yao et al., 2008,
2013). GluN1/3 receptors expressed in heterologous
systems or neurons have cryptic activation properties
in which agonist binding to GluN1 triggers strong
desensitization, whereas agonist binding to GluN3
mediates activation (Sections IV. Receptor Activation,
Deactivation, and Desensitization and V. Glutamate
Receptors in Neuronal Functions and Synaptic Plas-
ticity). GIuN1/3 receptor desensitization is prevented
by mutations in the GIuN1 agonist binding site (Awo-
buluyi et al., 2007; Kvist et al., 2013a) or by the pre-
application of highly GlulN1-selective competitive
antagonists, such as CGP-78608, that prevent glycine
binding to GluN1 and enable activation of GluN1/3
receptors (Madry et al.,, 2007, 2008; Grand et al.,
2018). Agonist potencies at functional GluN1/3 recep-
tors behave differently from agonist affinities at
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Fig. 33. Glycine site NMDA receptor agonists with GluN2-specific activ-
ity. Concentration-response data for glycine site NMDA receptor agonists
normalized to the maximal responses to glycine. All ligands are supera-
gonists at GluN1/2C receptors, and D-cycloserine, 16a, and AICP display
varying extents of partial agonism at GluN1/2A, GluN1/2B, and GluN1/
2D receptor subtypes. Data are adapted with permission from Maolanon
et al. (2017) (Copyright 2017 American Chemical Society) for D-serine
and 16a and Jessen et al. (2017) for D-cycloserine and AICP.

isolated GIluN1 and GluN3A ABDs, since glycine
binds GluN1 in GluN1/2 receptors with high potency
(EC59 ~0.1-1 uM) and GluN3A in GluN1/3A receptors
with low potency (ECso ~10-60 puM) (Kvist et al.,
2013a; Grand et al., 2018). In GluN1/3 receptors, D-
serine is a partial agonist compared with glycine
(Chatterton et al., 2002; Smothers and Woodward,
2007), which may account for observations that p-ser-
ine can antagonize GluN1/GluN3 receptors (Awobu-
luyi et al., 2007).

Similar to GluN1 and GluN3 subunits, the ABD of
GluD1 and GluD2 also binds Dp-serine and glycine
(Naur et al., 2007; Hansen et al., 2009; Yadav et al.,
2011; Tapken et al., 2017) (Fig. 32). There are no
reports of current responses mediated by wild-type
GluD receptors (Sections IV. Receptor Activation,
Deactivation, and Desensitization and V. Glutamate
Receptors in Neuronal Functions and Synaptic Plas-
ticity), but agonists have been evaluated at GluD
receptors containing mutations that cause spontane-
ously activity (Naur et al., 2007; Hansen et al., 2009;
Yadav et al., 2011; Kristensen et al., 2016a; Tapken
et al., 2017). The spontaneous activity of GluD2-
A654T (i.e., the lurcher mutation) and GluD1-F655A
is inhibited by agonist binding that mediates destabi-
lization of the dimer interface and results in desensi-
tization (Section IV. Receptor Activation, Deactivation,
and Desensitization). Molecular dynamics simulations
show that the free energy associated with D-serine
binding to the GluD2 ABD is greater than that for
other iGluR ABDs, suggesting that conformational
rearrangements, such as desensitization, may occur
in response to agonist binding to GluD2 and preclude
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channel gating (Chin et al., 2020), potentially explain-
ing the lack of ion channel activity. Besides D-serine
and glycine, f-fluoro-pr-alanine, L- and p-alanine, D-
cysteine, and L-aspartate reduced responses at spon-
taneously active GluD2-A654T receptors by more
than 25% (Naur et al., 2007; Kristensen et al., 2016a).

B. Competitive Antagonists

Crystal structures of isolated ABDs from iGIluR
subunits in complex with a range of agonists, partial
agonists, and competitive antagonists have provided
clues to the structural mechanisms governing agonist
efficacy [i.e., the equilibrium constant for the transi-
tion from closed to open ion channels when the ago-
nist is bound, e.g., see Colquhoun (1998)] (Sections II.
Receptor Structure and IV. Receptor Activation, Deac-
tivation, and Desensitization). Competitive antago-
nists are ligands that when bound to the receptor
occlude the binding of agonists and prevent receptor
activation. This is mediated by binding of the compet-
itive antagonist into the agonist binding pocket but
with no efficacy to trigger channel gating. In this
regard, some agonists have been characterized as
“functional antagonists,” such as dysiherbaine and
MSVIII-19 at GluK1 (Swanson et al., 2002; Fryden-
vang et al., 2009) and propyl-NHP5G at GluN2A
(Hansen et al., 2013), since they bind the agonist
binding pocket with very low agonist efficacy and
inhibit responses to full agonists without eliciting dis-
cernable current responses. The distinction between
“competitive antagonist” and “functional antagonists”
is blurred by the association of AMPA and kainate
receptors with auxiliary subunits that influence ago-
nist potency and efficacy (Section III. Auxiliary Subu-
nits). The boost in agonist efficacy afforded by these
auxiliary subunits can convert some competitive
antagonists into AMPA receptor partial agonists (e.g.,
DNQX and CNQX at TARP-associated AMPA recep-
tors) (Sections II. Receptor Structure and III. Auxil-
iary Subunits).

Competitive antagonists and agonists compete for
receptor binding, and lower concentrations of a competi-
tive antagonist can inhibit responses to low agonist con-
centrations, whereas higher antagonist concentrations are
required to inhibit responses to high agonist concentra-
tions. This means that competitive antagonist ICs, values
determined from concentration-inhibition data are highly
dependent on the concentration of agonist used to activate
responses and the ECsxq of the agonist. However, the bind-
ing affinity (K;) of the competitive antagonist, which is
independent of the agonist itself or the concentration of
agonist used in the experiment, has often been estimated
from ICsy values using the Cheng-Prusoff relationship
(Cheng and Prusoff, 1973). Unfortunately, the Cheng-
Prusoff relationship is not exact in the case of iGluRs, and
accurate determinations of binding affinities require more
elaborate pharmacological evaluation, such as Schild
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analysis [e.g., see Colquhoun (1998, 2007), Wyllie and
Chen (2007)]. Despite the importance of the relationship
between binding of competitive antagonists and agonists,
failures to recognize it have resulted in misrepresenta-
tions of subunit selectivity for competitive iGluR antago-
nists, most notably for NVP-AAMO077, which was
incorrectly reported to be >100-fold selective for GluN1/
2A over GluN1/2B receptors (Auberson et al., 2002) but is
only 5- to 11-fold selective in terms of binding affinity (F'ri-
zelle et al., 2006; Lind et al., 2017).

The binding of competitive antagonists stabilizes
open-cleft conformations of iGluR ABDs in crystal
structures (Armstrong and Gouaux, 2000; Furukawa
and Gouaux, 2003; Hogner et al., 2003; Mayer et al.,
2006; Hald et al., 2007; Jespersen et al., 2014; Kris-
tensen et al., 2016a). However, dynamic studies sug-
gest that rather than stabilizing a single open
conformation the binding of some competitive antago-
nists (e.g., CNQX and DNQX) permit a highly
dynamic range of ABD conformations similar to the
apo form (Ahmed et al., 2007, 2011a; Lau and Roux,
2007, 2011; Dai and Zhou, 2015). These antagonists
interact with residues in the upper lobe D1 of the
ABD and prevent engagement of the agonist amino
acid moiety with the binding pocket (i.e., “shielding”
mechanism) (Armstrong and Gouaux, 2000). By con-
trast, other competitive antagonists (e.g., UBP282
and ATPO) prevent the ABD from adopting the closed
conformation by a “foot-in-the-door” mechanism
(Hogner et al., 2003; Hald et al., 2007; Ahmed et al.,
2009a). These competitive antagonists have extensive
interactions with both D1 and D2 residues but impose
sterical hindrance that prevents ABD closure to con-
formations capable of triggering channel gating. In
some cases, as with the AMPA receptor antagonists
NS1209 and UBP282, the ABD is stabilized in a
hyperextended conformation compared with the apo
form (Kasper et al., 2006; Ahmed et al., 2009a). Both
“shielding” and “foot-in-the-door” antagonists crystal-
lize with isolated iGluR ABDs in open or partially
closed conformations, unlike agonists and “functional
antagonists” that crystallize with ABDs in more
closed conformations (Armstrong and Gouaux, 2000;
Hogner et al., 2002; Inanobe et al., 2005; Mayer,
2005; Naur et al., 2007; Yao et al., 2008; Frydenvang
et al., 2009; Unno et al., 2011; Hansen et al., 2013).

1. AMPA and Kainate Receptor Competitive Antago-
nists. The quinoxalinediones CNQX, DNQX, and
NBQX are competitive AMPA and kainate receptor
antagonists with selectivity over NMDA receptors
(Honore et al., 1988; Sheardown et al., 1990). NBQX
appears to be more selective for AMPA receptors over
kainate receptors, whereas CNQX and DNQX appears
to be less selective (Sheardown et al., 1990). However,
CNQX and DNQX are also capable of binding NMDA
receptors with low affinity (Lester et al., 1989;
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Sheardown et al., 1990). From these early quinoxali-
nediones, a range of analogs have been developed in
the search for antagonists with drug-like properties
as potential treatments of CNS disorders [e.g., see
Mattes et al. (2010)] (Section X. Glutamate Receptors
in Disease), several of which have been in clinical tri-
als, including ZK 200775 (MPQX, fanapanel) (Turski
et al., 1998), YM90K (Ohmori et al., 1994), YM872
(zonampanel) (Takahashi et al., 2002), and AMP397
(becampanel) (Auberson et al., 1999) (Supplemental
Tables 8 and 9). Attempts to develop quinoxaline-
diones antagonists with subunit selectivity resulted
in CNG-10310 with selectivity for AMPA over NMDA
and kainate receptors and other analogs with prefer-
ence for either GluK1 or GluK3 kainate receptor sub-
units (Demmer et al., 2015, 2017; Mollerud et al.,
2019; Pallesen et al., 2019). The 2,4-quinazolinedione
BGG492 (selurampanel) is an orally active competi-
tive antagonist, which is structurally related to the
quinoxalinediones but selective for AMPA receptors
over kainate and NMDA receptors (Orain et al.,
2017). The AMPA receptor competitive antagonist
NS1209, which also binds to GluK1, was developed to
replace the generally insoluble quinoxalinedione
chemical scaffold (Nielsen et al., 1999; Kasper et al.,
2006). NS-102, a competitive antagonist similar to
NS1209, is selective for kainate over AMPA receptor
subunits (Johansen et al., 1993; Verdoorn et al.,
1994).

The antagonists ATPO and UBP282 bind AMPA
receptor subunits as well as GluK1 (Moller et al.,
1999; Dolman et al., 2005) (Supplemental Tables 8 and
9). A series based on the antagonist (2S,3R)-3-(3-carbox-
yphenyl)-pyrrolidine-2-carboxylic acid was designed to
be nonselective among all glutamate-binding iGluR
subunits (Larsen et al., 2011a) and included competitive
antagonists with preference for GluK3 over GluK1 and
AMPA receptor subunits (Krogsgaard-Larsen et al.,
2015), GluK1 selectivity (Krogsgaard-Larsen et al.,
2017), and selectivity for NMDA receptors over AMPA
and kainate receptors (Kayser et al., 2020) (Supplemental
Tables 8 and 9). A class of heterotricyclic glutamate ana-
logs combined structural elements of kainate and neodysi-
herbaine A, resulting in IKM-159 with selectivity for
AMPA receptors (Gill et al., 2010; Juknaité et al., 2013).

GluK1-selective competitive antagonists include the
decahydroisoquinolines LY382884 (O’Neill et al.,
1998; Bortolotto et al., 1999) and LY466195 (Weiss
et al., 2006) as well as the willardiine analogs
UBP296, UBP302, and UBP304 (More et al., 2004;
Dolman et al., 2005, 2006) (Supplemental Tables
8 and 9). The willardiine analogs UBP310 and
UBP316 (ACET) are selective for both GluK1 and
GluK3 subunits over GluK2 and AMPA receptors
(More et al., 2004; Dolman et al., 2005, 2007; Dargan
et al.,, 2009; Perrais et al., 2009b). Interestingly,
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GluK1-selective antagonists can be used as tools to
reduce desensitization of heteromeric kainate recep-
tors, such as GluK1/2 and GluK1/5, since partial occu-
pancy of agonist binding sites in heteromeric kainate
receptors can be sufficient for activation but may not
be sufficient for strong desensitization (Pinheiro
et al., 2013; Reiner and Isacoff, 2014; Pollok and Rei-
ner, 2020). The mechanism accounting for the high
GluK1 selectivity involves both differences in electro-
static and hydrogen bonding patterns as well as steric
occlusion of binding to AMPA receptor subunits and
GluK2-5 subunits (Mayer et al., 2006; Hald et al.,
2007; Dargan et al., 2009; Alushin et al., 2011; Ven-
skutonyte et al., 2011a).

2. Competitive Antagonists for Glutamate-Binding
NMDA Receptor Subunits (GluN2). Extending the
glutamate backbone by just one carbon results in
competitive antagonist activity at GluN2 subunits, as
observed for the low-affinity antagonist (R)-aminoadi-
pate (Biscoe et al., 1977). Greater affinity is obtained
by replacing the distal carboxylate of (R)-aminoadi-
pate with a phosphonate group, resulting in the pro-
totypical GluN2 competitive antagonist (R)-AP5 (or
D-APV) (Davies et al., 1981, 1982; Evans et al., 1982)
that is widely used as a pharmacological tool to distin-
guish NMDA receptor-mediated responses from AMPA
and kainate receptor responses. The addition of another
carbon to the backbone of AP5 markedly reduces
GluN2 binding affinity, but the addition of two carbons
produces the highly potent antagonist (R)-AP7 (Perkins
et al., 1981). Competitive antagonist affinity at GluN2
has been improved by constraining AP5 or AP7 with
cyclic structures and by adding groups to this backbone
to improve binding [reviewed in Monaghan and Jane
(2009)]. Examples of such AP5 analogs include CGS
19755 (selfotel) and PMPA, whereas examples of AP7
analogs include D-CPP, D-CPPene, LY235959, NPC
17742, and SDZ 220-040 (Supplemental Table 10).

The residues lining the agonist binding pockets of
GluN2 NMDA receptor subunits are fully conserved,
and competitive antagonists with high selectivity for
one GluN2 subunit have yet to be developed. Chemi-
cal scaffolds other than the AP5/AP7 structure have
been explored, including NVP-AAMO007 (or PEAQX)
with high-affinity binding to GluN2 subunits (Auber-
son et al., 2002), but are shown to have insufficient
selectivity to block only GIuN2A receptors without
also blocking GlulN2B receptors (Frizelle et al., 2006;
Lind et al., 2017) (Supplemental Table 10). The use of
competitive GluN2 antagonists as pharmacological
tools is further complicated by the nonequilibrium
conditions of short exposure to high glutamate con-
centrations (~1 mM for a few milliseconds) during
excitatory synaptic transmission (Clements et al.,
1992) as well as triheteromeric NMDA receptors con-
taining two different GluN2 subunits [e.g., Lind et al.
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(2017)]. There are now better selective pharmacologi-
cal tools with which to dissect the physiologic roles of
GluN2 subunits (Section IX. Exogenous Positive and
Negative Allosteric Modulators).

A series of 3-carboxypyrazoline amino acids is com-
petitive antagonists with binding preferences similar
to NVP-AAMO007 among GluN2 subunits (Conti et al.,
2010; Tamborini et al., 2016; Lind et al., 2017). ST3 in
this series displays a 15-fold preference for GluN2A
over GluN2B but intermediate affinity for GIluN2C
and GluN2D subunits (Supplemental Table 10). Crys-
tal structures of the GluN1/2A ABD heterodimer in
complex with ST3 or NVP-AAMO007 have revealed the
mechanism for the preference for GluN2A over
GluN2B, which involves a cavity just outside the ago-
nist binding pocket that the antagonists can exploit
(Fig. 34). NVP-AAMO77 and ST3 occupy this cavity,
which extends toward the GluN1 ABD at the subunit
interface (Lind et al., 2017; Romero-Hernandez and
Furukawa, 2017).

Competitive GluN2 antagonists with a piperazine
dicarboxylic acid scaffold and large, hydrophobic
biphenyl or phenanthrene substituents, such as
(2S*,3R*)-1-(phenanthrene-2-carbonyl)piperazine-2,3-
dicarboxylic acid (PPDA), UBP141, and UBP145
(Feng et al., 2004, 2005; Morley et al., 2005; Costa
et al., 2009; Irvine et al., 2012; Jespersen et al.,
2014), have led to the high-affinity antagonists
UBP791 and UBP1700, which show modest ~15- to
40-fold preference for GluN2C/D over GIuN2A/B subu-
nits (Wang et al., 2020) (Supplemental Table 10). The
structural basis for the GIluN2C/D preference of these
piperazine dicarboxylic acid antagonists is distinct from
the mechanism that mediates GluN2A preference of
ST3 and NVP-AAMO77 (Fig. 34). The crystal struc-
ture of the GluN1/2A ABD heterodimer in complex
with PPDA revealed that the large phenanthrene
substituent is oriented in the opposite direction of
the cavity that the substituents of ST3 and
NVP-AAMO77 exploit and toward another region of
the GluN2 ABD with nonconserved residues (Jes-
persen et al., 2014). This insight was used in the
design of UBP791 and UBP1700 to improve the
modest GluN2C/D preference observed for PPDA
(Wang et al., 2020). Similar rational design of other
GluN2 competitive antagonists has been enabled by
structural data (with or without the GluN1 ABD)
(Furukawa et al., 2005; Vance et al., 2011; Hansen
et al., 2013; Jespersen et al., 2014; Hackos et al.,
2016; Volgraf et al., 2016; Yi et al., 2016; Lind et al.,
2017; Romero-Hernandez and Furukawa, 2017; Vil-
lemure et al., 2016; Chou et al., 2020; Wang et al.,
2020).

Conantokins are derived from the venom of preda-
tory marine snails (Conus snails) and are peptides of
17-27 amino acids that are rich in the unusual
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y-carboxyglutamate residues and lack disulfide bonds
(Lewis et al., 2012). The conantokins produce both
competitive and noncompetitive actions by binding to
the GluN2 ABD (reviewed in (Prorok and Castellino,
2007; Twede et al., 2009a). Con-G, con-Pr3, and con-
RIB inhibit GluN2B-containing NMDA receptors,
with little inhibition of GluN2A-containing and
GluN2C/D-containing receptors (Wittekindt et al.,
2001; Sheng et al., 2007, 2009, 2010; Teichert et al.,
2007; Gowd et al., 2012; Cheriyan et al., 2016). Con-
Br and con-Bk-C are more potent for GluN2D-con-
taining NMDA receptors than other conantokins
(Twede et al., 2009b; Platt et al., 2014). Although con-
G presumably binds to a site overlapping with the
GluN2 agonist binding pocket, Met739 in GIuN2B
(Lys738 in GluN2A) located outside the agonist bind-
ing pocket has been implicated in the specificity of
con-G (Sheng et al., 2009). Con-R and con-T are non-
selective antagonists of NMDA receptors (Klein et al.,
2001; Sheng et al., 2007; Teichert et al., 2007).

3. Competitive Antagonists for Glycine | D-Serine-Bind-
ing Subunits (GluN1, GluN3, GluD). Most competi-
tive GluN1 antagonists fall into two classes developed
from the endogenous molecule kynurenic acid or qui-
noxalinediones, such as CNQX and DNQX [reviewed
in Cai (2006), Monaghan and Jane (2009)]. The first
includes high-affinity antagonists 7-CKA and 5,7-
dichlorokynurenic acid (DCKA), L1-683,344, L-
689,560, 1.-701,324, and GV150526A (gavestinel), and
the second class includes CGP 78608 and ACEA-1021
(Supplemental Table 11). Although ACEA-1021 suf-
fers from poor solubility, the «-phosphoalanine—
substituted CGP 78608 is highly selective for the
GluN1 binding pocket and has improved solubility
(Auberson et al., 1999). High-affinity GIuN1 antago-
nists distinct from kynurenic acid have also been
developed, including ZD 9379, MDL 29951, and MDL
105519 (Supplemental Table 11). Cycloleucine is also
a competitive GluN1 antagonist, albeit with low affin-
ity (Watson and Lanthorn, 1990). The identity of the
GluN2 subunit in the NMDA receptor can change
the binding affinities for competitive GluN1 antago-
nists by up to 10-fold (Ikeda et al., 1992; Kutsuwada
et al., 1992; Priestley et al., 1995). The noble gas
xenon exerts its anesthetic actions by a mechanism
involving competitive inhibition of the GluN1, inde-
pendent of potential effects on GABAergic transmis-
sion (Dickinson et al., 2007; Banks et al., 2010;
Armstrong et al., 2012; Harris et al., 2013). Few
competitive antagonists have been crystallized with
the GluN1 ABD (with or without the GluN2A ABD)
(Inanobe et al., 2005; Jespersen et al., 2014; Chou
et al., 2020).

The complex activation properties of GlulN1/3 recep-
tors, in which agonist binding to GluN1 triggers
strong desensitization and agonist binding to GluN3
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Fig. 34. Distinct binding modes of competitive NMDA receptor antagonists with GluN2 subunit preference. (A) Cartoon illustrating the GluN1/2A
ABD heterodimer with glycine bound in GluN1 and antagonist bound in GluN2A. The upper D1 and lower D2 lobes are indicated. Below is an align-
ment of the amino-acid sequences of GluN2 subunits highlighting nonconserved residues that mediate the GluN2 preference of competitive antago-
nists. The GluN1 ABD is omitted for clarity in panels B-D. (B) Structure of the GluN2A ABD in complex with the GluN2C/D-preferring antagonist
UBP791 (PDB: 6UZW). The phenanthrene rings of UBP791 are oriented along the cleft formed by the D1 and D2 lobes and contact nonconserved resi-
dues shown in blue in subsite II. (C and D) Structures of the GluN2A ABD in complex with the GluN2A-preferring antagonists ST3 (PDB: 5DDX) or
NVP-AAMO077 (PDB: 5U8C). These antagonists have substituents directed into a cavity of the GluN2A agonist binding site toward the subunit inter-

face between GluN1 and GluN2A ABDs (subsite I).

mediates activation (Sections IV. Receptor Activation,
Deactivation, and Desensitization and V. Glutamate
Receptors in Neuronal Functions and Synaptic Plas-
ticity) complicate studies of GluN3 pharmacology, and
only a few studies have described competitive GluN3
antagonists (Yao and Mayer, 2006; Yao et al., 2008;
Kvist et al., 2013a,b; Grand et al., 2018). Binding
studies using isolated GluN1 and GIuN3A ABDs dem-
onstrated that competitive antagonists can bind both
subunits but generally with higher affinity at the
GIluN1 ABD (Yao and Mayer, 2006). Functional stud-
ies with GluN1/3A revealed that the competitive
antagonists TK40 and DCKA have ~80- and ~500-
fold higher affinity, respectively, for the GluN1 subu-
nit over GluN3 subunits (Kvist et al., 2013b). The
binding affinities of TK40 estimated using the Cheng-
Prusoff relationship were 15 pM at GluN3A and 4.9
uM at GluN3B (Kvist et al., 2013b). In silico screening
of ligands targeting the agonist binding site of the
GIluN3A ABD in the open cleft conformations identi-
fied TK13, TK30, and TK80 as antagonists of GIuN1/
3 receptors, albeit with relatively low potency and
modest selectivity for GluN1/3 over GluN1/2 receptors
(Kvist et al., 2013a).

The competitive GluN1 antagonist CGP-78608 is a
useful tool compound to “unmask” neuronal GluN1/
3A receptors (Grand et al., 2018; Otsu et al., 2019;
Zhu et al., 2020). Two features of CGP-78608 appear
to be important for the effective “unmasking” of

GluN1/3A receptors. First, CGP-78608 selectively
binds with high affinity to the glycine binding pocket
in GluN1 (K; 6.4 nM), but not GluN3A (K; 5.5 uM)
(Yao and Mayer, 2006). Thus, CGP-78608 prevents
GluN1/3 desensitization by acting as a competitive
antagonist that selectively inhibits glycine binding to
GluN1, thereby only allowing glycine binding to
GIluN3A. Second, CGP-78608 has a remarkably slow
unbinding rate from GluN1. The time constant for
CGP unbinding from GluN1 is ~28 seconds (Grand
et al., 2018), which enables activation of CGP-bound
GluN1/3A by brief exposures to a high glycine concen-
tration without desensitization due to glycine binding
to GluN1 (Grand et al., 2018; Otsu et al., 2019; Zhu
et al., 2020). The competitive GluN1 antagonist MDL-
29951 similarly enhances responses from recombinant
GluN1/3A and GluN1/3B receptors (Madry et al.,
2007, 2008, 2010; Mesic et al., 2016), but is less effec-
tive at “unmasking” GIulN1/3 receptors compared
with CGP-78608 (Grand et al., 2018).

The pharmacology of GluD subunits is unexplored,
largely because current responses mediated by wild-
type GluD receptors have not been observed (Yuzaki
and Aricescu, 2017). Pharmacological studies have
been performed with GluD receptors containing
mutations that cause spontaneously active receptors
(e.g., GluD2-A654T) (Section IV. Receptor Activation,
Deactivation, and Desensitization) and revealed that
competitive GluN1 antagonists, including 7-CKA and
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L-689,560, can inhibit spontaneously active GluD2-
A654T receptors by a competitive mechanism of
action (Kristensen et al., 2016a).

C. Voltage-Dependent Channel Blockers

Channel blockers are a large and diverse class of
molecules that bind within the channel pore-to-block
ion flux. With few exceptions [e.g., Linsenbardt et al.
(2013)], these compounds are positively charged at
physiologic pH and require the channel to be open for
binding. Consequently, inhibitory activity is both volt-
age- and channel activity—dependent, and these fea-
tures of channel block are characterized as “voltage-
dependent” and “use-dependent,” respectively. The
inhibition by channel blockers is neither noncompeti-
tive (i.e., negative allosteric modulation) nor competi-
tive, and voltage-dependent channel block is therefore
also denoted “un-competitive” antagonism. Although
all compounds bind the channel to block ion flow, they
are differentiated on the basis of mechanisms of
block, which include 1) “sequential” or “foot-in-the-
door” blockers that prevent channel closure (Benve-
niste and Mayer, 1995; Sobolevsky, 1999; Bolshakov
et al., 2003; Barygin et al., 2009; Kaniakova et al.,
2018), 2) blockers that become trapped inside the pore
as the channel closes and require the channel to
reopen to unbind (Sobolevsky and Yelshansky, 2000;
Poulsen et al., 2015), and 3) partial trapping blockers
that impede but do not prevent channel closure (Blan-
pied et al., 1997, 2005; Chen and Lipton, 1997; Meal-
ing et al., 1999; Kotermanski et al., 2009; Johnson
et al., 2015). Trapping blockers are retained in the
pore after channel closure and agonist unbinding,
remaining there until subsequent agonist exposure
and channel reopening. Foot-in-door blockers prevent
channel closure and must leave the pore before the
receptor can deactivate, since the gate must close
before the ABD bilobed clefts can reopen to allow ago-
nist unbinding. Some compounds facilitate channel
closure by allosteric mechanisms (Blanpied et al.,
2005; Johnson et al., 2015). Endogenous Mg®* and
polyamines also block iGluR channels (Section VIII.
Endogenous Allosteric Regulation).

1. Non-NMDA Receptor Channel Blockers. There
is overlap in AMPA and kainate receptor channel
blocker pharmacology, which is more extensively
developed for AMPA receptors. Most AMPA and kai-
nate receptor channel blockers incorporate a poly-
amine moiety, and a number are natural products
from wasp, spider, snail, and snake venoms. These
are highly potent AMPA and kainate receptor channel
blockers, some of which also display potent channel
block of NMDA receptors [reviewed in Andersen et al.
(2006)]. In addition, synthetic polyamine derivatives,
including IEM-1460 (Magazanik et al., 1997) and N'-
naphthylacetylspermine (Koike et al., 1997), act pri-
marily on GluA2-lacking, Ca®'-permeable AMPA
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receptors in a voltage-dependent manner. This selec-
tivity derives from structural elements in the channel
pore in proximity to the Q/R/N site at the apex of the
M2 pore-lining loop (Sections II. Receptor Structure
and VIII. Endogenous Allosteric Regulation). The
amino groups of the polyamine-based blockers inter-
act with residues that reside deeper in the pore than
the Q/R/N site (Tikhonov et al., 2002; Twomey et al.,
2018). These channel blockers have been useful phar-
macological tools to probe the subunit composition of
AMPA receptors [e.g., Plant et al. (2006)], although
many also act on kainate receptors. There are varia-
tions on the blocking mechanism, exemplified by the
phenylcyclohexyl derivative IEM-1925, which perme-
ates and exits the channel on the intracellular side,
allowing closed channels to escape from block (Tikho-
nova et al., 2008). The adamantane derivative IEM-
1676 produces a voltage-dependent closed channel
block from the intracellular compartment, in addition
to open channel block from the extracellular compart-
ment (Tikhonova et al., 2009). Some auxiliary subu-
nits associated with the AMPA receptor reduce the
inhibition of channel blockers (Kott et al., 2009; Jack-
son et al.,, 2011; Poulsen et al., 2014b; Soto et al.,
2014) (Section III. Auxiliary Subunits). In addition,
Joro spider toxin and philanthotoxin also block uned-
ited GluK2 channels (Blaschke et al., 1993; Bahring
and Mayer, 1998), and N'-naphthylacetylspermine
blocks spontaneously active GluD1 and GluD2 recep-
tor channels (Koike et al., 1997; Yadav et al., 2011).
Structure-activity studies of philanthotoxin deriva-
tives highlight the importance of the polyamine moi-
ety as well as the aromatic head group for blocker
potency and AMPA receptor selectivity. Potent antag-
onists have at least two amino groups (Bolshakov
et al.,, 2005). Shortening the polyamine chain of
PhTX-343 decreased potency at AMPA receptors, and
replacing the two secondary amines with either oxy-
gen or methylene eliminated activity, whereas replac-
ing only one with methylene improved potency 15-fold
and increased selectivity for AMPA versus NMDA
receptors (Mellor et al., 2003). PhTX-343 derivatives
PhTX-56 and PhTX-74 differ in the number of amines
and intervening methylenes in the polyamine tail
(Kromann et al., 2002). Ph'TX-56 is 1000-fold selective
for Ca®'-permeable over Ca®’-impermeable AMPA
receptors, and 500-fold selective for AMPA over kai-
nate receptors (Kromann et al., 2002). PhTX-74 was
reported to display selectivity among the Ca®"-imper-
meable AMPA receptor by inhibiting GluA1/2 over
GluA2/3 (Nilsen and England, 2007), but this selectiv-
ity has subsequently been challenged (Poulsen et al.,
2014a). The role of the hydrophobic aromatic head
group for potency and selectivity has been probed in
PhTX-56 and PhTX-433 by replacement with a vari-
ety of structurally diverse moieties leading to
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derivatives with increased potency (Jensen et al.,
2006; Frolund et al., 2010). Structure-activity studies
for the more complex polyamine ArgTX-636 have
demonstrated that modifications of both the poly-
amine chain and head group can increase potency or
selectivity for AMPA receptors (Nelson et al., 2009;
Poulsen et al., 2013).

2. NMDA Receptor Channel Blockers. Many syn-
thetic NMDA receptor channel blockers have been
developed in the search for new anesthetics and neu-
roprotective agents for use in acute brain injury (Sec-
tion X. Glutamate Receptors in Disease). These
include trapping blockers, such as ketamine, phency-
clidine, and MK-801 as well as partial trapping block-
ers, amantadine, memantine, dextromethorphan and
its metabolite dextrorphan, and lanicemine (AZD6765)
(Supplemental Table 12). These two classes of com-
pounds are also referred to as high- and low-affinity
NMDA receptor channel blockers, respectively. The
molecular determinants of the binding sites for NMDA
channel blockers include residues within the M2 pore
loop and residues in other pore-forming elements as
well as the pre-M1 region (Johnson et al., 2015; Song
et al., 2018). The structure-activity relationship under-
lying the trapping nature of blockers is unrelated to lip-
ophilicity, and thus blockers are not capable of
appreciably escaping through the membrane (Mealing
et al., 1999, 2001; Bolshakov et al., 2005). The partial
trapping blocker memantine can access multiple bind-
ing sites (Glasgow et al., 2018), one of which has been
proposed to reside near the extracellular end of the
pore and prevent full channel closure (Sobolevsky and
Koshelev, 1998; Sobolevsky et al., 1998; Bolshakov
et al., 2003).

Because the channel pore is relatively conserved
among NMDA receptors, the channel blockers show
only modest subunit selectivity for GluN2 subtypes
(Yamakura et al., 1993; Dravid et al.,, 2007)
(Supplemental Table 12). For example, MK-801 is
~10-fold more potent for GluN2A- and GluN2B-con-
taining receptors than GluN2C- and GluN2D-containing
receptors (Dravid et al., 2007), whereas aryl-polyamine
derivatives N'-dansyl-spermine and the tribenzyltri-
amine TB-3-4 are approximately 40-fold less potent at
GluN2A- than GlulN2D-containing NMDA receptors
(Chao et al., 1997; Igarashi et al., 1997; Jin et al., 2007)
(Supplemental Table 12). However, key residues in the
permeation pathway alter the affinity of Mg®", creating
a small difference in affinity at GluN1/2A and GluN1/2B
versus GluN1/2C and GluN1/2D (Siegler Retchless et al.,
2012). This difference in Mg?* affinity results in a mod-
est enhancement of subunit selectivity for some channel
blockers in the presence of physiologic Mg®", such as
memantine and ketamine, which show ~10-fold selectiv-
ity for GluN1/2C and GIluN1/2D over GluN1/2A and
GluN1/2B (Kotermanski and Johnson, 2009; Yi et al.,
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2019). That is, memantine and ketamine compete with
Mg?* for access to their binding sites. Mg?* has lower
potency at GluN1/2C and GlulN1/2D or dissociates more
rapidly (Clarke and Johnson, 2006) (Section VIII. Endog-
enous Allosteric Regulation), which allows memantine
and ketamine to gain access to their binding sites more
readily at GluN1/2C and GluN1/2D compared with
GlulN1/2A and GluN1/2B. Ketamine blocks GluN2C-con-
taining NMDA receptors at lower potency than other
NMDA receptors in the presence of Mg?", raising the
possibility that this may contribute to its psychogenic
actions (Khlestova et al., 2016).

As a consequence of the use dependence of inhibi-
tion, these agents may have significant selectivity for
different populations of receptors in vivo dependent
on their degree of activation. The trapping blockers,
such as MK-801 and ketamine, are proposed to pref-
erentially inhibit NMDA receptors on fast spiking
interneurons over NMDA receptors on pyramidal
neurons based on the higher level of activity of inter-
neurons relative to pyramidal neurons (Widman and
McMahon, 2018). These channel blockers could also
show differences in their activity at extrasynaptic and
synaptic NMDA receptors [reviewed by Johnson et al.
(2015)]. This results in differential effects on y oscilla-
tions, with low doses inducing 7y oscillations, which
are then suppressed at higher doses (Hiyoshi et al.,
2014). Inhibitory interneurons but not pyramidal cells
express GIuN2D (Section VI. Developmental and
Regional Expression in the Central Nervous System),
which may result in higher potency of channel block-
ers at GluN2D-containing NMDA receptors in inter-
neurons in physiologic Mg®" (Kotermanski and
Johnson, 2009; Yi et al., 2019). Furthermore, the
degree of blocker trapping is also hypothesized to con-
fer differential sensitivity at the circuit and functional
level, evident in comparative studies of the trapping
blockers lanicemine and ketamine; although both
compounds induce 7y oscillation in rodents, only keta-
mine induces locomotor hyperactivity (Sanacora
et al., 2014). This dichotomy is evident in humans, in
which both compounds induce y oscillations, but only
ketamine has psychotomimetic actions. Similarly, the
lack of psychotomimetic side effects of memantine is
attributed to the rapid unbinding rate that targets
highly active NMDA receptors while preserving phys-
iologic activity (Lipton, 2006, 2007).

Channel blockers continue to serve as important
preclinical and clinical research tools. The approxi-
mate irreversibility of MK-801 channel block (Huett-
ner and Bean, 1988) has been exploited to occlude
synaptic NMDA receptors to allow the study of extra-
synaptic receptors (Hardingham et al., 2002; Tovar
and Westbrook, 2002; Harris and Pettit, 2007; Bordji
et al., 2010; Liu et al., 2013). Moreover, the rate of
MK-801 channel block can be used to assess open
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probability for NMDA receptors (Jahr, 1992; Chen
et al., 1999¢; Blanke and VanDongen, 2008; Gielen
et al., 2009; Hansen et al., 2013).

VIIIL. Endogenous Allosteric Regulation

A. Voltage-Dependent Channel Block by Ions

The ion channel pores of iGluRs can be blocked by
multiple endogenous modulators, including organic
and inorganic cations in a voltage-dependent fashion.
Hence, the extent of block depends on membrane
potential, ensuring the channel block plays central
roles in synaptic physiology. Below we review two of
the most prominent endogenous channel blockers,
intracellular polyamines at AMPA and kainate recep-
tors and extracellular Mg®" at NMDA receptors.

1. Channel Block of AMPA and Kainate Receptors by
Polyamines. Ca®*-permeable AMPA receptors,
which lack the Q/R-edited GluA2 subunit (Fig. 7), are
blocked by the cytoplasmic polyamines spermine,
spermidine, and putrescine [Bowie and Mayer (1995),
Kamboj et al. (1995), Koh et al. (1995); reviewed in
Bowie (2018)], that are present in all cells (Pegg,
2016). Because of the voltage dependence of the chan-
nel block (Fig. 35), cytoplasmic polyamines can finely
tune cellular excitability by regulating the number of
channels available for activation (Bowie et al., 1998;
Rozov et al., 1998; Rozov and Burnashev, 1999), much
like inward rectifier K™ channels (Nichols and Lee,
2018). The unedited AMPA receptor subunits GluAl,
GluA3, and GluA4 show similar polyamine sensitivity,
whereas the kainate receptor GluK3 subunit has
higher polyamine sensitivity (Perrais et al., 2009b)
than GluK1 and GluK2 (Bowie and Mayer, 1995; Cui
and Mayer, 1999). The AMPA receptor auxiliary subu-
nits, TARP and CNIH, and kainate receptor auxiliary
subunits, Netol and Neto2, attenuate channel block
by polyamines (Soto et al., 2007; Coombs et al., 2012;
Fisher and Mott, 2012; Brown et al., 2016, 2018) (Fig.
35; Table 4).

Both Ca®" permeability and polyamine block
depend on the Q/R/N site editing, with unedited
AMPA and kainate receptors (Q) being Ca®"-perme-
able and blocked by polyamines, whereas edited
AMPA and kainate receptors (R) are neither Ca®*-
permeable nor blocked by polyamines (Burnashev
et al., 1992a, 1996; Kohler et al., 1993; Bowie and
Mayer, 1995; Cui and Mayer, 1999). This Ca®* imper-
meability and polyamine insensitivity are thought to be
due to the electrostatic repulsive effect of the positively
charged arginine at the Q/R/N site at the narrowest
region of the pore (Bowie, 2018). Outside of this com-
mon structural determinant, Ca®" permeability and
polyamine block arise by different mechanisms. Muta-
tions in the M3 transmembrane helix disrupt Ca®* per-
meability but leave polyamine block intact (Jatzke
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et al., 2003), whereas mutations in the M2 pore loop
that are distinct from the Q/R/N site disrupt polyamine
block but do not alter Ca?* permeability (Dingledine
et al., 1992). Similarly, substituting an Asn at the Q/R/
N site, as in NMDA receptors, eliminates polyamine
block while leaving divalent permeability intact (Burna-
shev et al., 1992a; Dingledine et al., 1992).

The structure of the ion-permeation pathway was
recently resolved in cryo-EM structures of the
GluA2(Q) AMPA receptor pore in complex with the
polyamine blockers, including ArgTX-636, N'-naph-
thylacetylspermine, and IEM-1460, that block GluA2-
lacking AMPA receptors from the external side in a
use-dependent manner (Twomey et al., 2018) (Fig.
35). These blockers contain extended polyamine tails
and a bulky, hydrophobic head group, which gets
trapped in the narrow constriction of the permeation
pathway. The intrapore electric field gives rise to the
steep voltage dependence of polyamine block (Brown
et al., 2016, 2018).

GluK2/5 heteromers attenuate polyamine block
through a structural change in the pore helices that
reduces the binding affinity and enhances permeation
of the blocker (Brown et al., 2016). This is achieved
through a conformationally rigid proline residue that
is found in GluK4-5 but is absent from GluK1-3 subu-
nits. Thus, heteromers containing either GluK4 or
GluK5 should exhibit diminished polyamine block. In
addition, the nanomolar affinity of polyamine block
on GluKS3 kainate receptors is due to residues in the
M2 pore loop that are absent from GluK1 and GluK2
(Perrais et al., 2009b).

2. Block of NMDA Receptors by Extracellular
Mg?*. NMDA receptors are blocked by extracellular
Mg?" in a voltage-dependent manner (Mayer et al.,
1984; Nowak et al., 1984) (Fig. 36), which allows
them to act as coincident detectors, requiring both
postsynaptic depolarization as well as presynaptic
release of glutamate to pass current. NMDA recep-
tors are also blocked by intracellular Mg?* (Johnson
and Ascher, 1990; Li-Smerin et al., 2000; Li-Smerin
et al., 2001), although the physiologic significance is
not well understood. GluN1/2A and GluN1/2B recep-
tors are more strongly blocked by extracellular Mg®*
than GluN1/2C and GluN1/2D (Monyer et al., 1994;
Kuner and Schoepfer, 1996; Clarke and dJohnson,
2006; Qian and Johnson, 2006; Siegler Retchless
et al., 2012) (Fig. 36). At a —100 mV holding poten-
tial, the ICs, values for block by external Mg?* are 2
uM, 2 uM, 14 uM, and 10 pM for GluN1/2A, GluN1/
2B, GIluN1/2C, and GluN1/2D, respectively (Kuner
and Schoepfer, 1996). The millimolar concentrations
of Mg®* in CSF will produce strong block of native
GluN1/2 NMDA receptors at resting membrane
potentials of around —60 mV. Although the extent of
this block would be attenuated for GluN2C- and
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Fig. 35. Polyamine binding within the AMPA receptor channel pore. (A) Structure of the endogenous polyamine spermine is shown within a cross-sec-
tion of the GluA2(Q) AMPA receptor pore to illustrate the electroneutral cavity (white) above the Q/R/N site and electronegative cavity (red) of the
inner pore where endogenous polyamines (yellow for carbon and blue for nitrogen) are proposed to bind. (B) Structure of the pore illustrates residues
in the M2 reentrant loop that participate in polyamine binding (PDB: 6DM1). Adapted with permission from Twomey et al. (2018). (C) Electrophysio-
logical traces of polyamine block of GluK2 (left) and GluK2 + Neto2 (right). (D) Current-voltage plots show the rectifying nature of polyamine block
(indicated as gold), which is weaker when kainate receptors are coassembled with Netol or Neto2. Adapted with permission from Brown et al. (2016).

GluN2D-containing NMDA receptors, block at 1 mM
Mg?* will still be sufficient to generate a region of
negative slope conductance and thus allow GluN2C-
and GluN2D-containing receptors to serve as coinci-
dence detectors (Fig. 36). The dependence of Mg?"
block on the GluN2 subunit is influenced by multiple
structural elements, with a main determinant being
a residue in the M3 transmembrane helix (Siegler
Retchless et al., 2012). This residue is a Ser in
GluN2A/B and a Leu in GluN2C/D (i.e., the S/L site)
and does not line the channel pore but may interact
with a Trp residue in the M2 pore loop of GluN1 (Sie-
gler Retchless et al., 2012). This interaction between
GluN1 and the S/L site in GluN2 is also a key deter-
minant of GluN2-specific variation in channel

conductance and Ca?
less et al., 2012).

The rates for block and unblock by extracellular Mg?*
differ for NMDA receptors with different GluN2 subunits.
GluN1/2C and GluN1/2D receptors show rapid Mg?"
unblock with a monoexponential time course, whereas
GlulN1/2A and GlulN1/2B receptors show both a rapid and
a slow component of unblock, the latter of which is weakly
voltage-dependent (Clarke and Johnson, 2006). Variations
in the unblocking rate might arise from interactions of
Mg?" with elements of the gate (Kampa et al., 2004; Var-
gas-Caballero and Robinson, 2004) as well as intrinsic
voltage-dependent gating of GluN2A- and GlulN2B-con-
taining receptors (Clarke and Johnson, 2008; Clarke
et al., 2013).

*.permeability (Siegler Retch-

TABLE 4
Effect of auxiliary subunits on polyamine block of AMPA and kainate receptors
Comparison of the permeation and block properties of homomeric and heteromeric AMPA and kainate receptors in the presence or absence of
auxiliary subunits. The apparent affinity of spermine block (Kp omy) was estimated from modified Boltzmann fits of conductance-voltage glots which

also provided the voltage-dependence of the onset and relief of block. The relative permeabilities of spermine to Na™ (Pspm/PNa+) or Ca**
(Pca2+/Pnas) Were estimated by comparing the reversal potential in external solutions that contained spermine or Ca®*

to Na*
to that obtained for Na*-

based solutions. The rectification ratio corresponds to the ratio of current measured at +80 mV (or +60 mV for Ref. 2) and —80 mV holding

potential.
Auxiliary Rectification Index
Subunit Kp,omv Onset of Block Relief of Block Pspm/Prax PCazs/Na+ I +80 mV/I -80 mV
mM mV mV mV

GluAl 2 - 1.5 - - - 2.7 0.03-0.10
GluAl 23 -2 - - - - 14.7 10.17
GluAl 23 CNIH3 - - - - 15.1 0.07
GluA2(Q) ® - 1.8 -14.1 14.5 0.28 - 0.49
GluA2(Q) %3 -2 117.9 -13.4 15.7 111 - 10.87
GluA2(Q) 23 CNIH3 15.1 -11.7 16.3 144 - 10.73
GluK2 4678 2.5-5.8 -16 20.4 - 2.3 0.07-0.2
GluK2 *# Netol 171 —24 1433 - 2.3 10.66
GluK2 *#8 Neto2 139 -18.5 148.6 0.042 2.3 1 0.48-0.64
GluK3 ° - 0.042 -21.6 ND - - <0.01
GluK2/5 * - 119 -25.5 69.7 0.024 3.1 0.89

1 Bowie and Mayer (1995), 2 Coombs et al. (2012), 3 Brown et al. (2018), 4 Brown et al. (2016), 5 Perrais et al. (2009a), 6 Bahring et al. (1997), 7 Bowie et al. (1998),

8 Fisher and Mott (2012).
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duced with permission from Ascher and Nowak (1988).

How does the pore of the NMDA receptor distin-
guish between the two divalent ions, permeable CaZ*
and largely impermeable Mg2*? Structural determi-
nants of both Ca®>" permeation and Mg?* block reside
in the M2 pore loop (Burnashev et al., 1992b). How-
ever, mutations in the M2 pore loop of GluN1 and
GluN2 subunits do not affect Ca®" permeation and
Mg?* block equally (Burnashev et al., 1992b; Woll-
muth et al., 1998), suggesting an asymmetry between
subunits [e.g., Sobolevsky et al. (2002b)]. Part of the
distinction between Ca®* and Mg?" involve differ-
ences in hydration energy; the smaller Mg®" holds on
to its water shell more tightly than the larger Ca®".
Furthermore, the preferred coordination numbers are
different for Ca®>" and Mg®* (7-8 and 6, respectively),
resulting in specific interactions with elements in the
M2 pore loop that could distinguish between Ca®*
and Mg®" (Mesbahi-Vasey et al., 2017).

B. Modulation of Receptor Function by Ions

1. Modulation of AMPA, Kainate, and GluD Receptors
by Extracellular Ions. Mechanistic insights into
AMPA, kainate, and GluD receptors have resulted from
evaluations of how external anions and cations regulate

channel gating via binding to the interface between ABD
dimers [reviewed in Bowie (2010), Plested (2011), Dawe
et al. (2015)] (Fig. 37; Supplemental Fig. 9). Examination
of anion modulation revealed that the intrinsic mobility
of the resting or apo state of the AMPA receptors differs
according to alternative splicing of the flip/flop cassette
(Dawe et al., 2019). The study of cation regulation of
AMPA receptors has suggested a structural explanation
for the occurrence of modal gating of AMPA receptor—
TARP signaling complexes. When associated with
TARPs, AMPA receptors cycle through different gating
modes of high and low open probability (Zhang et al.,
2014a; Howe, 2015). Periods of low open probability are
proposed to be governed by electrostatic interactions at
the ABD dimer interfaces, whereas periods of high open--
channel probability are proposed to be mediated by
reversible AMPA receptor-TARP electrostatic interac-
tions (Dawe et al., 2016; Twomey et al., 2016). These
findings provide a potential explanation for single-chan-
nel data showing that the AMPA receptor—-TARP subunit
complexes exhibit modal gating (Zhang et al., 2014a).

a. Cation and anion binding sites in AMPA recep-
tors. The first indication of the regulatory effect of
anions on AMPA receptors was the anomalous effect
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of the chaotropic anion, thiocyanate (SCN"), on chan-
nel gating (Bowie and Smart, 1993; Partin et al.,,
1996). Halide ions with a large atomic radius (e.g., I)
accelerate desensitization kinetics, and smaller
anions (e.g., F) slow AMPA receptor desensitization
(Dawe et al., 2019). The structure of the GluA2 ABD
homodimer revealed an anion binding site with Br
close to the base of the D1-D1 dimer interface (Dawe
et al., 2019). Several water molecules surround each
Br’, separating them from the Ser/Asn residue, which
is the main difference between the flip/flop isoforms
and alternative splicing therefore influences anion
regulation (Dawe et al., 2019). Analysis of single
AMPA receptors by atomic force microscopy offered a
unifying explanation for the multiple effects of flip/
flop splicing (Section IV. Receptor Activation, Deacti-
vation, and Desensitization) by suggesting the cas-
sette controls the NTD mobility of the apo or resting
state of the receptors (Dawe et al., 2019). As a result,
the apo state primes the AMPA receptor prior to acti-
vation and dictates its responsiveness to channel acti-
vators, allosteric modulators, and auxiliary subunits.
The more mobile nature of the NTD for resting flop-
dominant AMPA receptors gives rise to faster channel
gating, weak allosteric regulation by anions, and mod-
est effects of TARP auxiliary subunits (Dawe et al.,
2019). By contrast, the moderate mobility of resting
flip-dominant AMPA receptors gives rise to slower
channel gating and robust allosteric regulation by
anions and TARP auxiliary subunits (Dawe et al.,
2019).

AMPA receptors also possess a cation binding
pocket, which accommodates small cations such as
Li* (Assaf et al., 2013) (Fig. 37), and stabilizes the
electrostatic interactions at the ABD dimer interface
(Dawe et al., 2016). However, all AMPA receptor sub-
units possess a positively charged Lys residue near
the cation binding pocket (Fig. 37), which curtails the
residency time of cations in the pocket, and cation
binding to AMPA receptors is not essential for chan-
nel gating (Dawe et al., 2016). By contrast, the equiv-
alent position in kainate receptors possesses a
nonpolar, hydrophobic residue (i.e., Ile, Met, Leu, or
Val) that permits larger cations to bind (see below).

b. Cation and anion binding sites in kainate recep-
tors. External anions and cations regulate the
amplitude and time course of homomeric GluK1-3
kainate receptor responses (Bowie, 2002; Bowie and
Lange, 2002; Paternain et al., 2003; Wong et al.,
2006, 2007; Plested and Mayer, 2007; Plested et al.,
2008). The effect of anions and cations on heteromeric
kainate receptors containing either the GluK4 or
GluK5 subunit is less clear (Paternain et al., 2003;
Plested and Mayer, 2007). Three observations helped
determine the structural basis for ion-dependent reg-
ulation of kainate receptors. First, external alkali
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Fig. 37. Cation binding pockets of non-NMDA glutamate receptors in the
ABD dimer interface. (A) Structures of the isolated ABD dimers of GluK2
(left, PDB: 3G3F) and GluA2 (right, PDB: 4IGT) highlight the cation
binding sites (magenta) for Na*, Li*, and Ca?" located at the apex of
ABD dimer interface. The single-anion (CI, green) pocket of GluK2 is
absent from AMPA receptors (left). (B) Expanded view highlights the resi-
dues that make up the cation binding pocket of GluK2 (left) and GluA2
(right) (C) Glutamate-activated currents from GluK2 kainate receptors
(left) or GluA2 AMPA receptors (right) were recorded in different external
cations. Adapted with permission from Wong et al. (2006) (Copyright
2006 Society for Neuroscience) and Dawe et al. (2016).

metals and halide ions have effects distinct from both
external pH and divalent cations (Wong et al., 2007).
Second, ion substitution experiments demonstrated
that kainate receptors require the binding of external
Na™ for activation (Wong et al., 2006; Bowie, 2010;
Maclean et al., 2011). Third, mutation of Met770 in
the ABD dimer interface to a positively charged
amino acid (Lys or Arg) disrupted anion and cation
effects (Paternain et al., 2003; Wong et al., 2006,
2007; Nayeem et al., 2011).

The discrete anion and cation binding sites were
resolved by X-ray crystallography at the kainate
receptor ABD dimer interface (Plested and Mayer,
2007; Plested et al., 2008). Both GluK1 and GluK2
subunits possess a single anion binding pocket at the
ABD dimer interface, whereas two cation pockets per
dimer sit above at the apex flanking the anion site
(Plested and Mayer, 2007; Plested et al., 2008;
Nayeem et al.,, 2009, 2011) (Fig. 37). A similar
arrangement has also been modeled from structural
data of low-affinity GluK3 subunits (Venskutonyté
et al., 2011b; Veran et al., 2012). However, the GluK3
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subunit uniquely possesses Zn?" binding sites that
are located at the base of the ABD dimer interface
below the anion binding sites in AMPA receptors
(Veran et al., 2012). Occupancy of the Zn?* binding
sites in GluK3 and GluK2/3 attenuates receptor
desensitization, accounting for the potentiating effect
of Zn®" on the agonist response (Veran et al., 2012)
(Section VIII.B.2. Modulation of Glutamate Receptor
Function by Extracellular Zn®").

Single-channel studies and molecular dynamics
suggested that occupancy of the cation binding pocket
sustains channel activation and slows the onset of
desensitization by stabilizing the ABD dimer interface
(Dawe et al., 2013, 2015; Musgaard and Biggin,
2016). This idea was supported by a nondesensitizing
mutant kainate receptor with an Arg in the cation
pocket to stabilize the ABD dimer interface (Nayeem
et al.,, 2009). Covalent cysteine crosslinking of the
ABD dimer interface produces a similar outcome
(Weston et al., 2006b); however, these engineered
disulfide bonds may lock receptors out of the open
state in addition to preventing desensitization (Dan-
iels et al., 2013; Musgaard and Biggin, 2016). Electro-
physiological and structural data suggest that the
anion and cation binding sites are intact in GluK4
and GluK5 (Kristensen et al., 2016b; Plested et al.,
2008). Furthermore, Neto2 attenuates cation sensitiv-
ity of homomeric and heteromeric kainate receptors
(Griffith and Swanson, 2015).

c. Cation binding in GluD receptors. The GluD1
and GluD2 receptors do not form functional channels
alone or when coexpressed with other glutamate
receptor subunits but are spontaneously activated by
mutations in the conserved M3 SYTANLAAF motif
(Sections IV. Receptor Activation, Deactivation, and
Desensitization and X. Glutamate Receptors in Dis-
ease). Glycine and D-serine can bind to the ABD of
GluD1 and GluD2, and this binding reduces currents
from spontaneously active mutant receptors (Naur
et al., 2007; Yadav et al., 2011). GluD receptors con-
tain binding sites at the ABD interface for Ca®*, the
occupancy of which counteracts the inhibitory effects
of D-serine on spontaneously active GluD receptors
(Hansen et al., 2009; Yadav et al., 2011). Thus, p-ser-
ine binding induces rearrangements at the dimer
interface of the GluD2 (Hansen et al., 2009) similar to
those observed for desensitization of AMPA and kai-
nate receptors. By contrast, Ca®" stabilizes the ABD
dimer interface in a manner reminiscent of monova-
lent cation binding to AMPA and kainate receptors
(Hansen et al., 2009).

2. Modulation of Glutamate Receptor Function by
Extracellular Zn®". The transition metal ion Zn?" is
used by the CNS for a range of important actions,
tightly regulated, concentrated in presynaptic vesicles
by the Zn?* transporter ZnT-3, and released from
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excitatory synaptic terminals in an activity-dependent
manner (Smart et al., 2004; Marger et al., 2014). The
zinc transporter ZnT-1 colocalizes with and binds to
GIluN2A in the postsynaptic terminal (Mellone et al.,
2015; Krall et al., 2020). Extracellular Zn®* binds
with high affinity to the bilobed GIluN2A NTD, with a
nanomolar ICs, (Williams, 1996; Chen et al., 1997;
Paoletti et al., 1997, 2000; Traynelis et al., 1998; Choi
and Lipton, 1999; Fayyazuddin et al., 2000; Low
et al.,, 2000; Rachline et al., 2005; Karakas et al.,
2009) and inhibits receptors by decreasing open prob-
ability (Erreger and Traynelis, 2008; Amico-Ruvio
et al., 2011) (Table 5). Physiologic saline solutions are
contaminated by Zn®" in the high nanomolar range
that will inhibit GluN2A-containing NMDA receptors
under most experimental conditions (Paoletti et al.,
1997). To study Zn?" modulation, it is necessary to
use a buffer system to accurately control Zn®" concen-
trations, and Zn?"-chelators, such as tricine or EDTA,
in the extracellular solution are needed to eliminate
contaminant Zn2" (Paoletti et al., 1997). A shortcom-
ing of both tricine and EDTA chelators is their slow
rate of Zn®>" binding, which is insufficient to chelate
synaptically released Zn?" (Anderson et al., 2015).
More recent studies have used the chelator, ZX1,
which binds Zn?" with high affinity (1 nM) and a rate
that is 200-fold faster than tricine and EDTA (Ander-
son et al., 2015; Kalappa et al., 2015; Krall et al.,
2020).

The ICso of Zn?" inhibition at GluN1/2B and
GluN1/2D receptors is in the uM range, with minimal
activity at GluN2C-containing NMDA receptors (Pao-
letti et al., 1997; Traynelis et al., 1998). Zn®>" binding
can also produce voltage-independent inhibition,
although at concentrations above 10 pM, by blocking
the channel pore in a manner similar to Mg2+ (Wil-
liams, 1996; Traynelis et al., 1998; Choi and Lipton,
1999; Low et al., 2000). Triheteromeric GluN1/2A/2B
receptors show high sensitivity to Zn®" with an ICs,
value close to that of the GluN2A subunit, suggesting
a dominant effect of GluN2A, but there is a modest
reduction in inhibition at maximally effective concen-
trations of Zn?" (Hatton and Paoletti, 2005; Hansen
et al., 2014; Stroebel et al., 2014). Alternative splice
isoforms of GluN1 reduce Zn?" sensitivity, with recep-
tors containing 21 residue in the NTD encoded by
exon 5 being less sensitive to Zn®" (Zheng et al.,
1994, Traynelis et al., 1998; Yi et al., 2018). These res-
idues establish additional contacts that stabilize the
NTD-ABD and ABD-ABD interfaces (Regan et al.,
2018).

An important aspect of Zn?" inhibition is the posi-
tive allosteric intrasubunit interaction observed
between Zn?* binding to the NTD and glutamate
binding to the ABD (Zheng et al., 2001; Erreger and
Traynelis, 2005). Both ligands enhance the affinity
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of one another, such that glutamate binding to a
receptor in subsaturating Zn2?" will cause the sys-
tem to relax to a new equilibrium as Zn?* re-equili-
brates and more Zn®" binds to the higher affinity
site to inhibit the receptor. This will produce an
apparent desensitization, as the response dimin-
ishes in the presence of agonist and extracellular
Zn?* (Chen et al., 1997) (Fig. 38). The time course
for Zn?*-dependent desensitization is determined by
the rate of Zn?" binding (Erreger and Traynelis,
2005).

Zn" in synaptic vesicles is released in an activity-
dependent manner (Tamano et al., 2016; McAllister
and Dyck, 2017). The levels of Zn?" in the synaptic
cleft have been the subject of debate, with most esti-
mates in the range of 1-10 uM, but no clear consen-
sus because of technical and biologic complexities
(Frederickson et al., 2006; Kay and Toth, 2008). Stud-
ies of Zn?" action on NMDA receptors have provided
rates for Zn®" binding and unbinding in addition to
defining the allosteric interaction between Zn?" and
glutamate (Erreger and Traynelis, 2005, 2008; Amico-
Ruvio et al., 2011). These results allow the estimation
of binding to NMDA receptors during simulated core-
lease of Zn?" and glutamate, which suggest that the
IC5¢ for inhibition of NMDA receptor-mediated
EPSCs by synaptically released Zn?* will be higher
than that determined at steady state in the continu-
ous presence of glutamate. The Zn?" association rate
is too slow at low concentrations to inhibit GluN2A-con-
taining NMDA receptors before a single EPSC is termi-
nated, suggesting that tonic Zn?* but not necessarily
synaptically released Zn2?" produces strong NMDA
receptor inhibition during a single EPSC. Figure 38
shows that nanomolar concentrations of extracellular
Zn?" that saturate under steady-state conditions do not
alter a single EPSC when coreleased, suggesting
NMDA receptor inhibition requires higher concentra-
tions of Zn®" in the cleft or high-frequency firing to
allow glutamate occupancy to increase the binding rate
of Zn®" (Erreger and Traynelis, 2005; Vergnano et al.,
2014; Anderson et al., 2015).

Zn®" binds within the cleft of the bilobed GluN2A
NTD and interacts with four residues, His44, His128,
Glu266, and Asp282, but in GluN2B, Zn®" can only
form two interactions with His127 and Glu284 (Low
et al., 2000; Paoletti et al., 2000; Karakas et al., 2009;
Romero-Hernandez et al., 2016) (Fig. 39). This bind-
ing site is supporting the idea that inhibition is due
to NTD cleft closure induced by Zn?* binding (Sirrieh
et al., 2015a). Cryo-EM structures of the GluN1/2A
receptor suggested a mechanism for Zn?" inhibition
(Jalali-Yazdi et al., 2018) in which the presence of
Zn?" facilitated closure of GluN2A NTD bilobes simi-
lar to that in crystal structure of the isolated GluN1/
2A NTD heterodimer (Romero-Hernandez et al.,

Hansen et al.

TABLE 5
Allosteric modulation of glutamate receptors by extracellular Zn?* and
protons
Proton ICs, was determined using an activity coefficient of 0.8. Zn2"
1Cso was determined at pH 7.3. — denotes no available data, and ND
indicates data are reported, but the EC5¢ or IC5, values were not
determined. Data are for rat recombinant receptors expressed in oocytes
or HEK cells. * indicates that protons or Zn?" potentiated the response.

Construct Zn?* IC5, H* IC;5¢

uM M (pH)
GluN1/2A 0.0271  0.080-0.22 (pH 6.74-7.20) 2
GluN1-1a.y/ GluN1-1a.,/2A 0.091 2 0.20 (pH 6.80) °
GluN1-1a.5/ GluN1-1b.,/2A 0.095 2 0.25 (pH 6.70) ®
GluN1-1b.o/ GluN1-1b,/2A 0.17 ¢ 0.33 (pH 6.58) °
GluN1/2A/2B 0.058 4 -
GluN1/2A/2C 0.040 ° -
GluN1/2B 257 0.040-0.060 (pH 7.3-7.5) %3

0.036 (pH 7.54) *
0.08 (pH 7.19) °
0.18 (pH 6.83) °

GluN1-1a.y/ GluN1-1a.,/2B -
GluN1-1a.o/ GluN1-1b.;/2B -
GluN1-1b.o/ GluN1-1b.,/2B

GluN1/2C 237 0.83 (pH 6.2) ©
GluN1/2D 141 0.065 (pH 7.3) 2
GluN1/3A ND * 7 0.099 * (pH7.1) 7
GluN1/3B - ND ¢

GluAl - 0.63 (pH 6.3) 2
GluA2(Q) 430° 0.50 (pH 6.4) 2
GluA2/3 700 ¢ -

GluA3 1000 ¢ 0.79 (pH 6.2) 2
GluAdc - 1.3 (pH 6.0) 2
GluK1(Q) 40 10 0.16 (pH 6.9)
GluK2(Q) 30 ¢ 0.16-1.3 (pH 6.0-6.9) 1212
GluK2(R) 67 1° 0.13 (pH 7.0)
GluK2(Q)/4 - 0.099 (pH 7.1) * 1
GluK2(Q)/5 6.5 1 0.0016 (pH 89), 20 (pH 5.8)
GluK2(R)/4 151 -
GluK2(R)/5 3.0 -

GluK3 46 * 13 -

GluK2/3 480 * 13 -

GluD2 - 0.042 (pH 7.5) 14

1 Traynelis et al. (1998), 2 Traynelis et al. (1995), 3 Yi et al. (2018), 4 Hansen
et al. (2014), 5 Bhattacharya et al. (2018), 6 Low et al. (2003), 7 Cummings and
Popescu (2016), 8 Cavara et al. (2009), GluN1/3B receptors were inhibited by pro-
tons, 9 Carrillo et al. (2020a), 10 Mott et al. (2008), 11 Mott et al. (2003), 12 Wong
et al. (2007), 13 Veran et al. (2012), GluK3 was potentiated at lower Zn?* and
inhibited at higher Zn2*, 14 Williams et al. (2003), proton inhibition of GluD2
harboring the lurcher mutation (GluD25) was incomplete.

2016). The cryo-EM structures showed that ZnZ*
binding also separated the GluN1/2A NTD heterodimer
pairs, splaying the dimer of NTD dimers as well as
GIluN1/2A ABD dimer interfaces (Fig. 40). The rup-
ture of intersubunit contacts was suggested to allow
the membrane proximal domains of the ABD to move
closer, which could relieve tension on the gate after
agonist binding and ABD clamshell closure around
agonist, favoring channel closure.

Multiple lines of evidence have suggested that the
inhibitory actions of extracellular Zn®" can be func-
tionally understood through enhancement of proton
inhibition (Choi and Lipton, 1999; Low et al., 2003;
Gielen et al., 2008; Jalali-Yazdi et al., 2018). That
is, Zn®"-bound receptors remain active but show
altered pKa for proton inhibition, such that the
degree of Zn?*-induced inhibition can be quantita-
tively predicted by the shift in tonic proton inhibition
(Figs. 38 and 40). Structural studies have identified
an ensemble of distinct Zn2"-bound conformations,
with Zn?" shifting the relative proportion of confor-
mations that reduced interactions between the two
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Fig. 38. Negative allosteric modulation of NMDA receptors by extracellular Zn?*. (A) Concentration-response curve shows inhibition by Zn?* of
GluN1/2 receptors recorded at +50 mV at which voltage-dependent channel block does not contribute to inhibition. (B) GluN1-N615G/2A channels,
which are not sensitive to channel block by Zn?", recorded in cell-attached patches in the absence or presence of extracellular Zn?". (C) GluN1/2A
responses recorded at +40 mV in response to rapid application of glutamate with or without buffered Zn?". The relaxation reflects a time-dependent
Zn>" association. (D) Proton inhibition curves recorded in the absence and presence of Zn>" revealed a Zn?>"-induced enhancement of proton inhibition.
GluN1/2A responses recorded at +40 mV show greater Zn?" inhibition at pH 6.8 than at pH 7.8, as predicted by the shift in the proton inhibition curve.
(E) Cartoon illustrating corelease of Zn?* and glutamate from presynaptic terminals. Simulation of NMDA-component EPSCs from a model that incor-
porates the positive allosteric regulation between Zn?* and glutamate and corelease of Zn?* (Erreger and Traynelis, 2005). The association rates deter-
mined for Zn?" are too slow to allow synaptically released submicromolar Zn®* to bind to NMDA receptors during the first EPSC, but inhibition is
established with higher frequency release. Panels were reproduced or adapted with permission from Rachline et al. (2005) (Copyright 2005 Society for
Neuroscience) (A), Amico-Ruvio et al. (2011) (B), Erreger et al. (2005a) (C and E), Low et al. (2000) (Copyright 2000 National Academy of Sciences,

U.S.A.) (D), and Zheng et al. (2001) (D).

heterodimer NTDs in a proton-dependent manner.
These data showed that both protonation and Zn?*
binding induce a similar degree of closure of the
GluN2A NTD (Jalali-Yazdi et al., 2018; Zhang et al.,
2018b). In the absence of Zn?" at pH 7.8, there are
two interaction sites between the two NTD hetero-
dimers (2-knuckle; Fig. 40), and the GluN2A NTD
bilobes are open. At pH 6.3 with no zine, however,
NTD dimers rearrange to interact only at one site (1-
knuckle; Fig. 40). Therefore, alkaline pH favors
opening of GluN2A NTD bilobes and the 2-knuckle
conformation with two interactions, whereas increas-
ing proton concentrations favor the I-knuckle confor-
mations. In 1 uM Zn?" at pH 7.4, the receptors are
in I-knuckle conformation along with more extended
conformations that further separate the two hetero-
dimeric NTDs (Extended; Fig. 40), whereas high
(nonphysiologic) 1 mM Zn?" at pH 7.4 even further

separates the two heterodimeric NTDs (Super-
splayed; Fig. 40). Finally, 1 uM unbuffered Zn®" at
pH 6.1 showed mostly I-knuckle and Extended con-
formations plus the Super-splayed conformation,
implying that proton and Zn?" may synergistically
separate the NTD dimers. These NTD conforma-
tional changes propagate through the receptor to the
ABD layer to reduce the tension in the linkers con-
necting the ABDs to the channel pore (Gielen et al.,
2008; Esmenjaud et al., 2019) (Fig. 40).

AMPA receptors show weak and biphasic sensitivity
to extracellular Zn?*, with potentiation at 10s of pM
and inhibition at higher concentrations (Rassendren
et al., 1990; Kreitzer et al., 2009; Sun et al., 2010a,b;
Carrillo et al., 2020a). Zn?* regulation of AMPA
receptors may be physiologically relevant in the dor-
sal cochlear nucleus where AMPA receptors are inhib-
ited by synaptically released Zn?>" (Kalappa et al.,
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Fig. 39. Coordination site for Zn?" binding in GluN2A and GluN2B NTDs. (A) Crystal structure of GluN1 (slate)/GluN2B (gray) heterodimeric NTDs
(PDB: 5TPW). Zn?" binds within the cleft of the bilobed clamshell-like NTD. (B) Four residues within the bilobed GluN2A NTD coordinate Zn?",
resulting in high-affinity binding. (C) Crystal structure of Zn?*-bound GluN2B NTD (PDB: 3JPY). Zn?" is coordinated by only two residue side chains,

which accounts for its lower affinity compared with GluN2A.

2015). Kainate receptors are inhibited by Zn?* with
strong subunit selectivity (Mott et al., 2003; Mott
et al., 2008), with GluK1 receptors being sensitive to
submicromolar levels of Zn?" (Mott et al., 2003),
whereas recombinant GluK2/5 are inhibited by higher
concentrations of Zn?" (Fukushima et al.,, 2003).
GluK3 responses are potentiated by Zn2?", which
reduces desensitization through stabilization of the
ABD dimer interface (Veran et al., 2012). It has been
proposed that LTP of synapses between hippocampal
granule cell mossy fibers and CA3 pyramidal neurons
is influenced by Zn?" binding to presynaptic GluK2/3
kainate receptors (Contractor et al., 2001; Pinheiro
et al., 2007; Pinheiro and Mulle, 2008). Data from
mice lacking zinc transporters suggested that synap-
tically released Zn?" inhibits postsynaptic kainate
receptors at mossy fiber synapses (Mott et al., 2008).
Similarly, exogenous application of Zn%* can inhibit
kainate receptors in the olfactory bulb (Blakemore
and Trombley, 2020). Similar to NMDA receptors,
there is a relationship between Zn2* inhibition and
extracellular protons, wherein Zn?" inhibition is
reduced in acidic pH, the opposite of NMDA receptors
(Mott et al., 2008). Zn®>" can also facilitate glycine-
activated GluN1/3 responses (Madry et al., 2008;
Cummings and Popescu, 2016; Cummings et al.,
2017) (Table 5).

C. Modulation by Protons and Polyamines

1. Modulation by Extracellular Protons. All iGluRs
are sensitive to extracellular protons. AMPA receptors
show modest proton sensitivity, and spontaneously
active GluD2 receptors are pH-sensitive (Table 5).
AMPA receptors show reduced open probability and
enhanced rate of desensitization without a change in
conductance at low pH (Lei et al., 2001). Block of
desensitization by cyclothiazide eliminates pH inhibi-
tion, with rapidly desensitizing flop isoforms showing

more sensitivity to pH than flip isoforms (Ihle and
Patneau, 2000; Lei et al., 2001). Protons have inhibi-
tory actions on most kainate receptors with IC5, val-
ues for homomeric GluK1l and GluK2 receptors
corresponding to pH 6.9 (Table 5). Heteromeric kai-
nate receptors that contain GluK5 are less sensitive
to protons, and GluK2/4 receptors are potentiated by
acidic pH (Mott et al., 2003).

NMDA receptors are fully inhibited by protons with
an ICs9 of 50-100 nM, corresponding to pH 7.4-7.0
(Giffard et al., 1990; Tang et al., 1990; Traynelis and
Cull-Candy, 1990, 1991; Vyklicky et al., 1990). As a
result, NMDA receptors will be tonically inhibited by
protons under physiologic conditions because extracel-
lular pH roughly matches the proton ICs,. NMDA
receptors are thus poised to respond to small changes
in extracellular pH that occur under physiologic con-
ditions due to release of protons from acidic synaptic
vesicles or movement of protons or bicarbonate across
the plasma membrane by pumps and channels (DeV-
ries, 2001; Chesler, 2003; Chen and Chesler, 2015;
Beckwith-Cohen et al., 2019; Stawarski et al., 2020).
Such pH changes are challenging to measure given
technical difficulties associated with ion-sensitive
electrodes, rapid translocation of protons in solution,
the active processes by which protons and bicarbonate
move between compartments (Parker and Boron,
2013; Zhao et al., 2016a), and bicarbonate regulation
via carbonic anhydrase (Ruusuvuori and Kaila, 2014;
Stawarski et al., 2020). However, pH-sensitive fluo-
rescent dyes, such as pH-sensitive GFP derivatives,
provide new opportunities to monitor pH without per-
turbing the integrity of the tissue (Lee et al., 2016a).
Pathologic conditions including ischemia (Kaplan
et al., 1987; Katsura et al., 1992; Katsura and Siesjo,
1998) and seizures (Balestrino and Somjen, 1988; Rai-
mondo et al., 2016) produce an extracellular acidifica-
tion, decreasing pH to levels that can inhibit NMDA
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tion of Zn?* at 1 pM at pH 6.1 splits GluN1-GluN2A NTD dimer pairs into Extended and Super-splayed conformations. At pH 7.4, the populations of
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Knuckle-Asym, Extended and Extended-2, and Splayed and Super Splayed were combined for simplicity.

receptors (Chesler and Kaila, 1992; Chesler, 2003).
Penumbral pH during ischemia can reach 6.8-6.9,
with reduction in the infarct core reaching 6.5 (Mutch
and Hansen, 1984; Smith et al., 1986; Nedergaard
et al., 1991; Katsura and Siesjo, 1998), rendering pro-
ton inhibition of NMDA receptors important in the
context of pathology.

GluN2 subunits control the sensitivity of NMDA
receptors to extracellular protons (Traynelis et al.,
1995), wherein GluN2A-, GluN2B-, and GluN2D-con-
taining NMDA receptors all have proton ICs, values
in the physiologic pH range (7.0-7.4) (Table 5). By
contrast, GluN1/2C receptors have a proton ICsxq
value near pH 6 (Traynelis et al., 1995; Low et al.,
2003). Furthermore, proton sensitivity is controlled
by alternative splicing of exon 5 in GluN1, and this
effect is dependent on the number of alternatively
spliced GluN1 subunits in the receptor complex (Sec-
tion IV.A.1. Glutamate Receptor Response Time
Course and Synaptic Transmission and Table 5).

Proton inhibition is voltage-independent and does
not affect glutamate binding, although reduction in
pH modestly reduces glycine potency (Tang et al.,
1990; Traynelis and Cull-Candy, 1990; Vyklicky
et al., 1990; Banke et al., 2005). Protons reduce
channel open probability without strong effects on

response time course or single-channel conductance,
and channel open time seems more sensitive to
extracellular pH in GluN1/2A compared with GluN1/
2B receptors (Banke et al., 2005; Dravid et al., 2007;
Erreger and Traynelis, 2008). The complete struc-
tural determinants contributing to proton inhibition
are unknown, although mutations at multiple resi-
dues in the NTD (Williams et al., 1995; Masuko
et al., 1999a), ABD interface (Gielen et al., 2008;
Cummings and Popescu, 2016), linkers and pore-
forming elements (Kashiwagi et al., 1997; Low et al.,
2003), and reentrant pore loop (Mott et al., 1998; Li
et al., 2019a) can influence pH sensitivity consistent
with cryo-EM structures that show conformational
changes in the entire receptor structure at low pH
(Zhang et al., 2018b). Some pore blockers acting at
the M2 pore loop have pH-sensitive potencies, fur-
ther emphasizing tight coupling between protons
and gating (Dravid et al., 2007). In addition, removal
of the GluN2 NTD does not eliminate the pH sensi-
tivity, confirming that the residues underlying pH
sensitivity do not alone reside in this region (Low
et al., 2003; Gielen et al., 2008). Rather, multiple
sites throughout the receptor synergize to sensitize
NMDA receptors to the extracellular protons (Low
et al., 2003; Gielen et al., 2008).
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Cryo-EM studies of GluN1/2A receptors in alkaline
(pH 7.8) and acidic conditions (pH 6.3) reveal NTD
domain interactions and rearrangements that may
reflect proton-inhibited states of the receptor (Lu
et al., 2017; Zhang et al., 2018b). These studies sug-
gest that under alkaline conditions, the GluN2A
bilobed NTD adopts an open conformation that is
twisted, whereas acidification (like Zn2%" binding)
closes the bilobed domains, rearranging the tetra-
meric NTD and ABD layers (Zhang et al., 2018b).
These data suggest that the NTD is a major substrate
upon which reduced pH exerts its actions (Zhang
et al., 2018b; Esmenjaud et al., 2019).

The mechanism of action of NMDA receptor NTD
modulators appears to involve a change of the recep-
tor’s proton sensitivity (e.g., pKa), which alters the
degree of tonic inhibition at resting pH. Like Zn?",
the negative allosteric modulator ifenprodil enhances
proton sensitivity and increases tonic inhibition at
resting pH (Pahk and Williams, 1997; Traynelis et al.,
1998; Mott et al.,, 1998; Choi and Lipton, 1999;
Erreger and Traynelis, 2008; Bhatt et al., 2013). The
shared effects of Zn®" binding and protonation on the
NTD heterodimer (Jalali-Yazdi et al., 2018; Zhang
et al., 2018b) mirror functional studies showing quan-
titatively that Zn®" inhibition can be accounted for by
enhanced proton sensitivity (Erreger and Traynelis,
2005, 2008; Gielen et al., 2008). Alternatively, positive
allosteric modulators, including extracellular poly-
amines, extracellular Mg?", and some aminoglyco-
sides, reduce the sensitivity of GluN2B-containing
NMDA receptors to extracellular pH by reducing
tonic proton inhibition (Paoletti et al., 1995; Traynelis
et al., 1995; Kumamoto, 1996; Masuko et al., 1999a;
Mony et al., 2011).

In contrast to inhibitory actions of protons on
GIluN1/2 NMDA receptors, acidification has been
reported to potentiate glycine-activated current
responses of GIluN1/3A receptors with an ECs, value
near physiologic pH but (like NMDA receptors) inhib-
its GIuN1/3B receptors (Cummings and Popescu,
2016) (Table 5). Glycine-activated GluN1/3-mediated
currents desensitize because of glycine binding to the
GluN1 subunit (Awobuluyi et al., 2007; Madry et al.,
2007; Kvist et al., 2013a), but increased proton con-
centration enhances glycine-activated currents in
part through slower onset of desensitization and
faster recovery from desensitization (Cummings and
Popescu, 2016). The potentiation of GluN1/3A cur-
rents by extracellular pH is independent of alterna-
tive splicing of GluN1, independent of the actions of
Zn?*, and dependent on residues at the GluN1/3A
ABD dimer interface (Cummings and Popescu, 2016).

2. Modulation by Extracellular Polyamines. Intra-
cellular polyamines have well established roles in the
control of cell growth, interactions with nucleic acids
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(Fredriksson et al., 2019; Igarashi and Kashiwagi,
2019), and a high-affinity pore block of K* channels,
AMPA receptors, and kainate receptors (Section
VIII.A.1. Channel Block of AMPA and Kainate Recep-
tors by Polyamines). Extracellular polyamines, such
as spermine and spermidine, are positive allosteric
modulators of GluN2B-containing NMDA receptors
function with EC5q values of ~100 pM (Zhang et al.,
1994). The actions of polyamines appear to reflect a
relief of tonic proton inhibition, such that the pH sen-
sitivity is reduced in the presence of polyamines.
However, higher concentrations polyamines produce
voltage-dependent channel block (Williams, 1997).
Polyamine potentiation is absent in triheteromeric
GluN1/2A/2B receptors (Hansen et al., 2014; Stroebel
et al., 2014; Cheriyan et al., 2016; Yi et al., 2018),
whereas polyamine potentiation is conserved but
reduced in triheteromeric GluN1/2B/2D receptors (Yi
et al., 2018).

Polyamines have been proposed to exert their
potentiating actions through their interaction with
clusters of negatively charged residues in the lower
R2 lobes of bilobed GluN1 and GluN2B NTDs
(Masuko et al., 1999a; Mony et al., 2011). Although
the location of this binding site on the NTD remains
to be identified, FRET studies suggest that spermine
binding opens the GluN2B NTD clamshell (Sirrieh
et al., 2015b). The actions of polyamines are attenu-
ated by inclusion of residues encoded by GluN1 exon
5 (Durand et al., 1993; Zhang et al., 1994; Traynelis
et al., 1995; Yi et al., 2018). Aminoglycosides are posi-
tively charged at physiologic pH and potentiate
GluN2B-containing receptors, presumably by a simi-
lar mechanism as polyamines (Masuko et al., 1999b).
The positively charged spermine has been proposed to
shield negatively charged residues in the NTD,
thereby eliminating electrostatic repulsion between
the lower NTD lobes (Mony et al., 2011). Consistent
with this model, extracellular Mg?™, in addition to its
pore-blocking ability, can enhance GluN1/2B
responses at millimolar concentrations (Paoletti et al.,
1995), a phenomenon that is visible for outward cur-
rents at positive holding potentials, at which Mg?*
channel block is absent and the potentiating effects of
Mg?* prevail. Histamine also mediates GluN2B-selec-
tive potentiation that is suggested to involve the same
site that responds to Mg®* and polyamines, but struc-
tural determinants of this effect as well as its role in
neurons remain elusive (Bekkers, 1993, 1996; Wil-
liams, 1994; Saybasili et al., 1995; Watanabe et al.,
2008; Burban et al., 2010).

D. Neurosteroids

Several endogenous neurosteroids can influence cir-
cuit function through their ability to modulate NMDA
receptor activity (Ratner et al., 2019); however, the
mechanisms, subcellular localization (Chisari et al.,



Glutamate Receptor Ion Channels

2019), and properties of these agents are complex.
Pregnenolone sulfate (20-oxo-5-pregnen-3f-yl sulfate,
PS) both inhibits and potentiates NMDA receptor
activity over a range of potencies (Gibbs et al., 2006;
Horak et al., 2006) (Table 6) and inhibits AMPA, kai-
nate, and GABA receptors (Park-Chung et al., 1994).
Strong potentiating actions of PS are evident when
applied before receptor activation, whereas inhibitory
actions arise when coapplied continuously with ago-
nist (Horak et al., 2006). The dual actions of PS lead
to divergent effects that depend on the GIluN2 subu-
nit; when applied during steady-state NMDA receptor
responses, GIluN1/2A and GluN1/2B are potentiated,
and GluN1/2C and GluN1/2D are inhibited (Horak
et al., 2006). PS produces a modest enhancement of
glutamate potency at GluN1/2B (Horak et al., 2004)
and slows desensitization and deactivation at GluN1/
2A and GluN1/2B (Ceccon et al., 2001). PS prolongs
channel open time in nondialyzed cells (Chopra et al.,
2015) but has no effect on single-channel conductance
(Wong and Moss, 1994). These actions of PS may
require an intact intracellular environment (Petrovic
et al., 2009) and could be accompanied by effects on
NMDA receptor trafficking (Kostakis et al., 2013).
Structural determinants underlying the actions of PS
have been identified in the S2 segment of the ABD,
the S2-M4 linker, and the TMD (Jang et al., 2004;
Horak et al.,, 2006; Kostakis et al., 2011; Burnell
et al., 2019), and the actions of PS may involve rear-
rangement of residues from M1 and M4 in GluN2 and
M3 in GluN1 (Hrcka Krausova et al., 2020).

Other endogenous neurosteroids include the nonse-
lective NAM pregnanolone sulfate (referred to as
3u56S or PA-S) and the nonselective PAM 24(S)-
hydroxycholesterol (24(S)-HC) (Park-Chung et al.,
1994; Malayev et al., 2002; Borovska et al., 2012;
Paul et al., 2013; Vyklicky et al., 2015), which acts at
the TMD of NMDA receptors (Wilding et al., 2016).
24(S)-HC has been shown to have numerous effects
on circuit function, including modulation of synaptic
plasticity and effects of ethanol on learning (Izumi
et al., 2021). The endogenous neurosteroid 25-hydrox-
ycholesterol has been referred to as a silent or neutral
modulator, with minimal effects on NMDA and AMPA
receptors on its own but nearly complete block of the
potentiating effects of 24(S)-HC, suggesting 25-
hydroxycholesterol is a natural counterbalance to the
potentiating actions of 24(S)-HC at NMDA receptors
(Linsenbardt et al., 2014; Sun et al., 2017a). Some of
the endogenous neurosteroid NAMs are agonist-
dependent (Petrovic et al., 2005; Borovska et al.,
2012; Vyklicky et al., 2015) and promote receptor
desensitization without changing single-channel open
time (Kussius et al., 2009). The neurosteroid pregna-
nolone sulfate can control NMDA receptor function in
a manner dependent on palmitoylation (Hubalkova
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et al., 2021), and these steroid derivatives in general
may partition into the membrane en route to their
active site, which could alter their concentration-
response relationship (Malayev et al., 2002; Borovska
et al., 2012; Vyklicky et al., 2015). Cholesterol also
modulates NMDA receptor function, and its removal
inhibits receptor activity (Korinek et al., 2015), sug-
gesting that the membrane environment influences
NMDA receptor activity and could be an important
determinant of neurosteroid action. 24(S)-HC can also
compensate for effects on NMDA receptor function of
cholesterol depletion (Hrcka Krausova et al., 2020).
Unlike for GABA receptors (Laverty et al., 2017), a
binding site for endogenous neurosteroids on NMDA
receptors has not been clearly defined. A subset of
neurosteroid inhibitors also have voltage-dependent
actions, suggesting that they may inhibit NMDA
receptors by blocking the channel pore (Vyklicky
et al., 2015).

IX. Exogenous Positive and Negative Allosteric
Modulators

A. AMPA and Kainate Receptor Modulators

AMPA and kainate receptor function can be posi-
tively and negatively tuned by allosteric modulators
that interact with receptor subunits at sites that are
distinct from the orthosteric agonist binding site.
PAMs that act on AMPA receptors are extensively
studied because of their therapeutic potential as cog-
nitive enhancers and have become useful research
tools to explore the structural changes that underlie
AMPA receptor deactivation and desensitization.
AMPA receptor—selective negative allosteric modula-
tors (NAMs) are also useful tools, and AMPA receptor
inhibitors have facilitated the characterization of neu-
ronal kainate receptors. The AMPA receptor NAM
perampanel has received FDA approval as an adjunc-
tive therapy for partial onset seizures and for tonic-
clonic seizures resistant to conventional therapeutics
(Section X. Glutamate Receptors in Disease).

The development of kainate receptor allosteric mod-
ulators has lagged behind that for AMPA receptors.
Agents that interact with oligosaccharide conjugates
on the receptors and thereby constrain gating are
PAMs of kainate receptors, but only a single study
has reported PAMs that bind at the kainate receptor
ABD dimer interface (Larsen et al., 2017) (see below).
Likewise, kainate receptor NAMs consist only of com-
pounds with weak crossreactivity described for com-
pounds characterized as AMPA receptor NAMs and
nonselective fatty acids. Nonetheless, new allosteric
modulators for AMPA and kainate receptors remain
ripe for exploration, as can be appreciated by the
development of auxiliary subunit-dependent PAMs
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TABLE 6
Allosteric modulation bv endogenous neurosteroids

Activity at GluN1/GluN2X NMDA receptors

Compound name Structure Mod'e of Effect 2A 2B 2C 2D
Action
%0
Pregnanolone sulfate, B NAM ICs0 (uM) ! 62 38 12 14
(3u5pBS, PA-S) ) (Maximum, %) (19%)  (18%) (1%) (2%)
H H
?
Pregnenolone sulfate ECso (uM) 2 21-34 33-63 83 78
(PS) ICso (uM) »2 1301 553 112-114 62-118
24-(S) hydroxycholesterol ECso (uM) ¥  0.15 0.41-0.53

(24-S-HC)

(Maxmum, %) (310%) (147-250%)

and NAMs for AMPA receptors (Section X. Glutamate
Receptors in Disease).

1. AMPA Receptor Negative Modulators. The well
characterized AMPA receptor NAMs reduce channel
activity by disrupting the coupling between agonist
binding to the ABD and conformational changes of the
TMD that result in pore opening. These include the
2,3-benzodiazepines, the quinazoline inhibitors, and
bipyridine compounds. However, none of these AMPA
receptor NAMs show marked sensitivity to subunit
composition (Bleakman et al.,, 1996; Lazzaro et al.,
2002; Zwart et al., 2014). AMPA receptor NAMs that
act on different allosteric sites (Chang et al., 2016) or
that exhibit auxiliary subunit-dependent activity
(Maher et al., 2017) provide new, fruitful directions for
exploration of AMPA receptor modulation (Section X.
Glutamate Receptors in Disease).

A family of 2,3-benzodiazepines first synthesized
thirty years ago (Tarnawa et al., 1989; Bleakman
et al., 1996; Lodge et al., 1996) is now used routinely
to test the role of AMPA receptor signaling in physio-
logic processes. The mostly widely studied 2,3-benzo-
diazepine compounds include GYKI52466, GYKI-
53405 (or LY-293606), and GYKI-53655 (or LY-
300168) (Table 7). GYKI-53405 is the racemate of the
early clinical candidate talampanel (Lodge et al.,
1996). The negative modulation of AMPA receptors by
2,3-benzodiazepines was first described for agonist-
evoked currents from AMPA receptors expressed by
cultured hippocampal neurons (Donevan and Rogaw-
ski, 1993). Their anticonvulsant potential was noted
soon after reports on their inhibitory activity on
AMPA receptors (Smith et al., 1991; Loscher and
Honack, 1994), but motor impairments proved to be a
hallmark of strong inhibition of AMPA receptors in
the CNS (Yamaguchi et al., 1993).

Soon after their development, GYKI-52466 and
GYKI-53655 were employed to dissociate AMPA and
kainate receptor currents in hippocampal and DRG
neurons (Paternain et al., 1995; Wilding and Huett-
ner, 1995). An important caveat to studies using
GYKI-52466 and GYK-53655 to differentiate AMPA
and kainate receptor signaling is that they are not
absolutely AMPA receptor-selective and partially
inhibit some kainate receptor subtypes at concentrations
typically used for complete ablation of AMPA receptor
signaling (30-50 pM) (Wilding and Huettner, 1995;
Bleakman et al., 1996; Perrais et al., 2009b). Nonethe-
less, 2,3-benzodiazepine AMPA receptor NAMs define
much of what we understand about neuronal kainate
receptor function [reviewed in Contractor et al. (2011),
Lerma and Marques (2013)].

A second chemotype of AMPA receptor NAM was
derived from a quinazoline anticonvulsant, and syn-
thetic efforts yielded CP-465,022 (Table 7). This com-
pound inhibits AMPA receptor-mediated Ca®* uptake
into neurons with nanomolar potency, exhibits effi-
cacy in animal seizure models (Welch et al., 2001),
and shares an allosteric binding site with GYKI-
52466 (Menniti et al., 2000; Balannik et al., 2005; Yel-
shanskaya et al., 2016b). Like the GYKI compounds,
the anticonvulsant activity of CP-465,022 in animal
seizure models occurred at doses only modestly lower
than those that decreased locomotor activity (Menniti
et al., 2003). Quinazoline scaffolds have been modified
in the search for new anticonvulsants, some of which
also act on NMDA receptors (Mosley et al., 2010;
Ugale and Bari, 2014).

A high-throughput screen for structurally novel
AMPA receptor NAMs identified a third chemical
scaffold interacting with the GYKI binding site exem-
plified by perampanel (Hanada et al., 2011; Hibi
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TABLE 7
AMPA receptor-selective allosteric modulators
(i) and (o) indicates flip and flop isoforms, respectively, resulting from alternative splicing.

AMPA receptor NAMs AMPA receptor PAMs
ICso ECso
Compound Structure Receptor Compound Structure Receptor
p P (uM) P P (nM)
/
P R GlA2()* 145
~ GluA3(i) ? 7.6 . GluA2(i)/4(i) ¢ >1000
GYKI-53655 GluA1G)/2() © 13 Aniracetam ~ p GluA2(0)/A4(0) ¢ >1000
GluAl(0)2(0)¢ 9.7 ©
NH;
cl
e 1 Nj@ " GluAl1(i) " 6.8
GluA2(i) ¢ 0.76 - cl N GluAl(o) * 62
CP-465,022 VN ) GluA3(i) * 030 Cyclothiazide c,!'g "l GluAd(i) # 59
T H:N"%% 60 GluA4(o) ¢ >50
Q GlAI() Y 0.89 GluAl(0) ! 21
oo GluA2(i) @ 10 o GluA2(i) 46
Perampanel I R J : CX614 GluA2(o) ’ 37
GluA1(i)/y-2 0.17 ) S
] GluAI()y-8¢ 02 070 GluA3(i) ! 72
¥ : GluA3(0) 19
HO
xb GluAl1(i) ¢ >50 H\ﬁ/ GluAl() / 05
é GluAl(@)y-2¢  >50 s GluAl(0) / 22
LY3130481 N “N)= GluAl()y-4¢ 39 | LYBIIS g GluA4() / 04
ms °  GluAlG)y-8¢ 0.0084 o GluA4(o) / 1.9
GluA1(3i) / 0.3
me H")-: GluA1()/ >10 | PF-04958242 ' q NP ?}llu?\lz(l')?/ o~3224
JNJ 55511118 R uAl(i) - 2_), i uA2() - _
H GluA1@)/y-8/  0.012 (BIIB104) o GluA2(o) 0.88
cl GluA4(G) / 0.3
GluA4(o) / ~9

“ Yelshanskaya et al. (2016b), inhibition of peak glutamate currents.

® Balannik et al. (2005), inhibition of steady-state glutamate currents.
¢ Partin and Mayer (1996), inhibition of steady-state kainate currents.
¢ Kato et al. (2016), inhibition of steady-state glutamate currents.

¢ Gardinier et al. (2016), determined using Ca®* imaging and stimulated by glutamate and cyclothiazide. Similar results were obtained by Kato et al. (2016)
and Knopp et al. (2019) recording glutamate currents. Flop-containing receptors were analyzed by Kato et al. (2016) and are similar to those values shown for

flip isoforms.

7 Maher et al. (2016), determined using Ca®" imaging and stimulated by glutamate. Similar results observed for flop-containing GluA1l receptors.
& Johansen et al. (1995), potentiation of steady-state glutamate current amplitudes limited by low solubility of aniracetam. Flip-containing receptor showed

}%‘reater potentiation at all tested concentrations of aniracetam.
" Partin et al. (1994), potentiation of steady-state kainate current amplitudes.
' Arai et al. (2000), potentiation of peak glutamate current amplitudes.

7 Ishii et al. (2020), determined by the percent desensitization of glutamate currents.

% Shaffer et al. (2015), determined using Ca?" imaging and stimulated by AMPA.

et al., 2012). Perampanel inhibits neuronal AMPA
receptors with nanomolar potency and is without
apparent effect on NMDA or kainate receptor cur-
rents (Hanada et al., 2011; Ceolin et al., 2012; Chen
et al.,, 2014a). Perampanel shares a binding site on
AMPA receptors with CP-465,022 and GYKI-53655
(Hanada et al., 2011; Yelshanskaya et al., 2016b), and
inhibits AMPA receptor currents with ~10-fold higher
potency compared with GYK-53655 (Yelshanskaya
et al., 2016b) (Table 7).

The site of action of AMPA receptor NAMs dis-
cussed above resides in the linkers that transduce the
energy of agonist binding at the bilobed ABD to open
the pore via movement of the M3 transmembrane
helix (Yelshanskaya et al., 2016b). The S1-M1, M3-S2,
and S2-M4 linkers, referred to as a gating triad in

NMDA receptors (Fig. 19), undergo rearrangements
that are critical to receptor gating (Sobolevsky et al.,
2009; Chen et al., 2017a; Twomey et al., 2017a) and
confer a state dependence to the binding affinity of
GYKI-53655 and CP-465,022. Both NAMs bind with a
higher affinity to the resting state as compared with
the agonist-bound activated conformation (Balannik
et al., 2005). Chimeric studies first suggested that the
S1-M1 and S2-M4 linkers on adjacent subunits were
key domains for GYKI-53655 and CP-465,022 actions
(Balannik et al., 2005). Determination of the site of
action came with crystallographic structures of the
homomeric GluA2 receptor in complex with GYKI-
53655, CP-465,022, or perampanel, which bound
largely within individual subunits (Yelshanskaya
et al., 2016b). The structures also underscored the
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overlap in atomic contacts between each of the three
NAMs and the binding pocket (Hanada et al., 2011)
(Fig. 41). Residues that directly interact with the non-
competitive inhibitors are located within the S1-M1
and S2-M4 linkers and the extracellular segments of
the M3 and M4 domains (Yelshanskaya et al., 2016b).
Molecular dynamic simulations of NAM binding and
further mutagenesis of putative interacting residues
suggest that the NAM binding pocket in AMPA recep-
tors is flexible enough to allow for interaction of
diverse chemical structures that assume distinct
poses within the pocket (Narangoda et al., 2019;
Stenum-Berg et al., 2019). The mechanism of nega-
tive allosteric modulation was envisioned as con-
straining conformational changes required for
channel opening by stabilizing the closed state of the
receptor (Balannik et al., 2005; Yelshanskaya et al.,
2016b). Single-channel studies support a nuanced
view in which NAMs alter channel behavior when
occupancy of binding sites is subsaturating (Shi et al.,
2019; Yuan et al., 2018). An analogous site harbors
the structural determinants for multiple NMDA
receptor allosteric modulators (see below).

A new class of AMPA receptor NAM was discovered
through the isolation of bioactive constituents of the
ketogenic diet used for treatment of drug-resistant
epilepsies. The formulation of a medium-chain triglyc-
eride ketogenic diet contains several fatty acids that
include decanoic acid, which has anticonvulsant activ-
ity (Wlaz et al., 2012; Chang et al., 2013, 2016). The
mechanism of antiseizure actions of decanoic acid
includes direct inhibition of AMPA receptors at rela-
tively high millimolar concentrations. Molecular
modeling suggested that decanoic acid binds to resi-
dues within the M3 domain, potentially acting as a
NAM with a site of action distinct from the pre-M1/
M3 site discussed above (Chang et al., 2016). This
hypothesis received experimental support from the
demonstration of a synergistic effect of perampanel
and decanoic acid for AMPA receptor inhibition and
in in vitro seizure assays (Augustin et al., 2018). Con-
current screening of octanoic acid derivatives identi-
fied 4-BCCA as having anticonvulsant activity in
in vitro and in vivo seizure models (Chang et al.,
2015b). Crystallographic resolution of 4-BCCA in
complex with GluA2 showed that the fatty acid
resides at the interface between the M1 and M3 heli-
ces of adjacent subunits (Yelshanskaya et al., 2020)
(Fig. 41). 4-BCCA may inhibit AMPA receptors by
direct occlusion of permeation through the channel,
imposing constraints on M3 dynamics underlying
channel opening, or destabilization of the pore by dis-
placing lipids in the membrane (Yelshanskaya et al.,
2020).

NAMs with selectivity between AMPA receptors in
different brain regions have potential to minimize
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adverse effects while maintaining efficacy as anticon-
vulsants or other therapeutically useful effects
(Maher et al., 2017). A strategy to identify such com-
pounds predicated on the differential regional distri-
bution of AMPA receptor auxiliary subunits (Maher
et al., 2017) yielded two NAMs that were selective for
AMPA receptors complexed with TARP y-8, LY-
3130481 (or CERC-611) (Gardinier et al., 2016; Kato
et al., 2016) and JNJ-55511118 (Maher et al., 2016).
These NAMs preferentially bind AMPA receptors
localized to the hippocampus based on the distribu-
tion of y-8 (Tomita et al., 2003; Fukaya et al., 2006).
For example, LY-3130481 inhibits AMPA receptors in
hippocampal neurons but not Purkinje cells, which is
consistent with a selective effect on AMPA receptors
associated with -8 but not y-2 (Kato et al., 2016;
Mabher et al., 2016). Similarly, y-2- and CNIH3-selec-
tive compounds were recently described (Azumaya
et al., 2017), as well as newer 7)-8—selective AMPA
receptor NAMs (Savall et al.,, 2018). Although the
mechanism of action of auxiliary subunit-selective
NAMs remains to be elucidated, studies using muta-
genesis, domain-swapping, and computational model-
ing suggest a role for specific residues in the
transmembrane segments of y-8 (Kato et al., 2016;
Maher et al., 2016; Lee et al., 2017a). The develop-
ment of these and related modulators opens a new
chapter in the search for drugs targeting AMPA
receptors with regional specificity and reduced
adverse effects.

2. AMPA Receptor Positive Modulators.  Positive
allosteric modulators selective for AMPA receptors
have provided insights into excitatory synaptic signaling
and AMPA receptor structure and function (Arai and
Kessler, 2007; Partin, 2015). The point of initiation was
the discovery that the nootropic drug aniracetam
enhanced AMPA receptor current amplitudes (Ito et al.,
1990). Aniracetam increases the peak amplitude of
EPSCs (Ito et al., 1990; Tang et al., 1991) and enhances
hippocampal LTP (Arai and Lynch, 1992). Aniracetam
gave rise to a family of benzamide AMPA PAMs that
include the early CX-series compounds termed
“ampakines” (Hampson et al., 1998a,b). Subsequently,
several distinct chemotypes of AMPA receptor PAMs
have been characterized that bind to conserved sites
located on the AMPA receptor ABD interface in at least
three different modes (Fig. 41). For some PAMs, includ-
ing cyclothiazide, two molecules bind at equivalent sites
on each side of the dimer interface (Sun et al., 2002;
Hald et al., 2009; Ptak et al.,, 2009; Norholm et al.,
2013). For other PAMs, such as aniracetam and CX614,
one molecule binds but with two overlapping conforma-
tions in a more central site within the dimer interface
(Jin et al., 2005; Krintel et al., 2013; Goffin et al., 2018).
Finally, the PAM N,N’-(1,4-Phenylenedi-2,1-ethanediyl)-
bis-2-propanesulfonamide (CMPDA) has a symmetrical
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Fig. 41. Sites of AMPA receptor modulation. (A) Structure of GluA2 AMPA receptor (PDB: 6DM1) with four subunits colored pink, gray, light green,
and light blue. The positive allosteric modulator Conus striatus cone snail toxin con-ikot-ikot (PDB: 4U5B) is shown in red, and small-molecule regula-
tors are shown in sticks (yellow). (B) An expanded view of the ABD dimer with glutamate and cyclothiazide (CTZ) bound (PDB: 1LBC). The inset shows
an expanded view of the positive allosteric modulator binding site at the ABD dimer interface with CTZ (yellow; PDB: 1LBC), aniracetam (green; PDB:
2AL5), LY404187 (pink; PDB: 3KGC), CX614 (cyan; PDB: 2AL4), and a dimeric biarylpropylsulfonamide (BPSA, dark blue; PDB: 3BBR). (C) An
expanded view of the TMD, with the front and back subunits (B and D) removed for clarity. The negative allosteric modulators perampanel (PDB:
5L1F) and 4-BCCA (PDB: 6XSR) are shown. The inset shows an expanded view of the binding site at the ion channel extracellular collar with CP-
465,022 (blue; PDB: 5L1E), perampanel (yellow; PDB: 5L1F), and GYKI53655 (dark green; PDB: 5L1H).

chemical structure and binds to a central site (Kaae
et al., 2007; Sobolevsky et al., 2009; Ahmed et al., 2010;
Timm et al., 2011; Laulumaa et al., 2018). The AMPA
receptor PAMs increase the stability of the ABD dimer
interface to slow the transition into the desensitized
state, and a subset of PAMs also slows receptor deactiva-
tion (Jin et al., 2005; Mitchell and Fleck, 2007; Partin,
2015; Shaffer et al., 2015). Alternative splicing to flip/
flop isoforms of AMPA receptor subunits creates differ-
ences at the ABD dimer interface, and PAMs can be iso-
form-preferring (Partin et al., 1996). Most AMPA
receptor PAMs are selective for the flip isoform, with
notable exceptions being flop-selective 4-[2-(phenylsulfony-
lamino)ethylthio]-2,6-difluoro-phenoxyacetamide ~ (PEPA)
(Sekiguchi et al., 1997) and flop-preferring aniracetam
(Johansen et al., 1995; Partin et al., 1996). The discovery
of the distinct binding modes of AMPA receptor
PAMs, with subsites spanning the dimer interface
(Fig. 41), stimulated the development of dimeric
PAMs that interact with multiple subsites with
increased affinity (Kaae et al.,, 2007; Ahmed and
Oswald, 2010; Ptak et al., 2014; Laulumaa et al.,
2018). Characterization of early AMPA receptor

PAMs has been described in several excellent
reviews (Partin, 2015; Brogi et al., 2019).

AMPA receptor PAMs are functionally diverse with
a range of different chemotypes (Partin, 2015; Brogi
et al., 2019). Benzamide derivatives, such as anirace-
tam, CX-516, and other ampakines, primarily slow
deactivation of AMPA receptors (Tang et al., 1991;
Arai et al., 2002). In contrast, benzothiadiazines, such
as the diuretic cyclothiazide, block entry into the
desensitized state and have modest effects on deactivation
(Partin et al., 1993; Dzubay and Jahr, 1999). Cyclothiazide
exhibits greater efficacy on flip-containing isoforms by vir-
tue of a specific interaction with a Ser in the flip splice cas-
sette (Ser754 in GluA2) (Partin et al., 1994, 1995). A recent
medicinal chemistry campaign yielded a high-affinity series
of benzothiadiazines, including some with nanomolar ECs,
values for potentiation of AMPA receptor signaling (Goffin
et al., 2018). The biarylpropylsulfonamides include PEPA
(flop-specific) and the high-affinity clinical candidate LY-
451395 (or mibampator) (flip-specific) (Shepherd et al.,
2002; Ishii et al., 2020). The tetrahydrofuran ether PF-
04958242 (also known as BIIB104) (Table 7) completely
occludes the desensitization state in flip-containing
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receptors, with less dependence on the flip/flop isoform for
deactivation (Shaffer et al., 2015; Ishii et al., 2020). A com-
parative study with BIIB104 and LY-451395 revealed that
TARP auxiliary subunits shape the effects on deactivation
of AMPA receptors and eliminate most differential effects
of flip/flop splicing (Ishii et al., 2020). These data predict
that the potentiating activity of PAMs could show regiospe-
cificity at synapses that follows the expression pattern of
auxiliary subunits (Tomita et al., 2006) (Fig. 42). The func-
tional actions of new agents on AMPA receptors so far
have been similar to existing PAMs (Partin, 2015; Bretin
et al., 2017; Brogi et al., 2019; Ward et al., 2020).

AMPA receptor PAMs have been considered for a
variety of therapeutic applications based on preclini-
cal data in which animals treated with such com-
pounds show improved performance in cognitive tasks
(Section X. Glutamate Receptors in Disease). Procogni-
tive effects have been demonstrated for AMPA recep-
tor PAMs of many different chemotypes [e.g., Granger
et al. (1993), Larson et al. (1995), Hampson et al.
(1998a,b), O’Neill et al. (2004)]. Although the mecha-
nisms by which AMPA receptor PAMs lead to cogni-
tive improvement are not fully understood (Lynch
and Gall, 2006), PAMs prolong the decay of AMPA
receptor-mediated synaptic currents (e.g., Ito et al.,
1990; Tang et al., 1991; Arai et al., 1994) and facili-
tate induction and magnitude of LTP (Arai and
Lynch, 1992; Staubli et al., 1994). One line of inquiry
focuses on the up-regulation of brain-derived neuro-
trophic factor (BDNF) expression, enhanced circuit
excitability, and subsequent homeostatic normaliza-
tion of activity (Lauterborn et al., 2000; Jourdi et al.,
2009). AMPA receptor PAM-induced BDNF release
has diverse activities on synaptic plasticity, spine sta-
bility, and other processes central to both memory for-
mation and retention of cognitive efficacy [e.g.,
Simmons et al. (2011), Kramar et al. (2012), Lauter-
born et al. (2016)].

Resolution of the binding sites for AMPA receptor
PAMs has enabled the development of mechanistic
models for the conformational changes that accom-
pany deactivation and desensitization processes. As
described in Section IV. Receptor Activation, Deacti-
vation, and Desensitization, desensitization of AMPA
receptors involves distinct reorganization of ABD
dimer-of-dimers and transmission of those structural
changes to the pore domain. Desensitization is the
functional feature most profoundly altered by cyclo-
thiazide and the finding that it stabilizes the D1
interface implicated decoupling of the D1 interface
as a key constituent of desensitization (Sun et al.,
2002). A hydrogen bond between cyclothiazide and
Ser754 (in GluA2) in the flip/flop cassette explained
the higher potency of the PAM on flip-containing
AMPA receptors (Partin et al., 1995; Sun et al.,
2002). Aniracetam and CX-614 (Table 7), which slow

Hansen et al.

deactivation, interact at single sites in the interdo-
main hinge region with a small degree of overlap
(Jin et al., 2005). The crystal structures led to the
proposal that binding of the PAMs stabilized the
closed, agonist-bound state of the receptor and
thereby slowed agonist unbinding and deactivation
(Jin et al., 2005). The binding mode of CX-516 was
similar to that of aniracetam and CX-614 (Krintel
et al., 2013). Structural resolution of the high-affin-
ity biarylpropylsulfonamide (R,R)-2a in complex
with the GluA2 ABD revealed a new symmetrical
binding mode in which a single PAM molecule brid-
ges the two cyclothiazide binding pockets (Kaae
et al., 2007). A related PAM, (R,R)-2b, was used to
explore activation mechanisms in GluA2 (Chen
et al., 2014b). Insights into the flop-isoform selectiv-
ity of PEPA arose from structure of the PAM in com-
plex with the GluA2 and GluA3 ABDs, which
demonstrated that the amide group in the PAM
forms a hydrogen bond with Asn754 (Ahmed et al.,
2010). These data and an analysis of a series of thia-
zide derivatives led to the compartmentalization of
the U-shaped binding cavity at the ABD interface
into five subsites that are differentially occupied by
different PAMs (Ptak et al., 2009, 2014).

The predatory Conus striatus cone snail toxin
known as con-ikot-ikot acts as an AMPA receptor
PAM and interacts at sites distinct from the ABD
interface described above (Walker et al., 2009). The
peptide toxin potentiates steady-state currents from
AMPA receptors with somewhat greater efficacy on
flop isoforms but has no detectable effect on NMDA or
kainate receptors. X-ray crystallographic resolution of
the toxin in complex with nearly full-length GluA2
receptors confirmed that dimeric con-ikot-ikot interca-
lates between the NTD and ABD of all four subunits
in the GluA2 receptor (Chen et al., 2014b) (Fig. 41),
reminiscent of the proposed site of action of modula-
tory lectins on kainate receptor gating (Fay and
Bowie, 2006; Copits et al., 2014) as well as the
GluN2C-selective NMDA receptor PAM, PYD-106
(Khatri et al., 2014). Negatively charged regions of
the con-ikot-ikot toxin form ionic and polar contacts
with positive residues on the outer surface of the
ABD that are unique to AMPA receptors (Walker
et al., 2009; Chen et al., 2014b). Binding of the toxin
involved extensive intersubunits contacts by the
dimeric con-ikot-ikot toxin and was state-dependent
by requiring agonist binding and ABD cleft closure.
Based on these insights, potentiation was proposed to
result from a constraint imposed by the toxin on the
conformational changes that underlie desensitization.

3. Kainate Receptor Negative and Positive Modula-
tors. Few selective allosteric modulators of kainate
receptors have been identified. Given the structural
differences between AMPA and kainate receptors, the
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paucity of kainate receptor modulators likely reflects
a relative lack of attention in drug development
rather than intransigence as molecular targets. None-
theless, kainate receptor inhibition reduces pain and
seizures in animal models [reviewed in Bhangoo and
Swanson (2013), Crepel and Mulle (2015)]. Thus, in
principle, kainate receptor-selective NAMs represent
a potentially fruitful avenue of exploration.

Kainate receptors are inhibited with low potency
and efficacy by AMPA receptor NAMs, such as GYKI-
52466, GYKI-53655, and CP-465,022, likely because
binding site residues on the surface of the TMD are
partially conserved between AMPA and kainate
receptors (Wilding and Huettner, 1995; Bleakman
et al.,, 1996; Lazzaro et al., 2002; Perrais et al.,
2009b). A variety of cis-unsaturated fatty acids,
including arachidonic acid and docosahexanoic acid,
also reversibly inhibit kainate receptor signaling by
acting within the TMD (Wilding et al., 1998), but
AMPA and NMDA modulation by these molecules has
also been reported (Miller et al., 1992; Kovalchuk
et al., 1994). Curiously, inhibition requires RNA edit-
ing of the Q/R/N site to the positively charged Arg
despite the voltage independence of inhibition by
these NAMs (Wilding et al., 1998, 2005, 2008, 2010).
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One study has reported PAMs for kainate receptors
BPAM344 and BPAM521, with activity similar to the
numerous AMPA receptors PAMs that bind the ABD
interface (Larsen et al., 2017). Structures of the iso-
lated GluK1 ABD dimer show that these PAMs bind
at two equivalent sites in the ABD dimer interface
(Larsen et al., 2017). These PAMs enhance kainate
receptor responses with low potency by slowing the
rate of desensitization but are nonselective and more
potent at AMPA receptors (Larsen et al., 2017). None-
theless, these PAMs demonstrate that the ABD dimer
interface of kainate receptors can be targeted for mod-
ulation of receptor desensitization.

Irreversible potentiation of both AMPA and kainate
receptor currents by the high-mannose binding lectin,
Concanavalin A (ConA), (Mathers and Usherwood,
1976; Mayer and Vyklicky, 1989) is relatively selective
for kainate receptors (Partin et al., 1993). The high
mannose glycan chains that form binding sites for
ConA and other lectins are distributed throughout
extracellular regions of kainate receptor subunits
(Everts et al., 1999), although sugars within the
region between the NTD and the ABD appear to be
important for potentiation (Fay and Bowie, 2006;
Copits et al., 2014). Analysis of ConA activity with
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agonists of varying efficacy revealed potentiation was
dependent upon the conformational state of the ABD;
ConA was least efficacious when applied to receptors
occupied by full agonists, and the degree of potentia-
tion was inversely correlated with agonist efficacy
(Fay and Bowie, 2006). ConA does not alter glutamate
potency or deactivation kinetics (Bowie et al., 2003)
and is without effect on synaptic kainate receptors
(Ito et al., 2004), making it of limited utility as a
pharmacological probe of native receptor function.
The mechanism by which ConA potentiates kainate
receptor currents was initially proposed to be through
a reduction in desensitization (Partin et al., 1993;
Wilding and Huettner, 1997); alternate ideas include
promotion of channel opening from closed states
(Paternain et al., 1998) and a lectin-dependent shift
in relative contributions from distinct open states
(Bowie et al., 2003).

A family of mammalian f-galactoside—selective
lectins known as galectins might act as endogenous
modulators of iGluR function (Copits et al., 2014).
ConA and other lectins used for kainate receptor
potentiation are derived from plants and have no
obvious mammalian orthologs, and thus the physio-
logic relevance (if any) of their PAM activity was an
open question. ConA binds specifically to immature
high-mannose glycans that are conjugated to recep-
tor subunits in the ER (Thalhammer et al., 2002).
N-Glycan processing of integral membrane proteins
proceeds through their biogenesis in the Golgi and
trans-Golgi compartments, and remodeling results
in the incorporation of complex oligosaccharide
chains. Glycans conjugated to kainate and AMPA
receptors can be processed to contain repeating pol-
ylactosamine disaccharides, which serve as the
ligand for galectins. Human galectin-1 and eel con-
gerin-1 galectins slow or occlude desensitization of
recombinant AMPA and kainate receptors to differ-
ing degrees (Copits et al., 2014). Glycans located in
the linker domain between the NTD and ABD were
necessary components for galectin modulation.
Galectin-1 is expressed in a variety of neurons in
the CNS, suggesting they could act as endogenous
PAMs, and indeed both galectin-1 and congerin-1
slowed desensitization of kainate receptor currents
in DRG neurons (Copits et al., 2014).

B. NMDA Receptor Modulators

A number of competitive antagonists and channel
blockers of NMDA receptors have served as effective
pharmacological tools to distinguish the activity of
NMDA receptors from kainate and AMPA receptors.
The different mechanistic effects of these ligands
have been used in clever ways to explore principles of
NMDA receptor signaling [e.g., Clements et al.
(1992), Hessler et al. (1993), Murthy et al. (1997),
Tovar and Westbrook (2002)]. Several NMDA receptor
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channel blockers have been approved by the FDA for
therapeutic use, including memantine for Alzheimer
disease and esketamine for depression (Section X.
Glutamate Receptors in Disease). However, the recent
focus of preclinical research has been on the identifi-
cation of NMDA receptor subunit-selective modula-
tors. The competitive antagonists and channel blockers
bind to the most conserved portions of the receptor sub-
units and thus have limited GluN2 subunit selectivity
(Section VII. Pharmacology of Orthosteric Ligands and
Channel Blockers). Like AMPA and kainate recep-
tors, NMDA receptors contain multiple unique
intraprotein and interprotein interfaces at which
small molecules can bind to modulate domain move-
ments during activation of the receptor (Fig. 43). A
number of PAMs and NAMs with diverse mecha-
nisms of action and subunit selectivity have been
identified, providing new subunit-selective tool
compounds to further advance our understanding
of NMDA receptor function and provide substrates
for new therapeutics.

1. GluN2A-Selective Negative Modulators. A series
of GluN2A-selective NAMs that includes TCN-201
has been described (Bettini et al., 2010). These com-
pounds are potent (i.e., Kg for TCN-201 was 27-70
nM) (Table 8) and selective for GluN2A over other
GluN2 subunits (Edman et al., 2012; Hansen et al.,
2012; McKay et al., 2012; Yi et al., 2016) (Fig. 44).
TCN-201 inhibition of GluN2A is insensitive to gluta-
mate concentration but is diminished in high concen-
trations of glycine, which complicates its utility in
neurophysiological studies. However, TCN-201 is a
negative allosteric modulator of glycine affinity rather
than directly competing with glycine binding (Hansen
et al.,, 2012) (Table 9). Crystallographic data show
that TCN-201 binds at the GluN1 and GluN2A ABD
heterodimer interface with a pose containing n-stack-
ing aromatic rings as a result of a turn produced by
the sulfonamide group (Yi et al., 2016) (Fig. 44).
MPX-004 is GluN2A-selective NAM related to TCN-
201 that binds to the same modulatory site but with
improved potency (Table 8), improved solubility, and
more complete inhibition at saturating concentrations
(Volkmann et al., 2016; Yi et al., 2016).

Site-directed mutagenesis has identified a number
of residues, such as GluN2A Val783, that are critical
for NAM activity of TCN-201 and related analogs
(Hansen et al., 2012). These GluN2A-selective NAMs
stabilize the open conformation of the GluN1 ABD to
facilitate glycine unbinding and reduce glycine potency
(Yi et al., 2016). Crystallographic studies have captured
structures for all four potential conformations predicted
from the Monod-Wyman-Changeux model for allosteric
action (Fig. 44). These structures show that NAM bind-
ing mediates a shift in the position of GluN2A Val783
that correlates with NAM actions. The subunit
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selectivity of the NAMs is mediated by GlulN2A Val783,
which is Phe in GluN2B and Leu in GIluN2C/D (Hansen
et al., 2012; Yi et al., 2016). Thus, key residues, includ-
ing GluN2A Val783, form a molecular switch that dis-
tinguishes low- and high-affinity NAM binding states,
establishes selectivity, and results in allosteric inhibi-
tion (Yi et al., 2016) (Fig. 44)

2. GluN2A-Selective Positive Modulators. GluN2A-
selective PAMs possessing more than 10-fold selec-
tivity for GluN2A over other GluN2 subunits, typi-
fied by GNE-0723, GNE-5729, GNE-6901, and GNE-
8324, have been described (Hackos et al., 2016; Vol-
graf et al., 2016; Villemure et al., 2016) (Table 8).
These compounds bind to the GluN1 and GluN2A
ABD heterodimer interface at a site that partially
overlaps the binding sites of TCN-201 and MPX-004
(Fig. 44), showing that occupancy of this pocket can
produce either allosteric inhibition or potentiation.
The GluN2A-selective PAMs interact with the same
residue (GluN2A Val783) that controls subunit
selectivity of GIluN2A NAMs (Hansen et al., 2012;
Hackos et al., 2016; Yi et al., 2016). However, bind-
ing of the GIuN2A PAMs at this site has no effect on
the position of GluN2A Val783 or on glycine potency
for GluN1/2A, which is in contrast to the GluN2A
NAMs (Hackos et al., 2016; Yi et al., 2016). Some
analogs of the GluN2A PAMs also have activity at
AMPA receptors (e.g., GNE-3419), with a similar
potency as at NMDA receptors (Hackos et al., 2016).

The GluN2A-selective PAMs increase open proba-
bility, increase glutamate potency, and slow the rate
of deactivation after removal of glutamate (Hackos
and Hanson, 2017) (Fig. 45; Table 9). A complex struc-
ture-activity relationship exists among the GluN2A-
selective modulators in terms of their efficacy and
ability to slow the deactivation rate (Volgraf et al.,
2016). The potentiation produced by some compounds
in the GNE series of GluN2A-selective PAMs depends
on the concentration of glutamate. GNE-8324 appears
more potent when glutamate concentrations are
higher, whereas GNE-6901 does not show a strong
dependence on agonist concentration (Hackos et al.,
2016). Although both compounds potentiate the
response to maximal agonist concentrations, GNE-
8324 (but not GNE-6901) enhances glutamate
potency. These compounds also show distinct actions
on NMDA receptor responses in hippocampal neurons
(Hackos et al., 2016). GNE-6901 potentiates NMDA
receptor-mediated EPSCs from hippocampal CAl
interneurons and pyramidal neurons, whereas GNE-
8324 only potentiates NMDA receptor-mediated
EPSCs from hippocampal CAl interneurons (Hackos
et al., 2016; Yao et al., 2018).

The GluN2A PAMs have been evaluated in animal
models of Alzheimer disease and Dravet syndrome,
wherein GNE-0723 improved cognitive function and
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increased the power of low-frequency oscillations,
which are perturbed in these diseases (Hanson et al.,
2020). Another analog, GNE-5729, reversed anes-
thetic effects of ketamine and accelerated recovery
from anesthetic and analgesic effects from a mixture
of ketamine, fentanyl, and dexmedetomidine (Li
et al., 2020).

3. GluN2B-Selective Negative Modulators. The
GluN2B NAMs are the prototype class of subunit-
selective NMDA receptor modulators, stemming from
the discovery in 1993 that ifenprodil possessed this
unique pharmacology (Williams, 1993). Ifenprodil
inhibits GluN1/2B receptors with nanomolar potency
and 200- to 400-fold selectivity over other GluN1/2
NMDA receptors (Table 10). The inhibition of GluN1/
2A by high concentrations (>3-10 wM, depending on
membrane potential) of ifenprodil reflects low-affinity
nonselective channel block (Williams, 1993; Hansen
et al., 2010b, 2014). The binding site for ifenprodil
resides at the interface between the GluN1 and
GluN2B NTD heterodimer (Masuko et al., 1999a;
Karakas et al., 2011) (Fig. 46). Residues in GluN2B in
contact with ifenprodil are conserved in GluN2A, but
differences between GluN2A and GluN2B conforma-
tions within NTDs and in GluN1-GluN2 interactions
limit accessibility of ifenprodil to the GluN1-GluN2A
NTD interface, accounting for the subunit selectivity
(Karakas et al., 2011; Romero-Hernandez et al.,
2016).

Ifenprodil inhibits currents activated using saturat-
ing agonist concentrations by 80%—90% (Williams,
1993; Kew et al., 1996; Mott et al., 1998; Masuko
et al., 1999a). This submaximal inhibition is a conse-
quence of prolonged channel shut times and a reduc-
tion in open durations, resulting in a decrease in open
probability of approximately 75% (Amico-Ruvio et al.,
2012; Bhatt et al., 2013). The magnitude of ifenprodil
inhibition is reduced with increasing glycine concen-
trations (Williams, 1993). Ifenprodil modulation
increases glutamate affinity, and ifenprodil can
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TABLE 8
GluN2A-selective allosteric modulators
Affinity or potency at GluN1/GluN2 (uM)
Compound “:‘;fiem‘:f 2A 2B 2C 2D 2A2B  2A/2C
Ks“t 0.045 NE NE NE - -
™ " Ks bt 0.070 NE NE NE - -
TCN-201 @4—" H’"‘r@ NAM Ko 0.027 NE NE NE - -
F g o ICs0 %t 0.20 - - - 1.46 -
ICsof 0.52 - - - - 2.3
T "ﬂi ICso 0.079 NE - NE - -
MPX-004 AN o NAM ICso%" 0.198 NE NE NE - -
Beg! A V\[:')‘ ICsot 022 - - - 0.84 -
T Nﬂi ICsot0.027 NE - NE - -
MPX-007 " '"\47," ﬂ’\f}‘ NAM ICsoet  0.143 ND NE NE - -
Fm N ICso%F 0.20 - - - 0.86 -
W ECso” 2.43 NR NR NR - -
F 0, 0, 0, 0,
(% Control) ~ (500%)  (125%)  (150%)  (150%)
GNE-8324 C[}ﬂ PAM G ND ) ) ) ND )
(% Control)  (2500%) (500%)
%w_@_ ECso” 0.33 NR NR NR - -
F 0, 0, [y 0,
(% Control)  (400%)  (100%)  (125%)  (250%)
GNE-6901 Ho‘P/\E}:N PAM ECa! ND ) - ) ND )
(% Control)  (2000%) (500%)
CF; .
; ECs0/ 0.021 ND 7.4 6.2 - -
GNE-0723 Niﬁfl{)\,ﬁj PAME o Control)  (252%)  (149%)  (333%)  (260%)
[+}
N=
GNE-5729 cl FFs PAM! ECso* 0.037 ND 4.7 9.5 . -
- I ,5‘? (% Control)  (236%)  (196%)  (343%)  (240%)

Cl

“ Hansen et al. (2012), determined using Schild analysis.
® Edman et al. (2012), determined using Schild analysis.
°Yi et al. (2016), determined using Schild analysis.

% Yij et al. (2016), determined using two-electrode voltage-clamp recordings in 3 pM glycine.
¢ Bhattacharya et al. (2018), determined using two-electrode voltage-clamp recordings in 3 pM glycine.

Volkmann et al. (2016), determined using Ca?* imaging in 3 uM glycine.

£ Volkmann et al. (2016), determined using two-electrode voltage-clamp recordings in 3 pM glycine.
" Hackos et al. (2016), determined using Ca?" imaging, stimulated by glutamate (EC3,). Maximal potentiation was reported by the degree of modulation at 30

M (GNE-8324) or 5 M (GNE-6901).

! Hackos et al. (2016), determined using two-electrode voltage-clamp recordings, stimulated by 0.3 M glutamate. Maximal potentiation was reported by the

degree of modulation at 30 uM.

7 Volgraf et al. (2016), determined using Ca>" imaging and stimulated by glutamate (ECs). Maximal potentiation was determined by the fitted curve (GluN2A/

C/D) or at 125 M (GluN2B).

% Villemure et al. (2016), determined using Ca®?" imaging and stimulated by glutamate (ECso). Maximal potentiation was determined by the fitted curve

(GluN2A/C/D) or at 125 uM (GluN2B).
l. Shows some activity at GluA2 recombinant AMPA receptors.
"Maximal inhibition is limited by glycine concentration.

- denotes no available data, NE denotes no effect at the highest concentrations evaluated, and ND indicates that the compound displayed some activity, but
the affinity or potency could not be determined. NR denotes some activity, but that the numerical value was not reported.

therefore enhance NMDA receptor responses acti-
vated by low levels of glutamate (Kew et al., 1996)
(Table 9). The positive allosteric coupling between
ifenprodil and glutamate binding is similar to what
occurs with Zn%?* modulation (Sections IV.D.2. Types
of NMDA Receptor Desensitization and VIII. Endoge-
nous Allosteric Regulation).

Ifenprodil is widely used as a tool compound but
has actions at multiple targets, including Ca®* chan-
nels (Church et al., 1994; Bath et al., 1996; Delaney
et al., 2012), o receptors (Hashimoto and London,
1995), adrenergic receptors (Chenard et al., 1991),
and serotonin receptors (McCool and Lovinger, 1995),
which complicated utility in the clinic. However,

GluN2B NAMs are better tolerated than most high-
affinity and nonselective NMDA receptor channel
blockers and competitive antagonists, and thus there
is high therapeutic potential for this class of NAMs.
For this reason, novel GluN2B-selective NAMs have
been developed by both industry and academic
groups, which resulted in many classes of GluN2B-
selective NAMs with diverse scaffolds (Santangelo
et al., 2012; Hashimoto et al., 2013; Lai et al., 2014;
Shipton and Paulsen, 2013; Strong et al., 2014; Liu
et al., 2020b). A number of structural analogs of ifen-
prodil with a shared piperidine core have been devel-
oped and exhibit improved potency and selectivity,
including Ro 25-6981 (Fischer et al.,, 1997), CP-
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Fig. 44. Mechanism of negative allosteric modulation by GluN2A-selective NMDA receptor antagonists. (A) Model for inhibition by negative modula-
tion of glycine binding without changing agonist efficacy (E). A is the agonist, B is the NAM, and R is the receptor. K, and Kg are equilibrium associa-
tion constants for agonist and NAM, respectively. K, is changed by the allosteric constant « upon NAM binding and vice versa. DR is the dose ratio
(i.e., the ratio of agonist EC5, values in presence and absence of modulator). K, is the NAM dissociation constant. (B) Glycine concentration-response
data for GluN1/2A in the absence or presence of the NAM, TCN-201, are analyzed by simultaneously fitting all data to the DR equation and the Hill
equation using global nonlinear regression, yielding glycine EC5o, TCN-201 binding constant (Kj,), and allosteric constant « that describe all the experi-
mental data. (C) DR values derived from fitting individual concentration-response data shown in (B) are plotted as a function of TCN-201 concentra-
tion, which also illustrates the effects of changing the allosteric constant o but with constant Kj,. Competitive antagonists have o = 0 (dashed line). (D)
Crystal structure of the agonist-bound GluN1/2A ABD heterodimer in complex with TCN-201 (PDB: 5156). (E) Cartoon illustrating conformations of
GluN1/2A ABD crystal structures that represent states in the NAM inhibition cycle [i.e., a Monod-Wyman-Changeux (MWC) model] (PDB codes are
listed). Glutamate is continuously bound to the GluN2A ABD, and the competitive antagonist DCKA stabilizes the open (i.e., glycine-lacking) state of
the GluN1 ABD. NAM binding stabilizes the inactive receptor with no glycine bound to GluN1 subunits. (F) Structural changes in modulatory binding
site during the NAM inhibition cycle. Binding of NAM, in this case MPX-007, displaces GluN2A V783, and this “push” is accompanied by a steric effect
on GluN1 F754, which undergoes movements during opening and closure of the GluN1 ABD. DCKA is omitted from PDB: 4NF4 and PDB: 5JTY. Modi-
fied with permission from Yi et al. (2016).

101,606 (Chenard et al., 1995), radiprodil (Mullier compounds (Claiborne et al., 2003; McIntyre et al.,

et al., 2017), Merck-20j, and MK-0657 (Liverton et al.,
2007; Addy et al., 2009) (Table 10). Alternative scaf-
folds include propanolamines (Tahirovic et al., 2008),
benzimidazoles (McCauley et al., 2004; Davies et al.,
2012), cyclic benzamidines (Nguyen et al., 2007),
amino cyclopentanes (Layton et al., 2011), piperidinyl
pyrrolidinones (Marcin et al., 2018), and other

2009; Mosley et al., 2009; Brown et al., 2011; Beinat
et al., 2014; Buemi et al., 2014; Bristow et al., 2017;
Dey et al., 2018; Thum et al., 2018; Zscherp et al.,
2018; Zampieri et al., 2019; Zhang et al., 2019). Mole-
cules with two aromatic rings separated by a linker
also cross over to act selectively on GluN2B, including
the dopamine receptor antagonist haloperidol, the ¢
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TABLE 9
Distinct mechanisms of action of NMDA receptor modulators
Tau Ionic
Selectivity  Mode of Action Modulator Open Probability’ Glutamate EC5, Glycine EC5, Deact Unitary Conductance Permeability
GluN2A NAM TCN-201 - NE T T - -
GluN2A PAM GNE-8324 T l NE T - -
GluN2B NAM ifenprodil ! ! - T NE -
GluN2C PAM PYD-106 T 1 NE T NE -
GluN2C/D NAM QNZ-46 1 1 NE T NE -
GluN2C/D PAM +)-CIQ T NE NE* NE* NE -
pan NAM* EU1794-4 1 ! ! 1 1 | pCa /pNa
pan PAM EU1622-14 T 1 l T 1} | pCa /pNa
pan PAM (S)-EU1180-55 T 1 l T NE NE
pan PAM GNE-9278 T 1 1 T - -
pan PAM PTC-174 1(2A ) ! ! T - -
pan PAM EU-1794-27 T(2A |) ! ! T - -

— denotes no available data, NE denotes no effect.
* (+)-CIQ had an effect only on GluN1/2C.

¥ Open probability was estimated from the overall effect on macroscopic peak responses and assumed no change in single-channel conductance or number of active

receptors.

# EU1794-4 increased open probability but decreased single channel conductance, and the overall net effect was a reduction in macroscopic current, hence the designation

of NAM (Perszyk et al., 2018; Perszyk et al., 2021).

1 and | indicate that the measured parameter was reported to be significantly greater than or less than the response in the absence of modulator and was used when
either statistical tests were reported or reported values did not have overlapping confidence intervals.

and dopamine receptor antagonist trifluperidol, the
H; histamine receptor antagonists clobenpropit and
iodophenpropit, the p-adrenergic receptor agonist
nylidrin, and the TRPV1 receptor antagonist capsaze-
pine (Supplemental Table 13).

The binding site of GluN2B-selective NAMs at the
NTD heterodimer interface of GIluN1 and GluN2B
has been shown in crystal structures for a number of
GluN2B-selective NAMs, including ifenprodil, Ro 25-
6981, and EVT-101 (Karakas et al., 2011; Stroebel
et al.,, 2016) as well as EU93-31 and six analogs
(Regan et al., 2019) (Fig. 46). Multiple studies suggest
a mechanism of inhibition that involves NAM-induced
closure of the clamshell-shaped NTD and

A Increased open probability (GIluN1/2B) B Altered agonist potency (GluN1/2A)

300 pA

Prolonged 105
deactivation :

0.0101 1
Glutamate (uM)

10 100 0.01' 0.1 1 10 100
Glycine (uM)

C Glutamate/Glycine

'[WMHWUJ H

Glutamate/Glycine + EU1622-1
{ W i M u
100 ms

Fig. 45. NMDA receptor modulators can have multiple effects on the
receptor function. (A) Modulators can increase the open probability, esti-
mated here from the current amplitude ratio in presence to absence of
drug for responses to saturating concentrations of agonists. Modulators
can also alter the deactivation time course in response to rapid removal of
agonist. (B) Modulators can alter the agonist potency both through direct
actions on agonist affinity or through efficacy-induced changes in ECs.
Some modulators can modify unitary conductance, suggesting they alter
the shape, configuration, and properties of the open channel. Modified
with permission from Perszyk et al. (2020b) (A and C) and Hackos et al.
(2016) (B).

repositioning of NTD heterodimers in relation to the
ABD (Burger et al., 2012; Tajima et al., 2016; Chou
et al., 2020), which controls receptor activation prop-
erties (Esmenjaud et al., 2019) (Supplemental Movie
3). In the presence of agonists, the NMDA receptors
reside in three major conformations including Non-ac-
tivel, Non-active2, and Active (Tajima et al., 2016;
Chou et al., 2020) (Fig. 47), which are distinguished
by the relative orientation of the two GluN1-GluN2
ABD heterodimers and conformational changes in the
GluN1-GluN2 NTD heterodimer interfaces that har-
bor the ifenprodil binding site. In Non-activel and
Non-active2 conformations, the R2 lobes of ghe GluN1
and GluN2 NTDs are far apart (~17 A) at the
GluN1-GluN2 NTD heterodimer interfaces, and the
GIluN1-GluN2B ABD heterodimer pairs are rolled
toward the membrane, which extends the GlulN2
ABD-TMD linker (Fig. 47). Non-activel has a closed
GluN2B NTD clamshell similar to the ifenprodil-bound
form, whereas Non-active2 has an open NTD clamshell.
However, neither Non-activel nor Non-active2 reorient
the GIuN1-GluN2B NTD interface to promote changes
in the arrangement of the GluN1-GluN2B ABD dimers,
which are required for channel opening. In the Active
conformation, the GluN2B NTD clamshell is open, and
the R2 lobes of the GluN1 and GluN2 NTDs move closer
(~12 A) to each other, which allows the GluN1-GluN2B
ABD heterodimer pairs to roll up to pull on the GlulN2
ABD-TMD linkers to open the pore. The GluN2B NAM
ifenprodil binds the GluN1-GluN2B NTD interface and
stabilizes the Non-activel-like conformation, thereby
favoring channel closure (Tajima et al., 2016; Chou et al.,
2020) (Fig. 47). The overall structural changes produced
by GluN2B NAMs leading to reduced channel open prob-
ability are similar to those produced by inhibition of Glu-
N2A-containing receptors by Zn?>* and H* (Jalali-Yazdi
et al., 2018).


http://pharmrev.aspetjournals.org/lookup/suppl/doi:10.1124/pharmrev.120.000131/-/DCSupplemental
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TABLE 10
GluN2B-selective allosteric modulators
All determinations were made using two-electrode voltage-clamp experiments with Xenopus oocytes, unless otherwise stated.

Activity at GluN1/GluN2X (uM)
(% of control at maximal agonist concentration)
Mode of ICso or ECso

Compound : 2A B 2 2D 2A2B  2BA2D
Action
Q0
. ICspbsd 40 0.11 29 76 045 0.12
Ifenprodil Qj\r NAM o Control) (9-12%max) (68%ma)  (33%max)

Eliprodil ,@L m NAM ICo® — ~100 3.0 >100 - - -

(% Control)

CP-101,606 NAM ICs o4 NE 0.039 NE NE 0.22 0.077
Traxoprodil O@ (% Control) (11-21%max) (71%max) ~ (41%max)
1§ ICso/ 52 0.009 - - - -
Ro 25-6981 "o m O\/@ NAM (% Control) (4-7%max)
O _~
Ro 63-1908 HD,@' 'OO\“/Q/ NAM ICs0¢ >100 0.003 - >10 -- -

- 0.17 - - - -

. . N\"j\ F ICso” .
Radiprodil o=(: 1)’ X w NAM o/ Control) (0-20%max)
MK-0657, C»}_H 5?5 .
Kil - 0.008 - - - -
CERC-301 K '\—Q-(; NAM Coo’ - 0.004 - - - -
F

Rislenemdaz

. " o ICso / >30 0.0056 >30  >30 - -
Merck 20j NYN\,OI ’\@\ NAM e s
4
BMS-986169 "Q,’O‘OH NAM 1Cso ¢ NE 0.024 NE NE . -
/@A : (% Control) ’

_ F ICso %! - 0.012 -- -- - 0.012
EVT-101 & 11 Y NAM (% Control) (10%max) (37%max)
c 1Cs0-@pr=7.6" - 1.8 - - - -
9331 q \/’\/\ NAM (% Control) (24%max)
i Nﬁ /'J 1Cso-@pr=6.9" - 0.19 - - - -
(% Control) (17%max)
Cl
" ,_(‘U‘Q‘ ICsoapi-76” = 0.43 - - - -
NP10075 . —Q—o oH NAM  [Coapiiss” 0.045 . - - -
[s]
Hz QH QH
3.0, A0 ANH:
. ! ICs0° 87
Tobramycin HOFSY ‘:IZN:():NHZJ “oH PAM (% Control) - (180%) - - - -
SNH, OH
NH;
HO., Ao HQ o WH,
H A _OH
. v Y 0 P 0, - —
Neomycin B Ly o—(oj; ‘O:IOH PAM % Control NE 150% NE NE
HaNi- OH gy L

— denotes no available data, and NE denotes no effect at the highest concentrations evaluated.

“ Hess et al. (1996)

® Hansen et al. (2014)

¢ Mott et al. (1998)

% Yi et al. (2019)

¢ Avenet et al. (1997)

! Fischer et al. (1997)

& Gill et al. (2002)

% Mullier et al. (2017)

! Garner et al. (2015), radiolabeled binding assay.

7 leerton et al. (2007), Ca®* flux assay for GluN1/2B and patch clamp assays in Ltk cells for other NMDA receptor sutypes.
" Bristow et al. (2017)

! Stroebel et al. (2016)

™ Yuan et al. (2015b)

" Wang et al. (2014¢)

¢ Swanger et al. (2016), maximal potentiation was determined at 300 uM.

P Masuko et al. (1999b), potentiation was determined at 200 M.



418

An unexpected result of structural analysis of
GluN2B NAM binding was the identification of a
different portion of the binding pocket between the
GluN1 and GluN2B NTDs (Fig. 46). Binding of
EVT-101 occurs within this space and adopts a dif-
ferent binding mode compared with ifenprodil
(Stroebel et al., 2016). This space is also the site of
action of EU93-31, which is unique in that it super-
imposes onto both ifenprodil and EVT-101 binding
modes (Regan et al., 2019), thereby occupying all
portions of the binding pocket. The appreciation of
this new allosteric site could lead to structure-
based design and new classes of GluN2B-selective
ligands with different pharmacological and func-
tional properties.

Two series of GluN2B antagonists, piperazines
and propanolamines, have been developed through
optimization of sensitivity to extracellular pH,
which creates context dependence that should ren-
der them more effective inhibitors at reduced pH,
which occurs during acute injury (Wang et al.,
2014c; Yuan et al., 2015b; Myers et al., 2021). The
pH sensitivity of GluN2B-selective NAM action
(Pahk and Williams, 1997) arises from allosteric cou-
pling between proton and GluN2B-selective NAM
activities (Mott et al., 1998) and pH-dependent asso-
ciation and dissociation rates for NAM binding
(Yuan et al., 2015b). Multiple residues in the NTD
underlie pH sensitivity, including a pair of closely

A B

Hansen et al.

positioned glutamate residues in GluN2B as well as
GluN1 His134, which forms hydrophobic interac-
tions with nearby GluN1 Ile133 in the hydrophobic
cage surrounding the pocket in which the n-butyl
chain of 93-31 resides (Yuan et al., 2015b; Regan
et al., 2019). Protonation of His134 is hypothesized
to weaken the interaction with GluN1 Ile133, allow-
ing the residue to strengthen its van der Waals con-
tacts with 93-31.

Triheteromeric NMDA receptors that contain two
different GluN2 subunits show altered responses to
GluN2B-selective NAMs. Ifenprodil inhibits trihetero-
meric GluN1/2A/2B receptors with >3-fold reduced
potency and a reduced degree of inhibition, which at
saturating concentrations was ~90% for GluN1/2B
and ~30% for GluN1/2A/2B (Hatton and Paoletti,
2005; Hansen et al., 2014; Stroebel et al., 2014).
GluN1/2B/2D receptors show similar ICsq for ifenpro-
dil as diheteromeric GluN1/2B receptors, but a
reduced degree of inhibition (67%) at saturating con-
centrations compared with diheteromeric receptors
(81%); other GluN2B-selective NAMs (EVT-101, CP-
101,606) behave similarly (Yi et al., 2019).

4. GluN2B-Selective Positive Modulators. Interest
in GluN2B-selective PAMs was catalyzed by the dem-
onstration that overexpression of GluN2B in mice
enhanced performance in cognitive tasks (Tang et al.,
1999; Wang et al., 2014b). Cations, such as the poly-
amines spermine and spermidine, remain the best-
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Fig. 46. Multiple binding poses for GluN2B-selective negative allosteric modulators. (A) Binding site for GluN2B-selective NAMs at the GluN1/2B
NTD heterodimer interface. The structure is the hybrid from GluN1/2B heterotetramer (PDB: 6WHR) and GluN1/2B NTD heterodimer (PDB: 6E7U).
(B) Binding poses for different GluN2B-selective NAMs show occupancy of each arm or both arms of the binding pocket at the interface between the
GluN1/2B NTD heterodimer (PDB: 3QEL, 5EWM, 6E7U for ifenprodil-, EVT-101-, and EU93-31-bound structures). (C) The proposed binding site for
the GluN2C-selective PAM PYD-106 is shown at the interface between the GluN2C NTD and ABD in a model from Kaiser et al. (2018).



Glutamate Receptor Ion Channels

characterized examples of GluN2B-selective PAMs
(VIII. Endogenous Allosteric Regulation). Although
the precise location of polyamine binding site(s) on
the NTD remains to be identified, spermine binding
may open the GluN2B NTD clamshell (Sirrieh et al.,
2015a). Aminoglycoside antibiotics neomycin, kanamy-
cin, and tobramycin also potentiate GluN2B-containing
receptors by a similar mechanism of action (Masuko
et al., 1999b; Swanger et al., 2016; Tang et al., 2020).
Aminoglycosides appear to enhance glycine but not glu-
tamate potency (Masuko et al., 1999b) and potentiate
GluN1/2B responses without altering deactivation time
course (Tang et al., 2020), consistent with a spermine-
like mechanism involving relief of proton inhibition
(Traynelis et al., 1995). Polyamines and presumably
aminoglycosides are proposed to interact with clusters
of negatively charged residues in the R2 lobes of bilobed
GluN1 and GluN2B NTDs to shield negatively charged
residues in the NTDs (Section VIII.C.2. Modulation by
Extracellular Polyamines). One positive allosteric mod-
ulator has also been described with GluN2B preference
[compound 97 in Strong et al. (2017)], raising the possi-
bility that selectivity might be achieved at sites other
than the NTD, but there remains a lack of drug-like
potent and efficacious GluN2B-selective PAMs.

5. GluN2C-Selective Positive Modulators. A series
of pyrollidinones stereo-selectively potentiate GlulN1/

GluN2B-NAM-bound
GluN1
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2C receptor responses to saturating concentration of
agonists by 2-fold with potencies in the low uM range
(Khatri et al., 2014; Zimmerman et al., 2014) (Table
11). PYD-106 is selective for the GluN1/2C receptors
but does not potentiate triheteromeric GluN1/2A/2C
or GluN1/2B/2C receptors (Khatri et al., 2014; Bhat-
tacharya et al., 2018; Kaiser et al., 2018). PYD-106
has a weak effect on glutamate potency and modestly
prolongs the glutamate deactivation time course
(Khatri et al., 2014) (Table 9). The structural determi-
nants of action of PYD-106 reside at the interface of
the GluN2C NTD and the upper lobe of the GIluN2C
ABD (Fig. 43), and modeling suggests that PYD-106
fits within a pocket at the GluN2C NTD-ABD inter-
face, which is consistent with mutagenesis studies
(Kaiser et al., 2018; Khatri et al., 2014). Expression of
mutant GluN1/2C NMDA receptors with only a single
PYD-106 binding site can still be potentiated, and
this binding pocket can be transferred to other chime-
ric GluN2 subunits (Kaiser et al., 2018).

6. GluN2C- and GluN2D-Selective Negative Modula-
tors. The first compounds with strong GluN2C and
GluN2D selectivity (hereafter GluN2C/D selectivity)
contained a quinazolin-4-one (QNZ) core; QNZ-46 is
the prototypical compound in this class with ~50-fold
selectivity for GluN2C/D-containing NMDA receptors
and potency in the low pM range (Mosley et al., 2010;

Non-active2 Active

Rolling of:
open GIUN2B NTD clamshells 1) GIuN1-GIluN2B NTD interface
2) GIluN1-GIuN2B ABD dimers
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Fig. 47. Structural basis of allosteric modulation of GluN1/2B NMDA receptors. Structures of GluN1/2B in the presence of agonists and the NAM ifen-
prodil. (A) Structures representing GluN2B-NAM-bound (PDB: 4PE5), Non-activel (PDB: 6WHR), Non-active2 (PDB: 6WHS), and Active states (PDB:
6WI1). The GluN1 and GluN2B subunits are colored in slate and gray, respectively. The two ifenprodil molecules are represented by magenta spheres.
In all of the structures, glycine (Gly) and glutamate (Glu) are present at ABDs but are omitted for clarity. (B) Schematic illustration of domain and sub-
unit arrangement of GluN1/2B in conformations from (A). In Active state, the GluN2B NTD clamshell is open, the GluN1/2B NTD heterodimer interfa-
ces roll (1), and the GluN1-GluN2B ABD heterodimers roll (2) to create tensions in the ABD-TMD linkers, that leads to channel opening. In Non-
activel and Non-active2, no rolling occurs in NTDs and ABDs, however, they differ by whether the GluN2B NTD clamshell is open (Non-active2) or
closed (Non-activel). The population of Non-activel increases with lower pH. GluN2B-NAMs targeting the subunit interfaces of GluN1/2B NTDs stabi-
lize the closed GluN2B NTD clamshell, thereby stabilizing the conformation similar to Non-activel.
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Hansen and Traynelis, 2011) (Table 11). QNZ-46 has
minimal actions on AMPA and kainate receptors,
even though it shares a chemical scaffold with the
AMPA-selective NAM CP-465,022 (Menniti et al.,
2000). Inhibition by QNZ-46 is dependent on gluta-
mate but not glycine in that glutamate binding
increases QNZ-46 potency, and QNZ-46 must first
dissociate before glutamate can unbind (Hansen
and Traynelis, 2011) (Table 9). The structural determi-
nants of QNZ-46 action reside in the membrane-proxi-
mal surface of the GluN2D ABD near the pre-M1 and
M3 helices (Hansen and Traynelis, 2011). A recent
GluA2 AMPA receptor crystal structure that shows
CP-465,022 bound to the upper portion of the TMD
raises the possibility that, given the similarity in the
core structure of QNZ-46 and CP-465,022, both mole-
cules bind to the same region (Hansen and Traynelis,
2011; Yelshanskaya et al., 2016b). QNZ-46 has been
suggested to act as a neuroprotectant through inhibi-
tion of the response to axonal release of glutamate
(Doyle et al., 2018).

A series of compounds with a dihydroquinolone-
pyrazoline (DQP) core have properties similar to
QNZ-46 (Acker et al., 2011). DQP-1105, a representa-
tive member of this class, is approximately 50-fold
selective for GluN2C/D-containing NMDA receptors
with low-uM ICj, values (Acker et al., 2011) (Table
11). Like QNZ-46, inhibition by DQP-1105 is depen-
dent on glutamate binding and has structural deter-
minants in the membrane-proximal surface of the
GluN2 ABD (Acker et al., 2011). DQP-1105 inhibits
NMDA receptor—mediated EPSCs onto subthalamic
neurons, which express GluN2B and GIluN2D
(Swanger et al., 2015). Some DQP-1105 analogs have
nanomolar ICsy values, making this series more
potent and selective than QNZ-46 (Acker et al.,
2013) (Table 11).

A class of negative allosteric modulators that are
highly selective for GluN2C/D-containing NMDA
receptors includes an N-aryl benzamide core with
NAB-14 as the prototypical member showing >200-
fold selectivity for GluN2C/D over GluN2A/B subunits
(Swanger et al., 2018) (Table 11). The structural
determinants of NAB-14 activity are distinct from
QNZ-46 and DQP-1105 but overlap with those of the
positive modulator CIQ (see below). NAB-14 is active
at synaptic NMDA receptors in hippocampal inter-
neurons, which express GluN2B and GIluN2D (Section
VI. Developmental and Regional Expression in the
Central Nervous System), has minimal off-target
actions, and is modestly brain-penetrant (Swanger
et al., 2018; Yi et al., 2019).

7. GluN2C- and GluN2D-Selective Positive Modula-
tors. CIQ was the first GluN2C/2D-selective positive
allosteric modulator of NMDA receptors (Mullasseril
et al., 2010) (Table 11). A structure-activity

Hansen et al.

relationship has been developed for the class of modu-
lators that includes CIQ, showing stereo-selective
actions with robust selectivity for GluN2C/D-contain-
ing receptors and nanomolar ECsy values for some
analogs (Santangelo Freel et al., 2013, 2014; Strong
et al., 2017; Epplin et al., 2020). CIQ and related ana-
logs potentiate the responses of triheteromeric NMDA
receptors with only one copy of either GluN2C or
GIuN2D at a reduced efficacy (Mullasseril et al.,
2010; Bhattacharya et al., 2018; Yi et al., 2019) (Table
11). The structural determinants of CIQ potentiation
of GluN1/2D reside within the M1 transmembrane
helix and the pre-M1 helix in the GluN2D subunit
(Mullasseril et al., 2010; Ogden and Traynelis, 2013).
However, it is unknown whether these regions
directly contribute to the CIQ binding site. Whereas
racemic CIQ and the active enantiomer (+)-CIQ have
been used as tool compounds to explore the role of
GluN2D in neuronal function (Yamamoto et al., 2013;
Hildebrand et al., 2014; Ogden et al., 2014; Suryavan-
shi et al., 2014; Zhang et al., 2014b; Swanger et al.,
2015; Perszyk et al., 2016), its utility is limited by
poor physicochemical characteristics, including low
solubility. Nevertheless, CIQ has revealed a role for
GIluN2D in excitatory synaptic input to subthalamic
neurons (Swanger et al., 2015), excitatory drive onto
prefrontal parvalbumin positive fast spiking inter-
neurons (Garst-Orozco et al., 2020), prepulse inhibi-
tion and preclinical models of schizophrenic behaviors
(Gawai et al., 2020), and the striatal response to
degeneration of dopaminergic neurons (Nouhi et al.,
2018). Within this compound series, (+)-EU1180-453
has improved physicochemical properties, is soluble,
brain-penetrant, and shows minimal off-target
actions, making it an improved tool compound for
potentiation of GluN2C/2D-containing NMDA recep-
tors (Epplin et al., 2020).

Development of the CIQ scaffold led to the discov-
ery of (R)-(+)-EU1180-55, an analog selective for
GluN2C/D-containing NMDA receptors with enhanced
potency (Strong et al., 2017, 2021) (Table 11). Its enan-
tiomer, (S)-(—)-EU1180-55, is a PAM at GluN1/2B,
GluN1/2C, and GluN1/2D receptors activated by satu-
rating concentrations of agonist and can also potentiate
GluN1/2A at subsaturating agonist concentrations
(Strong et al., 2021). These two enantiomers preferen-
tially bind to distinct pockets on the tetrameric NMDA
receptors, with the (+) enantiomer preferring a pocket
that includes the GluN2 pre-M1 helix and the (-) enan-
tiomer preferring the pocket including the GluN1 pre-
M1 helix (Strong et al., 2021) (Fig. 48). The existence of
two distinct pockets raises important questions about
all classes of compounds that bind in this receptor
region, particularly the allosteric modulators with com-
plex pharmacology, which could bind to one, the other,
or both pre-M1 sites (see below).
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Glutamate Receptor Ion Channels
TABLE 11
GlulN2C- and GluN2D-selective allosteric modulators
All determinations were made using two-electrode voltage-clamp recording of recombinant receptor responses from Xenopus oocytes. When

percent modulation is stated, it was determined using saturating glutamate and glycine concentrations from the fitted concentration-
response curve maximum, except for CIQ at GluN1/2B/2D, which was taken at 10 uM (highlighted by ).

Activity at GluN1/GluN2X (uM)

Compound Mode of 24 2B 2C 2D 2A2C  2B2D
Action
[Csoabe  >200 >200  6-7 3-4 - 10
QNZ-46 NAM (% Control) (4%)
ICsocde  >200 121 8.5 2.7 13 13
DQP-1105 NAM (% Control) (~0%)
ICs0¢/ 5200 3000 3.7 22 15 6.8
NAB-14 NAM o/ Control) (~0%)  (<0%)  (~0%)  (29%)
CI1qQ, ECso¢¢¢  NE NE 4.6 5.0 2.8 ND
pay (% Contro) (233%)  (215%) (190%) (139%)"
(+)-CIQ* ECso® NE NE 9.0 8.0 . -
(% Control) (304%) (294%)
\
0—6 %0
R-(+)-EU1180-55" - G PAM ECso” NE NE 0.71 1.0 1.3 2.3
I (% Control) (252%)  (297%) (145%) (158%)
[+]
i 0.
[e] OH .
PYD-106 PAM ECs¢  NE NE 16 NE NE -
o (% Control) (217%)
N
\
R-(+)-EU1180-453 O_O_O\? ¢ paM | ECe’  NENE 3.2 32 - -
o ) (% Control) (410%)  (390%)
SO

* The chiral carbon of (+)-CIQ is denoted by the asterisk in the chemical structure. — denotes no available data, NE denotes no effect at the highest concentra-

tions evaluated, and ND indicates that the compound displayed some activity, but the affinity or potency could not be determined.

“ Mosley et al. (2010)

® Hansen and Traynelis (2011)

°Yi et al. (2019)

¢ Acker et al. (2011)

¢ Bhattacharya et al. (2018)

 Swanger et al. (2018)

£ Mullasseril et al. (2010), Santangelo Freel et al. (2013; 2014)

'_' Strong et al. (2017), Strong et al. (2021)

! Zimmerman et al. (2014), Khatri et al. (2014), Kaiser et al. (2018)
7 Epplin et al. (2020)

8. NMDA Receptor Modulators with Complex Phar-
macology. Several modulators have different
degrees and forms of modulation across different
NMDA receptor subtypes. Although these compounds
may appear nonselective, they show varied actions
that suggest nuanced mechanisms or biased modula-
tion of different modalities of the NMDA receptor.
Furthermore, efficacy or potency can vary among
NMDA receptor subtypes, creating opportunities to
preferentially modulate certain circuits with specific
GIluN2 subunit combinations. In addition, the ability
to act at multiple subunits raises possibilities for

unique pharmacology at triheteromeric NMDA
receptors.

Structure-activity studies of competitive antago-
nists with modest selectivity for GluN1/2C and
GIluN1/2D receptors, including PPDA and UBP-141
(Section VII. Pharmacology of Orthosteric Ligands
and Channel Blockers), led to discovery of a class of
allosteric modulators with complex GIuN2 subunit
selectivity, including UBP-710, UBP-512, and UBP-
551 with naphthalene or phenanthrene cores (Costa
et al., 2010). UBP-710 displays concentration-depen-
dent effects that include potentiation of GIluN1/2A
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and GluN1/2B at 100 pM but inhibition of GluN1/2C
and GluN1/2D at a higher concentration range (Costa
et al.,, 2010). UBP-551 may selectively enhance the
response of GluN2D-containing NMDA receptors but
with a biphasic concentration-effect relationship and
a maximal potentiation of GluN1/2D observed at 30
pM; UBP-551 inhibits other NMDA receptor subtypes
(Costa et al., 2010). Experiments with chimeric recep-
tors suggest the action of these modulators is influ-
enced by the S2 segment of the GluN2 ABD (Costa
et al., 2010).

The EU1794 series of nonselective NAMs of NMDA
receptors produce incomplete inhibition at saturating
NAM concentrations (Katzman et al., 2015) (Table
12). This incomplete inhibition reflects a reduction in
single-channel amplitude for the analog EU1794-4,
which is accompanied by a change in relative ionic
permeability (Perszyk et al., 2021). The property of
incomplete inhibition did not remove the ability of
EU1794-2 [compound 4 in Katzman et al. (2015)] to
act as a neuroprotective agent in suppressing excito-
toxicity. Several EU1794 analogs act as PAMs, in
some cases with a single methyl group sufficient to
convert NAM to PAM activity (Perszyk et al., 2018).
Both PAMs and NAMs compete with one another and
share overlapping structural determinants that
involve the pre-M1 and M3 regions, and the binding
of both PAMs and NAMs is dependent on glutamate
and glycine binding. The PAM EU1794-27 robustly
increased the potency for glutamate and glycine
(Perszyk et al., 2018). The NAM EU1794-4 potenti-
ates NMDA receptor responses to subsaturating ago-
nist concentrations but inhibits responses to
saturating agonist concentrations (Perszyk et al.,
2018). This was due to allosteric enhancement of ago-
nist potency (to a similar degree as the PAM analog
EU1794-27), raising the possibility that EU1794-4
could enhance NMDA receptor responses to low ago-
nist concentration, perhaps at extrasynaptic sites, but
reduce the response to high levels of agonist within
the synaptic cleft.

A number of nonselective and highly efficacious PAMs
have been described, including GNE-9278 (Wang et al.,
2017), (S)-EU1180-55 (and its potent analog (—)-EU1180-
154 [compound 142 in Strong et al. (2017) and UBP-684
(Sapkota et al., 2017)]) (Table 12). GNE-9278 robustly
potentiates all NMDA receptor subtypes and can
enhance agonist potency for some subunit combinations;
the actions of GNE-9278 appear to be dependent on glu-
tamate binding (Wang et al., 2017). GNE-9278 is selec-
tive for NMDA receptors over AMPA receptors, and the
structural determinants of action include residues on M1
and M3 helices of GluN1 (Wang et al., 2017). Similarly,
(—)-EU1180-154 potentiates GluN1/2B, GluN1/2C, and
GluN1/2D NMDA receptors with EC5, values of 380-580
nM, is selective for NMDA receptors over AMPA

Hansen et al.

receptors, and increases glutamate potency and prolongs
the deactivation time course, with structural determi-
nants of action in the TMD (Strong et al., 2017; Strong
et al., 2021). UBP-684 is a 2-napthoic acid derivative
with PAM activity at all recombinant GluN1/2 NMDA
receptors and ECsy values in the 3040 wM range (Sap-
kota et al., 2017). UBP684 prolongs the deactivation
time course after removal of glutamate but not glycine,
and the mechanism is proposed to involve a stabilization
of the ABD in the active conformation (Chopra et al.,
2017; Sapkota et al., 2017).

The EU1622 series of PAMs possess the remarkable
ability to alter ion permeation properties, namely chan-
nel conductance and relative calcium permeability along
with other receptor properties (Perszyk et al., 2020b).
EU1622-14 shares many properties with the other PAMs
that lack GluN2 subunit selectivity in that they can
potentiate the response to saturating agonist concentra-
tion, prolong deactivation, and enhance agonist potency
(Fig. 45; Table 12). Single-channel analysis revealed that
EU1622 series compounds reduced channel conductance
(Fig. 45) but increased open probability (Perszyk et al.,
2020b). Permeant ion replacement studies show that the
NMDA receptor channel becomes less permeable to Ca?*
in the presence of EU1622-14, and the net effect of
EU1622-14 modulation is to increase in Na* influx with
a minimal increase in Ca®" influx (Perszyk et al.,
2020b). This observed decrease in Ca®" permeability has
not yet been observed with other NMDA receptor PAMs
and expands the ways of altering NMDA receptor func-
tion (Perszyk et al., 2020b) (Table 9).

PTC-174 potentiates GIuN1/2C and GluN1/2D
activity more than 10-fold and produces 2-fold poten-
tiation of GlulN1/2B activity but inhibits GluN1/2A
activity by up to 50% (Yi et al., 2020) (Table 12). PTC-
174 potentiates triheteromeric GluN1/2B/2D recep-
tors to an intermediate level between GluN1/2B and
GIluN1/2D but is only weakly efficacious at trihetero-
meric GluN1/2A/2C receptors (Yi et al., 2020). PTC-
174 potentiates NMDA receptor-mediated responses
in subthalamic nucleus neurons and hippocampal
CA1l interneurons, but not hippocampal CA1l pyrami-
dal neurons (Yi et al.,, 2020). PTC-174 reduced
amphetamine- and MK-801-induced hyperlocomotion
in vivo and appears to reduce impulsivity in preclini-
cal models (Callahan et al., 2020).

9. Neurosteroid NMDA Receptor Modulators. The
actions of endogenous neurosteroids (Section VIII
Endogenous Allosteric Regulation) stimulated syn-
thetic work on the steroid backbone as a scaffold from
which to design potential therapeutic agents (Vales
et al., 2012; Ishikawa et al., 2018; La et al., 2019).
Substantial information exists about several classes
of compounds, including analogs of 24(S)-HC, which
are more potent than the endogenous PS and have
different structural determinants that include the
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TMD and connecting linkers (Paul et al., 2013; Wild-
ing et al., 2016). The 24(S)-HC analogs SGE-201 and
SGE-301 (Table 12) enhance open probability and are
more potent and efficacious PAMs than 24(S)-HC at
all NMDA receptors, with nM potency for SGE-201 at
native NMDA receptors (Paul et al., 2013; La et al.,
2019). The endogenous 24(S)-HC modulates neuronal
function but does not saturate its binding site on
NMDA receptors (Sun et al., 2016).

A range of other steroid derivatives and steroid
mimics with NAM activity at NMDA receptors have
been described (Blanco et al., 2018; Smidkova et al.,
2019; Chvojkova et al., 2020). For example, a class of
amide analogs of pregnanolone inhibited all dihetero-
meric GluN1/2 subtype combinations more potently
than the parent compound, but some had only modest
selectivity for NMDA over GABA receptors (Rambousek
et al., 2011; Adla et al., 2017). Perhydrophenanthrene
sulfates also inhibit NMDA receptors (Slavikova et al.,
2016). Replacing the sulfate on pregnanolone sulfate
with carboxylic acid with a variable linker alters the
apparent use dependence (Vyklicky et al.,, 2016),
whereas D-ring modifications increase potency (Kudova
et al.,, 2015). Neurosteroid analogs that can inhibit
NMDA receptors and potentiate GABA receptors have
been described, which may have unique therapeutically
relevant attributes (Ziolkowski et al., 2021).

10. GluN3-Selective Modulators. EU1180-438 is a
GlulN3-selective NAM with low-pM ICsy and no detect-
able effects on GluN1/2A-D, GluA1-4, or GluK1-2 recep-
tor responses (Zhu et al.,, 2020). This NAM inhibits
recombinant and native glycine-activated GluN1/3
receptors when responses are prevented from desensi-
tizing either by mutations within the glycine binding
site in GluN1 or in the presence of the GlulN1-selective
antagonist CGP-78608 (Zhu et al., 2020). Inhibition
does not involve a change in the ECs5, for glycine, is not
voltage-dependent, and cannot be overcome by increased
glycine concentration. Compound EU1180-438 does not
inhibit NMDA receptor-mediated responses activated by
NMDA in hippocampal CAl pyramidal cells but inhibits
GlulN1/3A receptor-mediated glycine responses recorded
from the same neurons in the presence of CGP-78,608
(Zhu et al., 2020). Structural determinants reside in the
GluN3 pre-M1 helix similar to both GluN2C/2D-selective
NAMs and PAMs as well as nonselective NMDA receptor
modulators.

X. Glutamate Receptors in Disease

A. Overview of Focus Areas in Drug Discovery

The first foray into drug development targeting
iGluRs was the discovery of phencyclidine and ana-
logs in the 1950s and 1960s (Supplemental Table 12).
These agents were recognized for their potential as
dissociative anesthetics and analgesics but also for
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Fig. 48. Multiple binding pockets at the TMD-ABD interface. (A) The
GluN1/2D structure [model built from PDB: 6WHS, Strong et al. (2021)]
with GluN1 shown in blue and GluN2D in gray. The pre-M1/M3 domain
of NMDA receptors exhibits pseudo—4-fold symmetry due to the tetra-
meric arrangement GluN1-GluN2-GluN1-GluN2. (B) The pseudo—4-fold
symmetry creates two distinct binding pockets for modulators that
include either the GluN1 pre-M1/M3 helices shown with (S)-EU1180-55
docked or GluN2D pre-M1/M3 helices shown with (R)-EU1180-55 docked.
Modified with permission from Strong et al. (2021) (Copyright 2021
American Chemical Society).

their disturbing “schizophrenomimetic” effects (Luby
et al., 1959). Among these agents, ketamine was
approved as an anesthetic in 1970 at a time when our
understanding of glutamatergic neurotransmission
was just beginning to develop. The next milestone for
iGluR drug development was research indicating that
exposure of neurons to glutamate results in rapid
neuronal death (Choi et al., 1988; Olney, 1994). These
observations led to the hypothesis that elevated extra-
cellular glutamate is a principal cause of neuronal
death after brain injury. The additional observation
that neurotoxicity could be limited by inhibiting
NMDA receptors fostered a massive effort to develop
NMDA receptor-targeted therapeutics as neuropro-
tective agents for stroke and traumatic brain injury
[Muir and Lees (1995), Reinert and Bullock (1999);
see Supplemental Tables S1-S3 in Yuan et al.
(2015b)] and to explore the possibility that such
agents may prevent brain damage during chronic
neurodegenerative diseases (Doble, 1999). Unfortu-
nately, despite extensive preclinical data demonstrat-
ing neuroprotection, multiple clinical studies in
patients with acute brain injury did not find evidence
of