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Abstract

Glutamate serves as both the mammalian brain’s primary excitatory neurotransmitter and as a key
neuromodulator to control synapse and circuit function over a wide range of spatial and temporal
scales. This functional diversity is decoded by two receptor families: ionotropic glutamate
receptors (iGIuRs) and metabotropic glutamate receptors (mGIuRs). The challenges posed by the
complexity and physiological importance of each of these subtypes has limited our appreciation
and understanding of how these receptors work in concert. In this review, by comparing both
receptor families with a focus on their crosstalk, we argue for a more holistic understanding of
neural glutamate signaling.

To accommodate the complex roles of glutamate as a neurotransmitter, neuromodulator, and
gliotransmitter, a diverse array of glutamate receptors (GIuRs) is found throughout the
nervous system. lonotropic GIluRs (iGIuRs) are ligand-gated ion channels that produce
excitatory glutamate-evoked currents while metabotropic GluRs (mGIuRS) are G protein-
coupled receptors (GPCRs) that control cellular processes via G protein signaling cascades.
iGIuR and mGIuR signaling has been well studied in isolation, which has revealed an
astonishing complexity within both systems. Nevertheless, glutamate does not distinguish
between these receptor families that are both present in many cell types and subcellular
compartments. It is important to understand how these receptors signal in concert. Do they
talk to each other? Do their signals converge? And when are their effects synergistic or
antagonistic? In this review, we focus on the similarities and differences between iGIuR and
mGIuR activation (iGluRs and mGluRs Are Diverse Subfamilies with Functional Overlap),
the various modes of crosstalk between these families (GIuR Crosstalk by Various
Mechanisms on Different Levels), and the implications for synaptic function and disease-
related dysfunction (iGIUR/mGIuR Crosstalk in Synaptic Function and Dysfunction). With a
more holistic approach to understanding GIuR function, many challenging research
questions emerge, for which we discuss new approaches (Overcoming Technical Challenges
in Studying GIuR Crosstalk) that aid in deciphering the intricacies of concerted
glutamatergic signaling.

"Correspondence: andreas.reiner@rub.de (A.R.), jtl2003@med.cornell.edu (J.L.).
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iIGIuRs and mGIluRs Are Diverse Receptor Families with Functional Overlap

Distinct GIuR classes were functionally identified based on the observation of glutamate-
evoked excitation (Curtis et al., 1959) and inositol phosphate production (Sladeczek et al.,
1985). The first iGIuR and mGIuR members were cloned in 1989 (Hollmann et al., 1989)
and 1991 (Masu et al., 1991), and subsequent biophysical and structural work has given an
increasingly detailed understanding of their molecular properties (Figure 1).

Specific iGIuR agonists revealed the existence of AMPA (AMPARs; GIuA subunits), kainate
(KARs; GluK subunits), and A-methyl-D-aspartate (NMDA) (NMDA receptors [NMDARs];
GIuN subunits) receptors as the three main subfamilies (Hollmann and Heinemann, 1994;
Figure 1A). iGIuRs assemble as tetramers that consist of four intertwined subunits forming a
non-selective cation channel (Traynelis et al., 2010). Each subunit comprises an extracellular
amino-terminal domain (ATD), a ligand binding domain (LBD), a common pore-forming
transmembrane domain (TMD), and an intracellular C-terminal domain (CTD). GIuA and
GluK subunits (Contractor et al., 2011; Greger et al., 2017) form homo- or heterotetrameric
receptors that are rapidly activated by glutamate binding to the LBD, which also triggers
their desensitization. NMDARs are obligatory heterotetramers of two GIuN1 subunits that
bind glycine or D-serine and two GIuN2 subunits that bind glutamate (Paoletti et al., 2013).
The GIuN2 subunits can be replaced by GIuN3 subunits that bind glycine or D-serine, and
triheteromeric GIuUN1/N2/N3 receptors may serve to curtail the effect of GIUN2 signaling or
as a platform for metabotropic signaling pathways (Pérez-Otafio et al., 2016). Another
important but poorly understood iGIuR subfamily are the &-receptors, which are not directly
activated by ligands but are important for #rans-synaptic organization and plasticity (Yuzaki
and Aricescu, 2017). The expression pattern of different iGIUR subtypes varies in different
brain regions, but their expression is widespread, and individual cells typically express
multiple different iGIuR subtypes (Hadzic et al., 2017).

The eight mGIuRs, mGluR1-mGIuRS8, are family C GPCRs that exist as constitutive dimers
(Doumazane et al., 2011; Levitz et al., 2016a). They differ structurally from other GPCRs by
the presence of a large extracellular LBD that is linked to the 7-helix TMD via a cysteine-
rich domain (CRD) (Figure 1A). mGIuRs are divided into group I, 11, or 11l subfamilies
based on sequence homologies and their preferred G protein signaling partners (Figure 1A;
Niswender and Conn, 2010). Group I mGIuRs are primarily Gq-coupled, whereas group 11
and Il mGIuRs are Gj/,-coupled. With the exception of mGIuR6, which is primarily
expressed in retinal ON bipolar cells, mGIuRs are widely expressed throughout the nervous
system, with distinct but highly overlapping patterns for each subtype (Ferraguti and
Shigemoto, 2006).

The molecular diversity of both iGIuRs and mGIuRs is increased by a number of
mechanisms. This includes formation of heteromers within each subfamily (Traynelis et al.,
2010, Doumazane et al., 2011, Levitz et al., 2016a), and RNA splicing and editing. The
intracellular CTDs, which provide binding sites for crosstalk with intracellular signaling
partners, are subject to many posttranslational modifications (Niswender and Conn, 2010;
Traynelis et al., 2010). The function of iGIuRs is further modulated by association with
auxiliary subunits (Schwenk et al., 2012).
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Biophysical Activation Mechanisms

iGIuRs and mGIuRs are typically viewed as receptor families with distinct functions and
properties, but both detect glutamate via their extracellular, clamshell-like LBDs, which
originate from ancestral bacterial periplasmic binding proteins (Nakanishi et al., 1990;
O’Hara et al., 1993) and close upon ligand binding (Armstrong et al., 1998; Kunishima et
al., 2000). This initial conformational change is transferred to the TMDs via partially
understood mechanisms, which results in either channel opening or G protein activation,
respectively. Crystal structures of isolated domains (Armstrong et al., 1998; Doré et al.,
2014; Jin et al., 2009; Kunishima et al., 2000; Wu et al., 2014) have provided key pieces of
the atomic-level picture of these receptors and have informed mechanistic and
pharmacological studies. Various forms of inter-subunit cooperativity and regulation have
been revealed in both iGluRs and mGIuRs. For instance, in iGIuRs, the LBD dimer interface
is critical for desensitization (Sun et al., 2002), whereas in mGIuRs, this interface modulates
basal conformational dynamics and agonist efficacy (Levitz et al., 2016a). Although no full-
length mGIuR structures have been reported to date, full-length iGIuR structures solved by
X-ray crystallography or cryoelectron microscopy (Karakas and Furukawa, 2014; Meyerson
et al., 2016; Sobolevsky et al., 2009) have begun to give a more complete picture of their
overall architecture in different activation states. A major challenge that remains is
understanding how the complex structural and biophysical properties of GIuRs manifest in
the context of synaptic signaling dynamics.

Sensitivity to Glutamate and Other Ligands

GluRs have co-evolved with glutamate release and re-uptake systems to meet the
multifaceted needs of synaptic transmission. Consistent with the complex concentration
profile of synaptic and extra-synaptic glutamate (Bergles et al., 1999), the glutamate
sensitivities of GIuRs span a wide concentration range (Figure 1B). Most mGIuRs respond
to glutamate in the micromolar to tens of micromolar range, whereas mGIuR3 has an
apparent sub-micromolar half maximal effective concentration (ECsp) and mGIuR7 an
extremely low apparent affinity with a nearly millimolar ECsg (Niswender and Conn, 2010).
NMDARs have high glutamate sensitivity with apparent ECsg values between 0.4-4 uM
(Paoletti et al., 2013), whereas AMPARs and KARs show values in the hundreds of
micromolar to millimolar range (Traynelis et al., 2010).

In addition to being glutamate sensors, GIuRs integrate various signals as they are
modulated by cations, anions, and other endogenous ligands (Kubo et al., 1998; Traynelis et
al., 2010; Vergnano et al., 2014) as well as membrane voltage or lipid composition (Paul et
al., 2013; Ohana et al., 2006). A prominent example of signal coincidence detection is
provided by NMDARs, whose glutamate-induced currents are strongly facilitated when pore
block by external Mg2* ions is relieved by depolarization (Mayer et al., 1984).

Overlapping Activation and Signaling Kinetics

Gating and subsequent signaling of GIuRs occurs over a wide range of timescales; from less
than milliseconds to hours (Figure 1C). AMPARs and KARs are extremely fast receptors; at
high glutamate concentrations, they open within less than 1 ms to produce fast excitatory
currents and deactivate or desensitize within a few milliseconds when glutamate
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concentrations rapidly drop or remain elevated, respectively (Traynelis et al., 2010). In
contrast, NMDARs respond more slowly, with activation times in the 10 ms range and
deactivation on the order of hundreds of milliseconds, depending on the GIuN subtype.
Moreover, NMDARs show no fast ligand-induced desensitization and have a higher CaZ*
permeability than AMPARs and KARs, which allows them to potently induce downstream
signaling cascades. Although, classically, GPCRs are thought to signal over timescales of
seconds to minutes, mGIuR signaling can also occur much more rapidly on nearly the same
timescale as iGIuRs (Figure 1C). Conformational studies have shown large-scale, activation-
associated inter-subunit motions in mGIluRs on millisecond timescales (Hlavackova et al.,
2012; Vafabakhsh et al., 2015). Although evidence exists that, at least for some mGIuR
subtypes, responses are diminished upon extended or repeated activation (Gereau and
Heinemann, 1998; Jin et al., 2007), little is known about the timing and mechanisms of
mGIuR desensitization. Furthermore, some mGIuRs also likely produce basal glutamate-
independent activity that may provide a modulatory tone to the synapse (Ango et al., 2001;
Vafabakhsh et al., 2015). Overall, much further work is needed to assess the signaling
kinetics of GIuRs in physiological settings, especially for mGIuRs.

GluR Crosstalk Occurs by Various Mechanisms on Different Levels

Because iGIuRs and mGIuRs respond to the same ligand and are co-expressed at the sub-
cellular compartment level, crosstalk is a likely scenario that can shape the computation and
signaling outputs of a neuron. In this section, we categorize the molecular mechanisms that
can lead to iGIUR/MGIuR crosstalk.

Physical Interactions: Direct Binding or Scaffold-Mediated Interactions

Direct iGIUR/MGIuUR Interaction.—GIuRs are integral membrane proteins with large
extracellular domains and intracellular C-terminal extensions, which provide many surfaces
for potential interactions with other proteins. In the confined environment of the synapse,
this naturally raises the possibility of direct interaction between GluRs (Figure 2A), but
evidence for direct iGIUR-mGIuUR interactions is scarce. Based on bioluminescence
resonance energy transfer (BRET) and functional measurements in HEK cells, a dynamic
interaction between the CTDs of mGIuR5 and GluN1a/2B receptors has been reported that
results in bidirectional inhibition (Perroy et al., 2008), and a follow-up study showed BRET
between heterologously-expressed mGIuR5 and NMDARs in dendritic spines of
hippocampal neurons (Moutin et al., 2012). However, future work is needed to characterize
the physical nature of this interaction and whether direct crosstalk between mGIuR5 and
NMDARSs is a physiologically relevant phenomenon. Notably, Yu et al. (1997) found a form
of group | mGluR-mediated inhibition of NMDAR open probability that was maintained in
excised patches from cortical neurons. This indicates that mGIuR/iGIuR crosstalk may occur
in a local, membrane-delimited way, possibly through direct or indirect physical interactions.

Interaction via Scaffold Intermediaries.—Scaffolding is crucial for defining the highly
ordered complex of signaling proteins in the presynaptic and postsynaptic compartments and
for aligning these networks across the synapse (Biederer et al., 2017; Haucke et al., 2011;
Zhu et al., 2016). Scaffold proteins, many of which contain PDZ domains that recognize
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interaction motifs on GluRs, modulate receptor function by defining receptor localization
and embedding them into spatially organized signaling networks. This can lead to two major
forms of scaffold-mediated crosstalk: “bridging,” where scaffolds mediate an interaction
between an iGIuR and an mGIuR, or “competition,” where an iGIuR and an mGIuR bind the
same motif on a scaffold protein.

PSD-95, SHANK, DLGAP (also known as SAPAP or GKAP), and Homer are highly
abundant and multivalent postsynaptic scaffolding proteins that have been proposed to
bridge group I mGIluRs and NMDARs (Figure 2B; Tu et al., 1999). The EVH1 domain of
Homer interacts with a proline-rich motif within the CTD of group | mGIuRs, whereas a
coiled-coil tetramerization domain in Homer-1b, 1c, 2, or 3 allows for the formation of large
assemblies; for example, with SHANK binding to another Homer EVH1 domain. Because
SHANK, via DLGAPs, also interacts with PSD-95, this complex forms a potential link to
NMDARs, which interact with PSD-95 via PDZ motifs in their CTD. KARs and AMPARs
may also be part of such a complex because several GluK subunits and the AMPAR
auxiliary subunit stargazin (2), a member of the transmembrane AMPAR-regulating
proteins (TARPS), directly interact with PSD-95 (Mehta et al., 2001; Bats et al., 2007). In
addition, the Homer EVH1 domain can bias mGIuR coupling by binding effector proteins,
including the inositol trisphosphate (IP3) receptor (Tu et al., 1998) and TrpC channels (Yuan
et al., 2003), and to modulate the basal activity of mGIuR5 (Ango et al., 2001). Yang et al.
(2004) found that disruption of either NMDAR-PSD-95 or mGluR5-Homer interactions in
striatal neurons abolished synergistic ERK activation, demonstrating a direct effect on
signaling of this complex. Notably, Homer-1a, which is an immediate-early gene product
that binds to the same proline-rich domain as the long isoforms but lacks the coiled-coil
domain to multimerize and couple to PSD-95 (Brakeman et al., 1997), may provide a
mechanism for dynamic coupling and uncoupling of mGIuR5 and NMDARs. Unfortunately,
the mGIluR-Homer-Shank-DLGAP-PSD-95-iGIuR complex has not been well characterized
biophysically. Detailed investigations of the endogenous complex would enhance the
understanding of the relative arrangement of group | mGIluRs and NMDARs in the post-
synaptic density, especially in light of studies suggesting higher-order complexes containing
SHANK and Homer (Hayashi et al., 2009). A potentially relevant observation is that iGIUR
CTDs undergo conformational changes upon gating (Aow et al., 2015; Zachariassen et al.,
2016), which may affect scaffolds and effectors.

Another important scaffold that may serve as a site for iGIUR/mGIUR competition as well as
bridging is PICK1, which interacts with GluA2, 3, GluK2, mGIuR7, and mGIuR3 (Hirbec et
al., 2002; Xia et al., 1999; Dev et al., 2000). PICK1 is a Ca2* sensor, contains a membrane
curvature-sensing BAR domain (Peter et al., 2004), and can bind protein kinase C (PKC)
and, thereby, modulate the availability of this central signaling enzyme. PICK1 contains one
PDZ binding domain, providing the possibility for competition between mGIuRs and iGIuRs
(Figure 2B), but PICK1 multimerization raises the alternative possibility of receptor
bridging. PICK1 binding has been shown to be required for presynaptic inhibition by
mGIuR7 (Perroy et al., 2002) and for the anti-epileptic role of mGIuR?7 in thalamocortical
circuits (Bertaso et al., 2008). Although PICKZ1 also plays a key role in the plasticity-
associated trafficking of AMPARs (Xia et al., 1999) and auxiliary AMPAR subunits (Kunde
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etal., 2017), PICK1-mediated crosstalk between AMPARs and mGIuRs has not been
assessed.

Detailed studies of scaffolding interactions remain important, particularly as proteomic
approaches (Schwenk et al., 2012) begin to widen our view on GIuR interactomes. New
labeling strategies that allow performing proteomic analyses on specific cell types (Alvarez-
Castelao et al., 2017) or local protein environments (Han et al., 2017) should yield a more
detailed view of synaptic composition and may allow the identification of new iGIuR and
mGIuR interaction partners.

Crosstalk via Common Downstream Targets

Despite initially distinct mechanisms, iGIuRs and mGIuRs feed into many of the same
downstream signaling systems, where various forms of crosstalk, such as signal summation
or cooperativity, ceiling effects or even suppression, as well as subtle changes in spatio-
temporal signaling patterns may occur (Figure 2C).

Second Messengers.—Synergistic activation of a second messenger system by iGIuRs
and mGIluRs was first observed in striatal neurons prior to the cloning of mGIluRs. Dumuis et
al. (1990) found that arachidonic acid release was only observed after co-activation of
“gquisqualate ionotropic receptors,” which were likely AMPARSs, and “quisqualate
metabotropic receptors,” which were likely group | mGIuRs. Subsequent work on GIuR-
mediated second messenger signaling crosstalk has focused primarily on Ca?* and, to a
lesser extent, inositol and phospholipids (Kim et al., 2015).

Ca?" is arguably the most important second messenger in the brain because of its pivotal
roles in presynaptic neurotransmitter release, postsynaptic responses, and plasticity
induction. iGIuRs and mGIuRs can generate intracellular Ca2* signals, albeit by different
mechanisms, whose crosstalk has not been thoroughly explored (Figure 2C). iGIuRs allow
the influx of extracellular Ca* upon pore opening. This is widely acknowledged for
NMDARs, which have a high Ca2* conductance, but Ca2* flux through AMPARs and KARs
can still be substantial. Ca2* permeability is abolished in receptors containing GIuA2,
GluK1, and GluK2 subunits after RNA editing of a pore residue (Q to R) in these subunits
(Traynelis et al., 2010). In contrast, group | mGIuRs increase the intracellular Ca2*
concentration via a classical Gq-mediated mechanism that triggers release from intracellular
stores through IP5 receptors. Sustained activation of mGIuR5 can produce Ca2* oscillations
that are mediated by phosphorylation and de-phosphorylation of the mGIuR5 CTD
(Kawabata et al., 1996). Furthermore, mGIuRs can potentiate (group I; Kato et al., 2012) or
inhibit (group Il and I11; Takahashi et al., 1996) voltage-gated Ca2* channels, whose
activation can also be controlled by iGluR-mediated depolarization, providing another
convergence point for Ca2* regulation by mGIluRs and iGIuRs. Indeed, such a synergism has
been described for hippocampal oriens-alveus interneurons, where group | mGluRs, Ca2*-
permeable AMPARs and T-type CaZ* channels together raise intracellular Ca2* to levels
sufficient for induction of long-term potentiation (Nicholson and Kullmann, 2017).

The complexity of Ca2* signals within the confined environment of the synapse raises many
questions. For instance, how do mGIuR- and iGluR-induced pools of cytosolic Ca?*

Neuron. Author manuscript; available in PMC 2019 April 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reiner and Levitz

Page 7

combine, what are the precise dynamics of Ca2* nanodomains near glutamate receptors, and
what are their key effectors? More work is also needed on GluR-induced Ca2* signals within
organelles, including the nucleus, the endoplasmic reticulum (ER), and mitochondria, as
well as in glial compartments (Rusakov et al., 2014). Improved genetically encoded Ca2*
sensors, such as those used by de Juan-Sanz et al., 2017 in the ER of axons that cover the
relevant concentration changes and can be targeted to distinct compartments, should allow
these questions to be addressed with the requisite precision.

G Protein-Mediated Signaling.—mGIuRs are bona fide GPCRs that primarily activate
either Gq or Gjjo pathways. However, a growing body of work suggests that iGIuRs can also
activate G proteins to produce metabotropic signaling (Valbuena and Lerma, 2016). For both
KARs and AMPARSs, pertussis toxin-sensitive Gjjo-like signals have been observed in
neurons (Rozas et al., 2003; Wang et al., 1997); e.g., in CAL pyramidal cells, where KARs
reduce the slow phase of afterhyperpolarization via phospholipase C (PLC) and PKC
activation (Melyan et al., 2002). Most recently, a proteomics-based approach identified G,
as an interaction partner for GluK1, and evidence for functional coupling was provided in
HEK cells using a BRET assay (Rutkowska-Wlodarczyk et al., 2015). It remains unclear
how these signaling cascades are activated and whether metabotropic effects are induced
independently of ion flux. Nevertheless, the ability of iGIuRs to engage in G protein
signaling cascades provides many opportunities for competition and synergy with mGIuRs.

Convergence of Second Messenger Signaling: Kinases and Phosphatases.—
Regulation of cellular function through protein phosphorylation is another important
convergence point of GIuR signaling. For instance, both iGIuRs and mGIuRs are linked to
Ca?*/calmodulin-dependent protein kinase II (CaMKII), a synaptically enriched kinase
whose activation is a key step in the molecular events underlying learning and memory
(Lisman et al., 2012). CaMKII forms a dodecameric complex that is autoinhibited at rest and
shows a highly cooperative activation by Ca2*/CaM (Chao et al., 2011), providing ample
opportunity for signal integration. CaMKI|I directly and dynamically binds to GIuRs and,
thereby, controls synaptic plasticity, as shown most comprehensively for the GIluN2B CTD
(Barria and Malinow, 2005; Strack and Colbran, 1998). Ca2* influx leads to CaMKII
autophosphorylation at Thr286, which enhances CaMKII binding to GIuN2B (Strack and
Colbran, 1998; Bayer et al., 2001) and leads to subsequent phosphorylation of GIuUN2B at
Ser1303, which may allow CaMKII to dissociate (Strack et al., 2000) and phosphorylate
other downstream targets, such as AMPARs and KARs (Carta et al., 2013; Lu et al., 2014).
Although less studied in this context, group I mGIuRs have also been found to activate
CaMKIlI, and CaMKII can directly bind to intracellular domains of mGluR1 and mGIuR5 to
alter receptor function (Jin et al., 2013; Mockett et al., 2011).

This overlap in CaMKI|I signaling and mGIuR/iGIuR regulation raises critical questions. Can
the same holoenzyme respond to different GluR-induced Ca?* sources or are there distinct
iGluR-versus mGIuR-coupled CaMKII pools? What are the relative affinities of GIuUR
binding sites? And does binding to different GIuRs alter the downstream targets of CaMKII?
Intriguingly, activation-induced exchange of CaMKII subunits may contribute to integration
of the phosphorylation signal between GIuR subtypes Stratton et al., 2014).
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Additional downstream kinases are also suited to provide regulatory feedback between
iGIluRs and mGIuRs (Kim et al., 2008; Lussier et al., 2015). It has been suggested that PKC
activation in dendrites depends on both diacylglycerol produced by PLC after activation of
group | mGIuRs and on Ca?* signals originating from NMDARSs, akin to a coincidence
detection mechanism (Codazzi et al., 2006), whereas other studies have suggested that
NMDAR-induced Ca2* signals alone may be sufficient to cause PLC-mediated PIP,
depletion in spines (Horne and Dell’ Acqua, 2007). Interestingly, PKC shares downstream
targets with CaMKI|I, which also phosphorylates GIuA1 Ser831 (Kristensen et al., 2011;
Roche et al., 1996) and GIuN2B Ser1303 (Liao et al., 2001; Strack et al., 2000), and can
regulate mGIuR function (Gereau and Heinemann, 1998; Suh et al., 2008). Another channel
of crosstalk is provided by protein kinase A (PKA), which is inhibited by cyclic AMP
(cAMP) reduction by Gjso-coupled group Il and 11l mGluRs and acts on both iGIluRs and
mGIuRs (Esteban et al., 2003; Kim et al., 2008; Skeberdis et al., 2006). GIuR interaction
with phosphatases is another means for crosstalk. For example, group | mGIuRs interact
with the calcineurin inhibitor protein (Ferreira et al., 2009), which regulates the activity of
calcineurin, a Ca2*/CaM-dependent phosphatase, which, in turn, regulates iGIuR activation
(Banke et al., 2000; Tong et al., 1995; Traynelis and Wahl, 1997).

Improvements in proteomic techniques offer the opportunity to obtain the needed
quantitative information on the synaptic phosphatome. Newly developed genetically
encoded optical sensors for kinase activity (Tang and Yasuda, 2017) now allow dissection of
the temporal dynamics and subcellular spatial extent of downstream signaling from GIuRs.
For example, a recent study found noncanonical activation of PKA through G4-coupled
receptors, including group | mGIuRs, using an optogenetic sensor in hippocampal neurons
(Chen et al., 2017).

Neuronal Excitability.—As ligand-gated ion channels, iGIuRs depolarize neurons on fast
(millisecond) and slow (second) timescales to promote spike firing. In addition to classical
excitatory postsynaptic potentials (EPSPs) with ~5- to 50-ms duration, KARS can suppress
afterhyperpolarization currents (/anp) (Melyan et al., 2002) and increase neuronal
excitability over longer timescales (~50-500 ms). mGIuR signaling is also aimed at
controlling neuronal excitability by modulating ion channels. Group | mGIuR activation
typically induces depolarizing inward currents in most neurons by either opening cation
channels, such as TRP channels (Gee et al., 2003), or by inhibiting K* channels (Charpak et
al., 1990). However, mGIluR1 can also activate CaZ*-activated K* channels to produce
hyperpolarization (Fiorillo and Williams, 1998). Whether group | mGIuR activation is
inhibitory or excitatory is, thus, context-dependent. In a powerful study, Graves et al. (2012)
found two distinct populations of CA1 neurons that responded differentially, in an excitatory
or inhibitory way, to mGIuR1 or mGIuR5 activation, implying that cellular heterogeneity
may be a defining feature of mGIluR-mediated regulation of excitability. In contrast,
activation of group Il and 11l mGIuRs typically produces hyperpolarization via K* channel
activation, including, most prominently, GIRK channels (Dutar et al., 2000; Watanabe and
Nakanishi, 2003). Thus, Gjp-coupled mGIuRs provide a cellular signal that is inherently
opposed to iGIuR-mediated excitation to provide feedback inhibition. An exception to the
hyperpolarizing effect of group Il and 111 activation was reported by Ster et al. (2011), who
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characterized the ability of mGIuR3 to activate an unidentified depolarizing cation
conductance in CA3 neurons.

The effects of mGIuR activation on excitability and how those effects summate with iGIuR-
mediated EPSPs deserve more attention, especially in the context of dendritic integration
(Stuart and Spruston, 2015). Methods to optically control iGIuRs and mGIuRs (Overcoming
Technical Challenges in Studying GIuR Crosstalk) in combination with technical advances
to optically measure membrane potential changes (Xu et al., 2017) should be particularly
well-suited for answering these questions with enhanced spatial resolution at many locations
across a neuron; i.e., within a dendritic tree.

Transcriptional and Translational Crosstalk.—In addition to acute signaling events,
GluRs can profoundly affect cellular function over longer timescales through transcription
and translation. Both iGIluRs (Lerea and McNamara, 1993; Kaltschmidt et al., 1995) and
mGIuRs (Wang and Zhuo, 2012) can induce transcription of immediate-early genes, which
are likely downstream of both spike firing and Ca2* influx. A key open question is whether
iGluRs and mGIuRs lead to transcription of an overlapping set of genes (Figure 2D),
including transcription of GluRs themselves. iGIUR or mGIuR activation can also induce
translation via a variety of pathways, including locally at the synapse (Hsu et al., 2015;
Huber et al., 2000). Notably, dysregulated local protein synthesis following mGIuR
activation forms a central mechanism of the mGIuR theory of fragile X syndrome (FXS)
(Bhakar et al., 2012). Despite extensive analysis of mGIuR and NMDAR-mediated control
of local translation, minimal work has addressed bidirectional translational control between
GluRs. With studies suggesting that mGIuR5 can control PSD-95 (Todd et al., 2003),
AMPAR (Muddashetty et al., 2007), or GIUN2A translation (Darnell et al., 2011), there is
impetus for further study.

Bidirectional Modulation: mGluRs as iGIuR Effectors and Vice Versa

GluRs also act as mutual effectors of each other (Figure 2E) by a number of different
mechanisms, indicating that multiple modulatory effects may occur concomitantly or in a
context-dependent manner.

MGIuUR Regulation of iGIuRs.—After the cloning of mGIuRs and iGIuRs, functional
measurements of their crosstalk were made, with a focus on the downstream effects of group
I mGIuR activation on NMDARs. Studies in heterologous and native systems found that
group I mGIuR agonists can potentiate activation of GIUN2A/2B containing NMDARS on
the timescale of minutes, likely by upregulating surface expression (Fitzjohn et al., 1996;
Kelso et al., 1992; Lan et al., 2001; Benquet et al., 2002). This potentiating effect on
NMDARs is contradicted by previously mentioned studies (Perroy et al., 2008; Yu et al.,
1997) that observed that group | mGluR-mediated NMDAR inhibition is unlikely to be
mediated by trafficking effects. Interestingly, NMDAR potentiation was observed primarily
in hippocampal neurons, whereas inhibition was found in cortical neurons, suggesting
potential cell type dependence. Consistent with the notion of context dependence, Grishin et
al., 2004 found that group | mGIuR activation results in depression of NMDAR currents in
CAZ3 neurons but potentiation in CA1 neurons. Matta et al. (2011) showed that mGIuR5
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activation drives the exchange of GIuN2B to GIuUN2A subunits, indicating that modulation
by group | mGIuRs may depend on the NMDAR subtype and developmental stage.

Unfortunately, minimal progress on deciphering the pathways between group | mGIuR
activation and NMDAR regulation has been made. Rook et al. (2015) reported an mGIluR5
positive allosteric modulator (PAM), VU0409551, that enhanced mGIuR5 activation without
potentiating NMDAR currents in CAL neurons. This “biased” PAM has yet to provide
mechanistic insight into mGIURS5/NMDAR crosstalk but holds great potential for
disentangling the role of mGIluR5-mediated NMDAR potentiation in neurophysiological
processes.

Receptor internalization is a classical form of regulation and has been extensively studied for
AMPARSs in the context of synaptic plasticity (iGIUR/mGIuR Crosstalk in Synaptic Function
and Dysfunction). Group | mGIuR activation leads to AMPAR internalization through a
variety of kinase and phosphatase-controlled mechanisms (Moult et al., 2006; Snyder et al.,
2001). Interestingly, the initial study that showed mGIuR-induced iGIuR internalization
found clear effects on both AMPARs and NMDARSs (Snyder et al., 2001), although
subsequent work has largely focused on AMPARs. Moreover, group | mGIuRs are also able
to potentiate GluK5-containing heteromeric KARs through PKC-mediated phosphorylation
(Rojas et al., 2013). A final example of group | mGIuR modulation of iGIuRs pertains to the
GluD subfamily. Group I mGIuR activation of G4 proteins has been recently shown to gate
GluD1 or GluD2 to produce inward currents in heterologous and native systems (Ady et al.,
2014; Benamer et al., 2018). This exciting finding provides a means of glutamate-triggered
activation of GluDs and motivates further studies of the mechanisms and its physiological
relevance.

Compared with group | mGIuRs, less work has addressed group Il and 111 mGIluR-mediated
regulation of iGIuRs. However, recent studies support the notion that NMDARs can be
downstream effectors of Gjj,-coupled mGIuRs. For example, mGIuR7 can downregulate
NMDARs through an actin-dependent mechanism (Gu et al., 2012), and agonists of mGIluR2
and 3 can potentiate NMDARs via kinase-mediated pathways (Rosenberg et al., 2016).
Unfortunately, limited studies have addressed the effects of group 1l and 111 mGIuR
activation on AMPARs or KARs. Notable recent work has identified a non-canonical form
of synaptic longterm depression via mGIluR3-induced AMPAR internalization (Joffe et al.,
2017). Many more mechanisms of reciprocal regulation may exist because iGIuRs are
affected by signals downstream of mGIuR activation, such as arachidonic acid (Nishikawa et
al., 1994), PIP, (Michailidis et al., 2007), phosphatidylinositol 3,4,5-trisphosphate (PIP3)
(Arendt et al., 2010), cCAMP (Gutierrez-Castellanos et al., 2017), and activated CaMKI|I
(Lisman et al., 2012).

iGIuR Regulation of mGluRs.—The aforementioned studies show that mGIuR
activation modulates iGIuR function, but less is known about regulation in the opposite
direction. Many of the signals controlled by iGIuRs have been proposed to modulate
mGIuRs, including voltage (Ohana et al., 2006), extracellular ions(Kubo et al., 1998),
intracellular Ca2* (O’Connor et al., 1999), and kinase signaling (Kim et al., 2008). Notably,
it has been shown, in Xenopus oocytes and cortical neurons, that NMDAR activation can
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reverse mGIuR5 desensitization via calcineurin-mediated dephosphorylation of mGIuRS5 at a
PKC site (Ser890) (Alagarsamy et al., 1999). Future work is needed to elucidate these
mechanisms and to analyze regulation of mGIluRs by iGIuRs in heterologous and native
systems.

iIGIUR/mGIuUR Crosstalk in Synaptic Function and Dysfunction

Glutamate Sensing by iGluRs and mGIuRs at the Tripartite Synapse

For a mechanistic understanding of concerted glutamate signaling, it is important to define
which cells express GluRs, where they are located within the synapse, and under what
conditions they are activated.

GluR Expression Patterns.—It is firmly established from RNA /n situ hybridization,
transcriptome data, radio-ligand binding, immunohistochemistry, and functional studies that
both iGIuR and mGIuR expression is widespread and highly overlapping throughout nearly
all brain regions (Ferraguti and Shigemoto, 2006; Hadzic et al., 2017). However, their
precise expression patterns remain partially characterized at the level of individual cells. In
the cortex and hippocampus, iGIuRs and mGIuRs are found in both excitatory glutamatergic
and inhibitory GABAergic interneurons, with distinct patterns for different receptor subtypes
(Figure 3A). As large-scale single cell RNA sequencing reveals an increasingly large
diversity of excitatory and inhibitory neuron types (Paul et al., 2017; Zeisel et al., 2015), the
need to define the precise expression levels of each GIuR variant in each cell type only
increases.

GluRs are also found in various glial cell types. Among mGIluRs, mGIuR3 and mGIuR5 are
highly expressed in astrocytes, with mGIuR5 expression drastically reduced in cortical and
hippocampal astrocytes following development (Sun et al., 2013). Prominent examples of
iGIuRs in glia are AMPARSs in neocortical astrocytes and cerebellar Bergmann glia (lino et
al., 2001; Chai et al., 2017) and NMDARs likely expressed in cortical astrocytes, although a
consensus has not been reached (Dzamba et al., 2013). iGIuRs and mGIuRs are also
expressed in microglia (Noda et al., 2000; Taylor et al., 2005). Overall, our understanding of
iGIuR and mGIuR overlap in expression levels and cell type localization remains very
limited and qualitative in neurons and glia, especially at the protein level.

Subcellular Localization of GluRs.—The precise nanoscale localization of GluRs will
determine when activation occurs and which downstream pathways are initiated and their
potential crosstalk. Classically, iGIuRs and group | mGIuRs are thought to localize to the
postsynapse, whereas group Il and 111 mGIuRs are concentrated in the presynapse. However,
a wealth of work has shown post-synaptic group Il and Il mGIuRs, presynaptic iGIuRs, and
group I mGIuRs as well as glial GIuRs, which greatly increases the sites where GIuR
signaling and crosstalk may occur (Figure 3A). iGIuRs are often located within the
postsynaptic density (PSD) directly opposing the presynaptic release sites (Petralia and
Wenthold, 1992; Matsuda et al., 2016; Biederer et al., 2017). However, iGIuRs are also
found in membrane regions adjacent to the PSD, perisynaptically, or extrasynaptically
(Figure 3A). Exchange between extra-synaptic and intracellular AMPAR pools is thought to
allow rapid changes in synaptic strength by diffusing or trafficking in and out of the synapse
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(Penn et al., 2017; Wu et al., 2017). In contrast, the sub-synaptic localization and dynamics
of postsynaptic mGIuRs remain less clear. mGIuR1 and mGIuR5 appear to be located at the
periphery of the PSD (Nusser et al., 1994; Lujan et al., 1997), but this conclusion is based on
relatively few studies at a subset of relevant synapses. The apparent discrepancy in
localization between synaptic iGIuRs and perisynaptic or extrasynaptic mGIuRs raises the
question of where physical interactions between GIuR classes may occur. For instance, do
mGIuR1 and mGIuR5 exclusively interact with perisynaptic or extrasynaptic NMDARSs, or
do scaffolding networks bring group | mGIuRs directly into the PSD? Similar to AMPARSs,
post-synaptic mGIuR5 localization is dynamic (Sergé et al., 2002), and intracellular
populations may mediate plasticity-associated signaling (Purgert et al., 2014). Less is known
about the sub-synaptic localization of post-synaptic group Il mGIuRs, but a recent electron
microscopy (EM) study in the prefrontal cortex of primates found mGIuR3 directly in the
synapse of thin dendritic spines (Jin et al., 2018).

Within a single cell, there is extreme heterogeneity in terms of synapse morphology,
organelle population, and signaling. Single-synapse heterogeneity is especially important
postsynaptically because dendritic spines provide semi-autonomous biochemical (Yasuda,
2017) and electrical (Beaulieu-Laroche and Harnett, 2018) signaling compartments.
Unfortunately, limited data with single-synapse resolution have addressed the co-localization
of iGluRs and mGluRs. Different iGIuRs are present to varying degrees in synapses of
different levels of maturation or localization relative to the soma (O’Rourke et al., 2012;
Shipman et al., 2013), but mGIuR variability and density across synapses types is not
known. Of particular interest are silent synapses, which lack AMPARs but can be converted
into active synapses following NMDAR activation (Kerchner and Nicoll, 2008). mGIuR
activation is proposed to promote silent synapse formation (Gomperts et al., 2000), but a
direct analysis of mGIuR localization to silent synapses is needed.

iGIluRs and mGIuRs are both also localized to the presynaptic terminal (Pinheiro and Mulle,
2008). Group Il and 111 mGIuRs are thought to serve primarily as presynaptic auto-receptors
that, with the exception of the low-affinity mGIuR?7, are localized outside of active zones
(Shigemoto et al., 1996, 1997; Figure 3A). The placement of mGIuRs outside of the active
zone raises the question of when pre-synaptic mGIuRs are activated and how they are able to
regulate release at a distance. On the other hand, iGIuRs have been reported in both the
active zone and perisynaptic locations. Both receptor families also exist in glial processes,
where they can mediate structural plasticity (Lavialle et al., 2011), but a detailed picture of
localization within glia relative to neuronal synapses does not yet exist.

High-resolution imaging techniques hold great promise for giving a more complete picture
of the spatial arrangement of GIuRs in individual synapses. Expansion microscopy (Chen et
al., 2015) enhances the resolution of fluorescence immunohistochemistry-based approaches
in intact tissue, and super-resolution imaging techniques allow live tracking of single
molecules and have begun to give insight into the organization of synaptic signaling proteins
(Dani et al., 2010; Tang et al., 2016). Gene editing techniques that allow addition of epitopes
or fluorescent tags to endogenous proteins in post-mitotic neurons (Nishiyama et al., 2017)
may further improve these experiments by avoiding overexpression, which is frequently
associated with mislocalization. Excitingly, the introduction of time-resolved freezing
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techniques to EM (Watanabe et al., 2013) opens the door to follow GIuR localization relative
to receptor activation or neurotransmitter release.

GIluR Activation Is Controlled by Complex Glutamate Dynamics.—The activation
of different GIuR populations is determined by the complex changes in glutamate
concentration and the precise synaptic localization, affinity, and gating properties of each
receptor subtype. Although it is experimentally difficult to characterize the nanoscale and
sub-millisecond changes in glutamate concentration, indirect deductions from well
characterized iGIuR currents and simulations suggest that the millimolar peak concentration
in the synaptic cleft after synchronized vesicular release drops rapidly with a time constant
of 1 ms because of diffusion and eventual re-uptake (Figures 1B and 1C; Bergles et al.,
1999). The situation is more complex for extrasynaptic glutamate, which may result from
spillover from nearby or distant synapses, low transporter densities in some areas, or non-
vesicular release from neurons or glia. Because of these uncertainties, it is difficult to
predict, for even the best characterized iGIuR subtypes, how individual receptors will
respond to a given stimulus; i.e., whether full occupancy and maximal activation will occur,
whether desensitization is triggered, and how recovery may be delayed by residual amounts
of glutamate. For instance, Lu et al. (2017) recently attributed a slow EPSC lasting hundreds
of milliseconds to a delayed AMPAR response, which is controlled by slow glutamate
uptake and the presence of stargazin. For mGIuRs, for which very little kinetic information
has been collected, it remains unclear whether single events are even sufficient to elicit a
response; the classical view is that mGIuR activation requires pulse trains to produce homo-
or heterosynaptic glutamate spillover (Viaene et al., 2013; Mitchell and Silver, 2000).
Enhancing our quantitative understanding of mGIuR activation dynamics at the synapse is
one of the major necessities of the broader field of glutamatergic neurotransmission and is
needed for an accurate temporal picture of GIuR crosstalk. Existing work suggests that
synaptic GIuRs are activated in response to different firing frequencies, although some
extrasynaptic iGIUR populations may also be activated by spillover (Castillo et al., 1997),
and evidence exists for volume transmission of glutamate in some brain regions (Szapiro and
Barbour, 2007).

Regulating access to glutamate is one of the major forms of iGIUR/mMGIuR crosstalk.
Presynaptic GIuRs can modulate spontaneous or evoked release and directly affect the
activation of all receptors across the synapse (Pinheiro and Mulle, 2008). In particular, group
I1 and 111 mGIuRs serve as major mediators of feedback inhibition throughout the brain,
although defining when presynaptic mGIuRs are activated at different synapse types remains
to be clarified. Glial GIuRs likely also play an important role in shaping glutamatergic
signaling because glia provide the main route of glutamate uptake and can release glutamate
and other transmitters as part of activity-evoked gliotransmission (Araque et al., 2014). At
CAL synapses, it has been shown that even single synaptic events will, by local activation of
mGIuRS5 on astrocytic processes, activate gliotransmitter release and enhance synaptic
activity (Panatier et al., 2011). Notably, glia may receive distinct glutamatergic inputs, as has
been demonstrated for Bergman glia, where AMPARS are activated by ectopic glutamate
release (Matsui et al., 2005). Basal glutamate levels in and outside of the synaptic cleft
remain controversial. Slice measurements indicate that extracellular glutamate at rest is as
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low as 25 nM (Herman and Jahr, 2007), whereas /n vivo microdialysis measurements
suggest concentrations up to uM (Dash et al., 2009), which would activate most mGIuR
subtypes tonically and partially desensitize many iGIuR subtypes (Figure 1B). Slice studies
have shown basal activity NMDARs (Le Meur et al., 2007) and mGIuRs (Rodriguez-Moreno
et al., 1998), but /7 vivo basal activity remains to be demonstrated.

Although the examination of synaptic and extrasynaptic glutamate levels has relied
predominantly on electrophysiology, optical sensing approaches provide a new avenue for
describing the dynamics of glutamate (Marvin et al., 2013) and, potentially, coagonists and
modulatory ions, in more detail. Precise knowledge of when, where, and to what extent
GluRs are activated during patterns of activity is key to fully model and understand synaptic
transmission, plasticity, and dysfunction.

Opposing and Synergistic Roles in Synaptic Plasticity

Synaptic plasticity is a key property of neural circuits and has been intensively studied for
glutamatergic synapses, with particular focus on those of the hippocampus, neocortex, and
cerebellum. iGIuRs and mGIuRs contribute to long-lasting changes in synaptic strength in
response to particular patterns of activation through overlapping pre- and postsynaptic
mechanisms.

Long-Term Potentiation.—One of the most well-studied forms of synaptic plasticity is
tetanus-induced Hebbian long-term potentiation (LTP), which was first demonstrated in the
hippocampus and depends on NMDAR-mediated Ca2* influx, which initiates a CaMKI|I-
dependent signaling cascade that leads to increased postsynaptic AMPAR function (Herring
and Nicoll, 2016). Consistent with studies showing group | mGluR-mediated potentiation of
NMDARs (Bidirectional Modulation: mGIuRs as iGIuR Effectors and Vice Versa), group |
mGIuR activation contributes to the amplitude of LTP in CA1 (mGIuR5) (Bashir et al.,
1993; Lu et al., 1997; but see Selig et al., 1995), and CA3 (mGIuR1) (Conquet et al., 1994).
Notably, co-application of NMDA and a group | mGIuR agonist produces a chemically
induced form of LTP (Kotecha et al., 2003) similar to tetanus-induced LTP, supporting a
collaborative role for mGIuRs and iGluRs. However, mechanistic questions remain about the
contribution of mGIuRs to LTP, in part because of subtle changes in experimental conditions
between studies, including previous activation of mGIuRs (Bortolotto et al., 1994) and
stimulus conditions (Wilsch et al., 1998). This work is consistent with the interpretation that
mGIuRs fine-tune various stages of NMDAR-driven LTP and associated spatial learning
processes (Mukherjee and Manahan-Vaughan, 2013). The underlying basis of this crosstalk
is unclear, given the many possible mechanisms (GIuR Crosstalk by Various Mechanisms on
Different Levels), but may, in part, be mediated by a cooperative combination of Ca* and
CaMKII activation.

Long-Term Depression: mGIUR-LTD versus NMDAR-LTD.—There are two major
forms of postsynaptic long-term depression (LTD) at glutamatergic synapses, mGIuR-LTD
and NMDAR-LTD, which have been extensively characterized in the hippocampus (Schaffer
collateral-CA1 synapses) but also occur in the cerebellum (parallel fiber-Purkinje cell
synapses) and in sub-cortical regions (Llscher and Huber, 2010). In the hippocampus,
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NMDAR- and mGIuR-LTD can be induced through sparse electrical stimulation of Schaffer
collaterals (typically 1 Hz for ~10 min) but are more often studied by using either NMDAR
or group | mGIuR agonists (Lee et al., 1998; Palmer et al., 1997). Hippocampal mGIuR-LTD
has been intensively studied in large part because its enhancement is the major
endophenotype associated with FXS (Bhakar et al., 2012). mGIuR-LTD has been found to
be Gy-dependent (Kleppisch et al., 2001); to engage a number of kinase signaling pathways,
including those involving phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR (Hou and
Klann, 2004), ERK (Gallagher et al., 2004), and p-arrestins (Stoppel et al., 2017); and to
require dendritic protein synthesis (Huber et al., 2000). Contradictory conclusions have been
drawn about the requirement of Ca?* elevations for mGIuR-LTD (Luscher and Huber, 2010),
whereas NMDAR-LTD is thought to be triggered by a moderate initial Ca?* influx that
results in AMPAR dephosphorylation to facilitate their endocytosis (Lee et al., 2000;
Mulkey et al., 1993). This Ca2*-dependent mechanism has been questioned by the
controversial observation that NMDARs might induce LTD in the presence of the GIuN1
antagonist 7CK or the pore blocker MK-801, which should abolish ion flow, and suggests a
metabotropic pathway rather than entry of Ca2* being in control (Nabavi et al., 2013; Stein
et al., 2015; but see Babiec et al., 2014). This proposal is supported by studies showing that
ligand binding alone can drive conformational changes in the CTD that affect the interaction
with kinases and phosphatases (Aow et al., 2015; Vissel et al., 2001; Weilinger et al., 2016).

Unlike the collaborative nature of group | mGIuR and NMDAR signaling in forms of LTP,
NMDAR-LTD and mGIuR-LTD are thought to be mechanistically distinct. In a particularly
elegant study, Oliet et al. (1997) found that mGIluR-LTD and NMDAR-LTD do not occlude
each other and involve different signaling cascades that require T-type Ca%* channels and
PKC or phosphatase activity, respectively. Remarkably, the different role of mGIuRs in LTP
versus LTD induction suggests that mGIuR5 activation, at least in CA1 neurons, is context-
dependent. If NMDARs are co-active, then LTP can be induced, and if NMDARSs are not co-
active, then NMDAR-independent LTD can be induced. This leads to the hypothesis that,
depending on the extent of NMDAR activation, mGIuR5 can couple to different effector
pathways, which engage either LTP- or LTD-coupled mechanisms. Importantly, mGIluR-
LTD requires interaction with Homer (Ronesi and Huber, 2008), indicating that precise
scaffolding plays an important role. Similarly highlighting the importance of molecular
organization, AKAP150-mediated recruitment of calcineurin and PKA is required for GIuAl
regulation during NMDAR-LTD but not mGIuR-LTD (Jurado et al., 2010; Sanderson et al.,
2016), whereas inhibition of tyrosine phosphatases, such as striatal-enriched protein
phosphatase (STEP), revealed a role for tyrosine de-phosphorylation on GIuA2 in mGIuR-
LTD but not NMDAR-LTD (Moult et al., 2006). Ultimately, NMDAR and mGIuR-LTD
converge on reduced surface expression of AMPARS, but further resolution of the distinct
pathways and, potentially, different pools of AMPARSs that are involved (Casimiro et al.,
2011; Figure 3B) is required. In addition, the potential age- and brain region-dependent
presynaptic expression of mGluR- and NMDAR-LTD (i.e., the decrease in release
probability) (Fitzjohn et al., 2001; Zakharenko et al., 2002; Xu et al., 2013) is a topic under
debate.

A question that naturally arises is this: why employ two distinct LTD mechanisms if both are
gated by low-frequency glutamate release? A potential answer comes from single-synapse
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imaging studies that suggest that large ER-containing synapses are particularly susceptible
to mGIuR-LTD, whereas smaller, newer synapses are more accessible to NMDAR-LTD
(Holbro et al., 2009; Oh et al., 2013). Interestingly, Oh et al. (2013) found that activation of
group | mGIuRs is required in addition to NMDAR activation in the shrinkage of large
spines. Consistent with a complex dynamic interplay between synaptic NMDAR and mGIuR
activation, group | mGIuRs have emerged as secondary coincidence detectors in cortical
spike timing-dependent LTD (Bender et al., 2006). Together, these observations highlight the
need for a deeper understanding of the underlying synaptic activation dynamics of mGIuRs
and iGluRs.

Although post-synaptic LTD is typically expressed via the reduction of AMPAR-mediated
transmission, NMDAR responses can also show a plastic decrease upon low-frequency
stimulation (Hunt and Castillo, 2012) triggered by group | mGIluRs (Bhouri et al., 2014).
This mGluR-induced form of LTD constitutes a form of metaplasticity because the reduction
of synaptic NMDARSs is strong enough to increase the subsequent stimulation threshold
required for NMDAR-dependent LTP. More work is needed to delineate the conditions that
produce this form of LTD and the mGluR-dependent mechanisms that produce either
AMPAR or NMDAR downregulation.

Presynaptic Plasticity.—mGIuRs and iGluRs also mediate presynaptic forms of long-
term plasticity. Pre-synaptic LTD induced by Gj;o-coupled receptors is found throughout the
brain (Atwood et al., 2014), with a prominent example being NMDAR-independent, group
Il mGluR-mediated LTD at hippocampal mossy fiber (MF)-CA3 synapses (Kobayashi et al.,
1996). Compared with post-synaptic LTD, less is known about the downstream signaling
mechanisms, but downregulation of cAMP/PKA signaling (Monday and Castillo, 2017;
Tzounopoulos et al., 1998) induces persistent changes in release probability (Figure 3C).
Curiously, low-frequency (~0.1 Hz) pre-synaptic stimulation is required during agonist of
mGIuR2 and 3 application to facilitate LTD induction (Tzounopoulos et al., 1998),
suggesting an uncharacterized form of coincidence detection.

Presynaptic KARs also contribute to short- and long-term presynaptic plasticity, including at
MF-CA3 synapses (Nicoll and Schmitz, 2005). KAR blockade or knockout (KO) of GluK2
reduces, but does not fully prevent, presynaptic MF LTP (Contractor et al., 2001; Wallis et
al., 2015), which, similar to MF LTD, is thought to be mediated by changes in presynaptic
CAMP levels. Evidence exists that residual LTP is mediated by group I mGIuRs (Contractor
etal., 2001; Wallis et al., 2015). Consistent with differential regulation of cAMP signaling,
group Il mGIuR activation reverses the induction of MF LTP (Tzounopoulos et al., 1998),
indicating fundamentally opposed roles for group 1l mGIuRs and KARs. However, KARs
have also been found to contribute to presynaptic depression at MF-CA3 synapses via a
mechanism that may involve activation of Gjj, proteins (Contractor et al., 2000; Frerking et
al., 2001). Furthermore, Lyon et al. (2011) found intact MF-CA3 LTD in mGIuR2 and 3
double KO mice that was blocked by the AMPAR and KAR antagonist 2,3-dihydroxy-6-
nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX). Together, these observations
motivate further analysis of presynaptic KAR/mGIuR crosstalk, especially with regard to
pertussis toxin (PTX)-sensitive G protein coupling. An attractive hypothesis is that KAR
pore opening promotes LTP via Ca2* influx to activate Ca2*-sensitive adenylyl cyclases,
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whereas KAR-mediated metabotropic signaling promotes LTD by inhibiting cAMP
production through direct activation of G proteins or modulation of nearby GPCRs (Figure
3C).

Finally, presynaptic NMDARSs play a highly debated role in long-term synaptic plasticity
(Pinheiro and Mulle, 2008; Bouvier et al., 2018). Evidence exists that NMDAR-mediated
Ca?* flux at presynaptic terminals at a number of synapses can induce long-term changes in
spontaneous or evoked release probability (Abrahamsson et al., 2017; Park et al., 2014).
Further work is needed to delineate precisely which synapses contain presynaptic NMDARs
and decipher the mechanisms of regulation and their potential overlap with group Il and 111
mGIuR-mediated presynaptic inhibition.

GIuR Crosstalk in Neuropsychiatric Disease

A common feature of many cognitive and neuropsychiatric disorders is disruption of
glutamatergic synapse function, which leads to excitation/inhibition imbalances (Volk et al.,
2015). Consistent with this, glutamate receptors and the many proteins GIuRs interact with
physically or functionally are thought to be involved in both the underlying pathophysiology
and potential treatment of many disorders. Despite many remaining mechanistic questions,
both iGluRs and mGIluRs have emerged as potential drug targets for a number of disorders,
including schizophrenia, depression, and addiction.

The striking observation that administration of ketamine, a non-competitive NMDAR
antagonist, works as an antidepressant with rapid onset and long-lasting effects has
motivated extensive study of GluR-mediated synaptic plasticity in depression (Duman et al.,
2016). Depression is thought to involve deficits in both the number and strength of
glutamatergic synapses, particularly in the prefrontal cortex and ventral hippocampus, and,
although the mechanisms of ketamine action remain controversial (Zanos and Gould, 2018),
antagonism of either group I (Hughes et al., 2013) or group Il (Chaki, 2017) mGIuRs shows
similar rapid anti-depressant effects in mouse models, raising the possibility of overlapping
mechanisms. Schizophrenia is also associated with an imbalance in prefrontal cortex
glutamate signaling, which is induced or exacerbated by NMDAR hypofunction
(Moghaddam and Javitt, 2012), which may be alleviated by group I or Il mGIuR agonism or
potentiation (Foster and Conn, 2017; Moghaddam and Adams, 1998) or AMPAR
modulation (Ranganathan et al., 2017). Crosstalk between mGIuRs and iGluRs is also
relevant to the aberrant synaptic plasticity within the mesocorticolimbic system that
underlies various forms of addiction. For example, cocaine use leads to an increase in Ca%*-
permeable AMPAR function and an increase of GIuN3-containing NMDARS in
dopaminergic neurons of the ventral tegmental area, which can be re-normalized by group |
mGIuR signaling (Creed et al., 2016; Liischer, 2016). Furthermore, it has been proposed that
an imbalance of glutamate homeostasis upon drug use results in elevated extracellular
glutamate levels in the ventral striatum, which may be restored by inhibiting release through
group Il and Il mGIuR activation (Kalivas, 2009).

The possibility of using mGIuR modulators to treat neuropsychiatric disorders is promising,
but a deeper understanding of the underlying GIuR signaling and circuitry will be critical for
higher-precision treatments. Targeting iGIuRs and mGIuRs in parallel may allow both
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mechanistic insight and enhanced treatment efficacy while potentially minimizing the side
effects of iGIUR agonists and antagonists.

Overcoming Technical Challenges in Studying GIuR Crosstalk

The technical challenges posed by investigating the role of large, diverse receptor families
activated by the same neurotransmitter at the same time is a major reason for our incomplete
understanding of GIUR crosstalk. Pharmacological tools to agonize, antagonize, or
allosterically modulate receptor function are the most widely used means to examine GIuR
function (Figure 1A; Niswender and Conn, 2010; Traynelis et al., 2010). However,
specificity for single receptor subtypes is rare, and poor spatial and temporal control make
pharmacological agents ill-suited for studying spatially limited and rapid GIuR signaling. An
underappreciated issue is the potential promiscuity of drugs between iGIuRs and mGIuRs,
which contain structurally homologous orthosteric binding sites. For instance, many
commonly used mGIuR drugs, such as the group Il agonist DCG-1V, show antagonism or
partial agonism at NMDARs (Contractor et al., 1998; Wilsch et al., 1994), limiting the
usable concentration ranges and potentially confounding interpretation of experiments.
Fortunately, new drugs continue to be developed, such as those with enhanced specificity or
sophisticated allosteric mechanisms (Foster and Conn, 2017), including allosteric
nanobodies (Scholler et al., 2017), or those that target auxiliary subunits (Maher et al.,
2017).

As a complement to pharmacological studies, genetic KO models are an important tool for
addressing GIUR physiology. However, many GIuR KOs show only modest effects,
indicating functional overlap and, possibly, genetic compensation, and, given the widespread
nature of GIuRs in the brain, the coarseness of these perturbations may often fail to capture
the distinct and sometimes opposing roles of different populations of the same receptor
subtype. Recent years have seen advancements in the ability to target genetic KO or knockin
of specific mutations, improving the utility of such approaches. For example, Incontro et al.
(2014) established the CRISPR/Cas9 system for knockdown of either GIuN1 or GIuA2, and
Barnes et al. (2015) developed a targeted KO mouse to identify a possible role for mGIuR5
in parvalbumin-positive interneurons in neurodevelopmental disorders.

An appealing approach is to combine pharmacological approaches with optical control to
manipulate GIUR populations with high spatial and temporal resolution. To facilitate such
experiments, caged or photoswitchable ligands have been developed for improving
spatiotemporal control of native GIuRs (Pittolo et al., 2014; Reiner et al., 2015). However,
the soluble nature of these compounds constrains their precision because they are subject to
diffusion and slow unbinding kinetics, and full subtype specificity is rarely achieved.
Furthermore, the lack of genetic targeting limits the interpretation of experiments based on
such compounds in native systems.

Optogenetic approaches have the advantage of being able to target distinct cell types or brain
regions, which offers exciting possibilities for addressing GIuR crosstalk on both the cellular
and circuit level. Photoswitchable tethered ligands (PTLs), which attach directly to the
receptor of interest, have permitted extremely rapid, reversible, targeted control of KARs

Neuron. Author manuscript; available in PMC 2019 April 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reiner and Levitz

Page 19

(Volgraf et al., 2006), NMDARs (Berlin et al., 2016), and group 1l mGIuRs (Levitz et al.,
2013) with complete subtype specificity and genetic targeting capability. PTLs have
facilitated biophysical work on receptor gating mechanisms Levitz et al., 2016a; Reiner and
Isacoff, 2014) as well as neurophysiological studies both ex vivoand in vivo (Hou et al.,
2011; Levitz et al., 2016b). Most recently, photoswitchable orthogonally and remotely
tethered ligands (PORTLSs) have been developed, which allow optical control of group Il and
Il mGIuRs via attachment to genetically encoded labeling tags (i.e., SNAP or CLIP) with
improved specificity, orthogonality, and efficiency (Broichhagen et al., 2015, Levitz et al.,
2017). Crucial for their utility in probing crosstalk, the flexibility and orthogonality of the
PORTL approach, along with spectral tuning of photoswitches, has allowed multiplexing
optical control of multiple GIuR subtypes (Berry et al., 2017; Broichhagen et al., 2015). The
ability to activate multiple GIuR subtypes with defined temporal patterns relative to each
other in overlapping or distinct cellular or synaptic populations will allow direct testing of
the collaborative or opposing roles of receptors in different processes, such as modulation of
neuronal excitability or plasticity induction.

Ideally, the PTL and PORTL approaches can be expanded to all GIUR subtypes to yield a
genetically targetable toolkit that can be efficiently multiplexed. Other promising
complementary optogenetic approaches include the ability to optically control targeting of
GluRs to the PSD (Sinnen et al., 2017) and the use of photoswitchable unnatural amino
acids to inactivate or allosterically gate GluRs (Klippenstein et al., 2017). Innovative
methods to perturb native GIuR signaling have recently been developed, including antibody-
mediated targeted ablation of AMPARs (Takemoto et al., 2017), genetically targeted delivery
of AMPAR antagonists (Shields et al., 2017), or targeted visualization and ablation of native
synaptic proteins (Gross et al., 2016). Together with the aforementioned methods for
localizing and measuring GIuRs and their downstream effectors, these technologies continue
to push the field closer to the ultimate goal of pairing genetic targeting and high-resolution
optical manipulation to control native receptor sub-populations.

The plethora of new approaches and the vast base of knowledge on GluRs that has been
accumulated from decades of research leave the field of GIuR biology poised to make major
advances that will help unify our understanding of the coordinated function of iGIuRs and
mGIuRs at the molecular, synapse, and circuit levels. mGluRs and iGIuRs should be thought
of as signaling partners that work in concert to balance synaptic excitation and feedback
inhibition. Greater insight into iGIUR/mGIuUR coordination will also be relevant for the
general phenomena of crosstalk between ion channel and GPCRs, which is prevalent
throughout the nervous system within and between neurotransmitter and neuromodulator
systems.
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Figure 1. iGluRs and mGIuRs: Structural Organization, Glutamate Sensitivity, and Kinetics
(A) Top: domain organization of iGIuRs (green) and mGIuRs (blue). Glutamate and

orthosteric ligands bind in the inter-lobe cleft of the ligand binding domains (LBDs). In both
receptor classes, various ions bind near the orthosteric site, in the inter-LBD dimer interface,
and the amino terminal domain (ATD) of iGIuRs. Positive or negative allosteric modulators
of mGIuRs bind in the transmembrane domain (TMD), whereas allosteric modulators of
iGIuRs bind in the ATD or LBD, and pore blockers bind within the ion channel-forming
TMD. Bottom: phylogenetic trees showing the iGIuR and mGIuR subfamilies and their
subunits.

(B) Top: diagram summarizing synaptically relevant glutamate concentrations. Bottom:
glutamate sensitivities (centered around ECg) of mGIuRs and iGIuRs cover a broad range
and show a major overlap.

(C) Timescales of synaptic transmission and plasticity (top) and the associated timing of
GIuR gating and downstream signaling (bottom). The fastest iGIuRs, AMPARs and KARs,
mediate millisecond responses and enable high-frequency synaptic transmission. Both
mGIuRs and iGluRs allow sensing and signal transduction (timescale of tens of
milliseconds) to control many forms of short-term (seconds to minutes) and long-term
synaptic plasticity (hours). Precisely defining these timescales remains an important
challenge, particularly for mGIuRs in the synaptic context where few high-resolution, direct
measurements have been made.
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Figure 2. Potential M echanisms of Crosstalk between iGluRs and mGIluRs
(A) iGluRs and mGluRs may interact directly to modulate each other, as exemplified by

potential direct interaction between the CTDs of group | mGluRs and NMDARs..

(B) Synaptic scaffolding proteins that interact with both GIuR classes provide ample
opportunities for crosstalk in the form of bridging between different receptor complexes
(e.g., for group I mGIluRs and NMDARs via Homer-SHANK-DLGAP-PSD-95) or
competition for the same scaffold (e.g., PICK1, which contains a common binding site for
mGIuR7 and AMPARS)..

(C) Downstream signals that are activated by iGIuRs and mGIuRs via overlapping or distinct
mechanisms allow crosstalk, as illustrated by the shared second messenger Ca2* (orange
circles). Glutamate-evoked channel opening of iGIuRs produces Ca?* influx, whereas group
| mGIuRs induce Ca2* release from intracellular stores. Both iGIuRs and mGIuRs can
modulate the function of voltage-gated Ca2* channels (VGCCs), and elevations in cytosolic
Ca?* can lead to Ca2*-induced Ca2* release (CICR) from the ER, providing many
opportunities for crosstalk where Ca2* signals act cooperatively to control cellular
Processes..

(D) Transcription and translation are controlled by iGIuR and mGIuR signaling. Regulating
the expression of receptor subtypes, key scaffolds, regulators, or effectors provides a
powerful form of positive or negative synergism.

(E) By initiating a number of second messenger and phosphorylation-mediated signaling
cascades, mGIuRs and iGIuRs serve as mutual effectors of each other. Left: summary of
major paths of inter-class receptor regulation. Solid lines indicate potentiation or inhibition
that has been clearly demonstrated, whereas dotted red lines indicate that insufficient
analysis has been performed for this combination. Right: one example of reciprocal
regulation is group | mGluR-mediated control of AMPAR internalization, which occurs via a
kinase cascade that has not been fully elucidated.
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Figure 3. Concerted GIuR Signaling at the Synapse
(A) Left: iGIuRs and mGIuRs show overlapping expression patterns in all major neuronal

cell types as well as astrocytes. The exact expression levels and receptor subtypes are not
known and may vary between cells but also between individual synapses. Expression of
iGIuRs in glia is particularly ill-defined and appears to be regional. Glial NMDARS, which
might include GIuN2C/D and GIuN3 subunits most prominently, remain contro-versial.
Right: iGIuRs and mGIuRs are present in all synaptic compartments; i.e., the presynaptic
terminal, the postsynaptic density, perisynaptic regions, and astrocytic processes. The
precise ultrastructural localization determines the timing and concentration of glutamate-
induced activation and defines both downstream signaling and the potential for functional
crosstalk.

(B) GIuR crosstalk in the induction of postsynaptic plasticity. This schematic focuses on the
distinct pathways employed by NMDARs and mGIuR5 in the induction of LTD in
hippocampal neurons. Both pathways converge on the internalization of AMPARS but may
target distinct populations.

(C) GIuR contribution to presynaptic forms of plasticity, as illustrated by the dual roles of
group Il mGIluRs and KARs in presynaptic LTD and LTP at hippocampal mossy fiber
synapses and their convergence on regulation of release probability. The factors that
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determine whether KARs are excitatory or inhibitory and the signaling pathway downstream
of PKA remain unclear.
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