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Superoxide and Non-ionotropic
Signaling in Neuronal Excitotoxicity

Jiejie Wang and Raymond A. Swanson*

Department of Neurology, University of California, San Francisco, and San Francisco Veterans Affairs Health Care System,
San Francisco, CA, United States

Excitotoxicity is classically attributed to Ca?* influx through NMDA receptors (NMDA),
leading to production of nitric oxide by neuronal nitric oxide synthase and superoxide
by mitochondria, which react to form highly cytotoxic peroxynitrite. More recent
observations warrant revision of the classic view and help to explain some otherwise
puzzling aspects of excitotoxic cell injury. Studies using pharmacological and genetic
approaches show that superoxide produced by NMDAr activation originates primarily
from NADPH oxidase rather than from mitochondria. As NADPH oxidase is localized
to the plasma membrane, this also provides an explanation for the extracellular
release of superoxide and cell-to-cell “spread” of excitotoxic injury observed in vitro
and in vivo. The signaling pathway linking NMDAr to NADPH oxidase involves Ca?+
influx, phosphoinositol-3-kinase, and protein kinase Cg, and interventions at any of
these steps can prevent superoxide production and excitotoxic injury. Ca2* influx
specifically through NMDAr is normally required to induce excitotoxicity, through a
mechanism presumed to involve privileged Ca®t access to local signaling domains.
However, experiments using selective blockade of the NMDAr ion channel and artificial
reconstitution of Ca?* by other routes indicate that the special effects of NMDAr
activation are attributable instead to concurrent non-ionotropic NMDAr signaling by
agonist binding to NMDAr. The non-ionotropic signaling driving NADPH oxidase
activation is mediated in part by phosphoinositol-3-kinase binding to the C-terminal
domain of GIUN2B receptor subunits. These more recently identified aspects of
excitotoxicity expand our appreciation of the complexity of excitotoxic processes and
suggest novel approaches for limiting neuronal injury.

Keywords: glutamate, glucose, Glun2B, phosphoinositol-3-kinase, metabotropic, peroxynitrite, NADPH

oxidase, calcium

INTRODUCTION

The term “excitotoxicity” was first used in reference to rapid neuronal death caused
by glutamate receptor activation (Olney et al, 1971). The term has subsequently been
used in reference to glutamate receptor-mediated cell death of other cell types, to
describe more protracted cell death processes, and with activation of several different
glutamate receptor subtypes. The present review focuses specifically on aspects of rapid
neuronal death induced by pathological stimulation of NMDA-type glutamate receptors.
This process is widely attributed to Ca’' influx, leading to superoxide and nitric oxide
production, which together generate the cytotoxic reactive oxygen species, peroxynitrite.
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However, recent studies have identified several additional
complexities that challenge this classical view and identify novel
ways to suppress excitotoxic neuronal death. These complexities
arise from interactions between superoxide and nitric oxide, the
sources of superoxide formation, and the newly appreciated role
of non-ionotropic NMDA receptor (NMDAr) signaling.

SUPEROXIDE AND NITRIC OXIDE IN
EXCITOTOXICITY: CAN YOU TELL THE
DIFFERENCE?

An intriguing aspect of excitotoxic cell death is that it
requires the combined effects of two independently generated
“gaseous” reactive oxygen species: nitric oxide and superoxide.
Nitric oxide (NO) is non-polar, lipid permeable, and has a
relatively long half-life and diffusion distance in brain (Pacher
et al., 2007). Superoxide (O,7), by contrast, is polar, largely
lipid impermeable, and has much shorter half-life and mean
diffusion distance. Nitric oxide is generated in a subset of
neurons by neuronal nitric oxide synthase. It is considered
a reactive oxygen species (ROS) because it contains an
unpaired electron, but it is not intrinsically a highly reactive
molecule in biological systems. Nevertheless, studies using
both pharmacological and genetic abrogation of nitric oxide
production showed near-complete suppression of excitotoxic
neuronal death (Dawson et al., 1991, 1996).

Superoxide, despite its name, is not a powerful oxidant
and in fact behaves as a mild reductant under physiological
conditions (Pacher et al., 2007). At roughly the same time that
nitric oxide was identified as excitotoxic intermediate, studies
using electron paramagnetic resonance and other methods
demonstrated that superoxide was likewise produced by neurons
during NMDAr stimulation, and that scavenging superoxide
could likewise block excitotoxic death (Lafon-Cazal et al., 1993;
Reynolds and Hastings, 1995; Patel et al., 1996). While at first
unclear how negating either one or the other of these reactive
intermediates could prevent excitotoxic injury, the observations
were reconciled by the understanding that nitric oxide and
superoxide combine at an extraordinarily fast rate to form
the much more toxic reactive species, peroxynitrite (ONOO™)
(Beckman et al., 1990; Radi, 2018). Peroxynitrite has subsequently
become recognized as the primarily species responsible for
the lipid peroxidation, DNA damage, protein nitration, and
cell death that occur during excitoxicity (Lipton et al., 1994;
Pacher et al., 2007; Campolo et al., 2020). Though highlighted
more than 15 years ago, it remains poorly recognized how this
interaction between superoxide and nitric oxide complicates
the interpretation of experiments evaluating excitotoxicity, and
specifically whether it is superoxide or nitric oxide that is
increased (or decreased) in any particular setting (Pacher et al,,
2007). Increased production of either superoxide alone or nitric
oxide alone is sufficient to increase peroxynitrite production,
as long as a minimal, basal level of the other species is
present. Markers of peroxynitrite reaction products, such as 3-
nitrotyrosine, thus increase whether the underlying cause of
peroxynitrite formation is elevated superoxide, elevated nitric

oxide, or both (Radi, 2018). Only with measures that assess the
actual flux of these reactive intermediates can these possibilities
be distinguished. As further detailed in the section “Signaling
pathways underlying NOX2 activation by NMDA receptors,” the
issue gains significance because interventions that are thought to
act by blocking nitric oxide formation may in fact function by
blocking superoxide formation, and vice versa.

SOURCES OF EXCITOTOXIC
SUPEROXIDE PRODUCTION

Although nitric oxide is produced almost exclusively by
nitric oxide synthase, superoxide can originate from multiple
sources. Mitochondria can generate superoxide as a byproduct
of normal respiration, by one electron addition to oxygen
at the level of electron transport chain or any of several
mitochondrial dehydrogenases (Andreyev et al, 2005).
Importantly, mitochondria can also indirectly elevate superoxide
levels when their normal superoxide scavenging functions are
impaired. These scavenging functions require active regeneration
of mitochondrial NADPH from NADPT by electrons from
mitochondrial dehydrogenases or electron transport complexes
(Andreyev et al, 2005), such that impaired mitochondrial
function can limit this scavenging function.

The first evidence that mitochondria could be a source
of NMDA-induced superoxide based on
mitochondrial localization of oxidant-sensitive fluorescent
indicators together with a reduction in this mitochondrial signal
with mitochondrial inhibitors (Dugan et al, 1995; Reynolds
and Hastings, 1995; Bindokas et al., 1996; Duan et al., 2007).
However, a reduction in the mitochondrial fluorescent dye
signal in response to mitochondrial inhibitors does not establish
mitochondria as the oxidant source. This is in part because
the inhibitors also cause mitochondrial and plasma membrane
depolarization, with resultant dye efflux and reduced signal
from the mitochondria, independent of any change in actual
superoxide levels (Nicholls, 2006). Mitochondrial inhibitors
also reduce the oxidant scavenging capacity of mitochondria,
which is extremely difficult to distinguish from a true increase
in superoxide production. Moreover, the localization of oxidized
dyes or any other oxidant signal to the mitochondria do not
provide definitive evidence that mitochondria are the source
of production, as demonstrated by oxidation of mitoSOX in
neuronal mitochondria by xanthine/xanthine oxidase added
to the culture medium (Johnson-Cadwell et al., 2007). Last,
the calcium influx induced by NMDAr stimulation causes
mitochondrial depolarization, and mitochondrial depolarization
acts to reduce rather than increase superoxide production in
other settings (Nicholls and Ward, 2000).

Nevertheless, many subsequent studies have provided
additional, indirect evidence for mitochondria as a source of
excitotoxic superoxide formation (Sengpiel et al., 1998; Starkov
et al., 2004; Stanika et al., 2009; Nguyen et al., 2011; Wang
et al, 2013b). Perhaps the strongest evidence comes from
two studies in which genetic and pharmacological inhibition
of the mitochondrial calcium uniporter was found to reduce
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excitotoxic death (Qiu et al, 2013; Angelova et al, 2019),
however, neither of these studies evaluated actual superoxide
production, and a biophysical mechanism by which Ca?*
movement into mitochondria drives superoxide production
remains to be established.

A second source of superoxide production is the ubiquitous
enzyme, nicotinamide adenine dinucleotide phosphate oxidase
(abbreviated as NOX). NOX is a membrane-associated enzyme
that transfers an electron from NADPH on one side of the
membrane to molecular oxygen on the other side, forming
O,~ (Figure 1). NOX was originally described in oocytes and
neutrophils, but has subsequently been identified in most other
cell types including neurons (Tejada-Simon et al., 2005; Bedard

and Krause, 2007). NOX is composed of catalytic and regulatory
subunits which, upon activation, coalesce with an assembly
subunit at a cell membrane. The dominant NOX isoform in
both neurons and neutrophils is NOX2, which contains the gp91
catalytic subunit and the p47P"°* assembly subunit (Bedard and
Krause, 2007). Electron micrographs show NOX2 to be localized
to neuronal cell bodies and processes that also express NMDA
receptors (Girouard et al., 2009; Wang et al., 2013a).

Several lines of evidence identify NOX2, rather than
mitochondria, as the primary source of excitotoxic superoxide
production. In cultured neurons, oxidation of the superoxide-
sensitive fluorescent probe dihydroethidium is completely
blocked by either pharmacological inhibition of NOX2 or genetic
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FIGURE 1 | Structure and glucose dependence of NADPH oxidase. (A) NADPH oxidase is a multi-subunit enzyme that uses electrons derived from NADPH on one
side of a membrane to generate superoxide on the other side. The NOX2 isoform of NADPH oxidase diagrammed here is the dominant form expressed by neurons.
NOX2 requires activation of both the GTPase rac and the p47P"°* subunit to be catalytically functional. p47P"°% functions as an organizing subunit that bring the
cytosolic subunits together with the membrane-bound subunits. In neurons, p47P°% is activated by phosphorylation by PKCzeta (reprinted from Bedard and Krause,
2007, with permission). (B) Production of superoxide by NADPH oxidase requires glucose because glucose is the requisite substrate for the pentose phosphate
shunt that regenerates NADPH from NADP*. By contrast, superoxide production from mitochondria can be fueled by pyruvate or other non-glucose substrates.
(C) Neurons exposed to NMDA exhibit very attenuated superoxide production when deprived of glucose, indicating NADPH oxidase rather than mitochondria as the
primary source. Data are means + SEM; *p < 0.05 vs. no glucose. Redrawn from Brennan et al. (2009).
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ablation of the p47P"°* subunit (Brennan et al, 2009; Reyes
et al., 2012; Brennan-Minnella et al., 2013). Pharmacologic or
genetic inhibition of NOX2 likewise prevents the lipid oxidation,
DNA damage, and cell death caused by NMDA receptor
stimulation in vitro or by brain ischemia in vivo (Brennan
et al., 2009; Girouard et al., 2009; Raz et al., 2010; Guemez-
Gamboa et al.,, 2011; Reyes et al., 2012; Clausen et al., 2013;
Koriauli et al., 2015; Ma et al., 2017). Of note, superoxide
production by NOX2 has an absolute requirement for glucose,
which fuels regeneration of NADPH through the pentose—
phosphate pathway (Decoursey and Ligeti, 2005). By contrast,
mitochondrial superoxide production can be fueled by a variety
of substrates (Figure 1). Neurons deprived of glucose (and
metabolically supported by pyruvate) are unable to produce
superoxide in response to NMDAr activation (Brennan et al,
2009), further supporting NOX2 rather than mitochondria as the
superoxide source.

The question then arises, how can it be that blocking
either mitochondrial Ca?* uptake or NOX2 activity suppresses
excitotoxic superoxide production? One possibility is that
excitotoxic neuronal NOX2 activation induces mitochondrial
superoxide production and vice versa, such that blocking either
source of superoxide also reduces superoxide production by
the other. This “ROS-induced ROS” production has been
demonstrated in other cell types. In vascular cells, both increased
mitochondrial superoxide production (Nazarewicz et al., 2013)
and depletion of mitochondrial superoxide dismutase (Dikalova
et al., 2010) increase NOX2 activity. Conversely, (putative)
mitochondrial superoxide production induced by angiotensin
IT can be blocked by suppressing NOX2 activation (Brandes,
2005; Kimura et al., 2005; Doughan et al., 2008; Dikalov et al,,
2014). Evidence also suggests that superoxide produced by
mitochondria can elicit further superoxide release from the
densely packed mitochondria of cardiac cells (Zorov et al., 2006).
To our knowledge, definitive evidence of ROS-induced ROS
production has not yet been demonstrated in neurons, but for the
reasons outlined earlier, this process could be central to oxidative
injury in excitotoxicity.

Superoxide is also generated by other enzymes, such as
xanthine oxidase, lipoxygenases, and cyclooxygenases (Snezhkina
etal., 2019). However, these have not borne out as major sources
of superoxide production in excitotoxicity, and in some cases the
observed suppression of superoxide formation by inhibitors of
these enzymes is by indirect mechanisms (as further discussed
in section “Signaling Pathways Underlying NOX2 Activation by
NMDA Receptors”).

SIGNIFICANCE OF THE SUPEROXIDE
PRODUCTION SOURCE

Researchers working with neuronal cultures have long recognized
that excitotoxicity has a spreading or “bad neighborhood” effect,
whereby neurons usually die in clusters and survive better when
located away from other neurons. Excitotoxic death in vivo
similarly affects contiguous populations of cells, rather than
scattered individual neurons. The underlying mechanism of this

spreading effect has not been established, but one possibility
is the cell-to-cell effects of extracellular superoxide release.
This possibility was examined in a cell culture study in which
only a small sub-population of cultured neurons expressed
functional NOX2 (Reyes et al, 2012). After incubation with
NMDA, neurons in the vicinity of the few NOX2-competent
neurons exhibited oxidative stress (lipid peroxidation), whereas
neurons at a distance from these neurons did not (Figure 2).
Moreover, the NOX2-competent neurons did not themselves
exhibit greater oxidative stress than the NOX2-deficient cells, and
the oxidative stress in all the cells was reduced by addition of
superoxide dismutase to the culture medium. These observations
demonstrate a trans-cellular movement of superoxide from cell
to cell during NMDATr activation, and are most consistent
with superoxide generated by NOX2 at the neuronal plasma
membrane where it is released directly into the extracellular
space. The observations are more difficult to reconcile with
superoxide production by mitochondria because mitochondrial
superoxide is released into the cytosol from where it can access
the extracellular space only by eluding the cytosolic superoxide
and H,O, scavenging systems and crossing the lipophilic cell
membrane (Figure 2). The ability of NMDATr to activate NOX2
indicates an underlying signaling pathway between them, and
thus the possibility of regulating this pathway to either amplify
or suppress NMDAr induced superoxide production.

SIGNALING PATHWAYS UNDERLYING
NOX2 ACTIVATION BY NMDA
RECEPTORS

Several steps in this pathway have now been identified (Figure 2).
NOX2 regulation is intrinsically complex, involving activation
of the GTPase Racl and phospholipase A, permeability of a
proton channel, proline isomerization, and phosphorylation of
the p47Ph%% organizing subunit, and phosphorylation of other
NOX subunits (Levy et al, 2000; Bedard and Krause, 2007;
El-Benna et al, 2009; Raad et al., 2019). Of these factors,
phosphorylation of p4771°* has been best characterized. p47°ho*-
mediated assembly of the cytosolic and membrane subunits
of NOX2 into a functional complex can occur only after
p47Pho* is phosphorylated at several serine residues, most notably
ser328 (El-Benna et al., 2009). In neurons, this phosphorylation
is performed primarily by protein kinase C zeta (PKCt), an
atypical, calcium-independent protein kinase. Studies using a
peptide inhibitor to PKCt showed near-complete suppression of
NMDAr-induced superoxide in vitro and in vivo (Brennan et al.,
2009; Brennan-Minnella et al.,, 2013). Interestingly, PKCg also
has a fundamental role in memory formation (Sacktor et al,
1993), which like excitotoxicity also involves superoxide signaling
(Massaad and Klann, 2011).

As an atypical protein kinase C, PKCg is not activated by Ca?™
or diacyl glycerol, but instead by phosphoinositol-3-phosphate,
the product of phosphoinositol-3-kinase (PI3K). Accordingly,
NMDAr-induced superoxide production and cell death can be
blocked with the PI3K inhibitor wortmannin, and this blockade
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FIGURE 2 | Extracellular release of superoxide by NMDA-induced NADPH oxidase activation. (A) Superoxide release from mitochondria will first encounter
intracellular constituents of the cell in which it is enclosed, and can reach the extracellular space only be eluding cytosolic superoxide dismutase and crossing the
lipid plasma membrane. By contrast, NADPH oxidase releases superoxide directly into the cytosol, where it can more readily interact with neighboring cells. (B)
Cell-to-cell transmission of oxidative stress in neuronal cultures in which only a small subset of neurons (labeled green) contain functional NADPH oxidase.
Application of NMDA to these cultures induces oxidative stress in neighboring neurons, as detected by the lipid peroxidation marker 4-hydroxynonenal (red). Cell
nuclei are counterstained with DAPI (blue). Reprinted from Reyes et al. (2012). (C) Known steps in the signaling pathway linking NADPH oxidase to NMDAr

activation. Reprinted from Minnella et al. (2018).

can be circumvented with either exogenous phosphoinositol-3-
phosphate or with a constitutively active form of PKCg (Brennan-
Minnella et al., 2013). A more granular description of which
PI3K isoform is involved in this process, and how it is activated
by NMDAr activation, remains to be attained. This information
would be useful, as a targeted disruption of this interaction could
then dissociate superoxide production and excitotoxic injury
from other aspects of NMDATr activation.

This role of PI3K in excitotoxicity appears to contrast with
the other, “pro-survival” effects associated with PI3K (Brunet
et al., 2001). However, neurons express several different PI3K
isoforms. PI3Ks are divided into several classes on the basis of
structure, regulation, and function (Hawkins et al., 2006; Gross
and Bassell, 2014). Class1A PI3Ks that contain the P110y catalytic
subunit are involved in NMDAr signaling pathways (Kim et al,,
2011), suggesting this may be the isoform also involved in

superoxide production. On the other hand, immunoprecipitation
studies have instead identified the P110f subunit in association
with the NMDAr complex (Wang et al., 2012). The association
between PI3K and NMDAr may be via either an adaptor protein,
APPL1, which links P1108 to the PSD95 complex to which
synaptic NMDAr are also bound (Wang et al., 2012), or via
direct binding of the PI3K p85 regulatory subunit to GluN2B
(Hisatsune et al., 1999).

NMDA receptors exist as hetero-tetramers, usually with two
GluN1 subunits and two GIuN2 subunits. The GluN2 subunits
are in turn usually of the GluN2A or GluN2B isoforms (Watanabe
et al., 1993; Traynelis et al., 2010). GluN2B-containing NMDA
receptors are most clearly involved in excitotoxicity (Martel
et al., 2012; McQueen et al., 2017), and three lines of evidence
also indicate that GluN2B is likewise specifically involved in
excitotoxic superoxide production. First, superoxide production
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is suppressed by the putative GluN2B specific antagonist Ro
25-6981 (Brennan-Minnella et al., 2013) and by depletion of
GIuN2B from the NMDAr complexes (Minnella et al., 2018).
Second, replacement of the GIuN2A intracellular C-terminal
with the GluN2B intracellular C-terminal leads to superoxide
formation from cells expressing these chimeric GluN2A/B
subunits (Minnella et al., 2018). Third, a synthetic peptide that
blocks GluN2B binding to the multiprotein PSD-95 complex also
blocks excitotoxic superoxide production (Chen et al., 2015).

Of note, this peptide (termed “Tat-NR2B9¢” or “NA-17)
was originally designed to block NMDAr-induced nitric oxide
production by displacing GluN2B from the PSD95, with which
neuronal nitric oxide synthase is associated (Sattler et al.,
1999; Aarts et al,, 2002). Measures of cGMP formation in
the presence of Tat-NR2B9c confirm that it effectively reduces
NMDAr-induced NO production, and the salutary effects on
this peptide are widely attributed to this effect. However, given
that the peptide also blocks NMDAr-induced NOX2 activation
(also by displacing GIuN2B from PSD95; Chen et al., 2015),
and given that reductions in either nitric oxide or superoxide
reduce peroxynitrite formation, it is equally possible that the
neuroprotective effect of Tat-NR2B9c is attributable to instead
to reduced superoxide production (or to the combined effects of
reducing both superoxide and nitric oxide production). The Tat-
NR2B9c peptide is now being used in clinical trials for ischemic
stroke (Hill et al., 2020).

ROUTE OF CALCIUM INFLUX IN
EXCITOTOXIC SUPEROXIDE
PRODUCTION

While several aspects of the signaling pathway linking NMDAr
to NOX2 activation remain uncertain, the fundamental question
of which step is Ca>* dependent remains unresolved. Other
Ca’*-dependent NMDAr signaling events have been shown to
be mediated by calcium/calmodulin-dependent protein kinases
(Bayer and Schulman, 2019), and in particular CaMKII, which
binds to NMDAr. Inhibition of CaMKII has been shown to
block excitotoxicity, although with a complex temporal pattern
(Ashpole and Hudmon, 2011). Several GluN2B phosphorylation
sites regulate NMDA receptor trafficking, including tyrosines
1070, 1472, and 1480 (Prybylowski et al., 2005; Sanz-Clemente
etal, 2010; Lu et al., 2015; Chiu et al., 2019). Of these, deletion of
the 1472 tyrosine residue has been shown to suppress NMDAr-
induced superoxide production (Knox et al., 2014). It is also
possible that Ca?* influx is instead in involved in one of the
other processes required for NOX2 activation, such as Racl
activation (Puri, 2020), phospholipase activation, or p47Phox
proline isomerization.

A related issue is the longstanding controversy as to whether
there is a “special” role for Ca?T entering via NMDAr or whether
only the magnitude of Ca?" increase is important. Published data
support both sides of this issue (e.g., Tymianski et al., 1993; Sattler
et al., 1998; Stanika et al., 2009, 2012). This controversy may be
resolved by a study from our laboratory that compared effects
of Ca’* influx induced by the calcium ionophore ionomycin

with that of Ca?t influx induced by NMDAr activation. Whereas
NMDAr activation induced NOX2 activation, ionomycin did
not, under conditions in which ionomycin was titrated to
match the intracellular Ca?>* elevations induced by NMDAr
activation (Minnella et al, 2018). Very similar effects were
observed using activation of voltage-gated calcium channels to
induce Ca?* influx. However, ionomycin used at concentrations
that raised intracellular Ca?* well above the levels induced by
NMDA did induce superoxide production, and this mode of
superoxide production was not blocked by NOX2 inhibition.
These observations suggest that Ca?™ influx by routes other
than NMDAr can induce superoxide production only if the
resulting Ca®* elevations are far higher than achieved by NMDAr
activation. They also provide support for a special effect of
Ca’™ influx via NMDAT, as this induced superoxide production,
oxidative stress, and cell death at intracellular Ca®* levels that
did none of these things when produced by ionomycin or
voltage-gated calcium channels. However, as outlined later, these
observations may alternatively be explained by concurrent, non-
ionotropic effects of NMDAr stimulation that are not engaged
during Ca?* influx by other routes.

NON-IONOTROPIC NMDAr SIGNALING
IN EXCITOTOXICITY

Ca?* influx through NMDAr ion channels has long been
established as a necessary event in excitotoxicity (Choi, 1985),
as evidenced by the potent cytoprotective effects of drugs such
as MK801 that block NMDAr ion channels. As noted earlier,
Ca** elevations achieved by influx routes other than NMDAr (of
comparable magnitude) do not produce nitric oxide production,
superoxide production, or excitotoxic cell death (Tymianski et al.,
1993; Sattler et al., 1998; Minnella et al., 2018). These observations
are widely interpreted as evidence for a privileged access to
certain local signaling pathways by Ca?™ influx specifically
through NMDAr, however, it has recently been recognized that
these observations can alternatively be explained by engagement
of non-ionotropic NMDAr signaling in parallel to NMDAr-
induced Ca?* influx.

“Non-ionotropic” receptor signaling refers to signal
transduction events triggered by transmembrane conformational
changes rather than by ion flux. Non-ionotropic signaling
by NMDAr was first identified by Westbrook and colleagues,
who found that agonist binding independent of ion flux could
downregulate GluN1/GIuN2A receptor function through
a process involving dephosphorylation of GluNI1 tyrosine
residues (Vissel et al., 2001). Subsequent studies showed that
non-ionotropic NMDAr signaling also mediated long-term
depression, p38 phosphorylation (Nabavi et al., 2013; Tamburri
et al., 2013), and dendritic spine shrinkage (Stein et al., 2020).
These studies identified non-ionotropic signaling by selectively
blocking flux through the NMDAr ion channel while preserving
agonist binding to the NMDAr itself (Figure 3). Using this
same approach, Minnella and colleagues showed that NMDAr
channel blockers prevented the production of superoxide (as
expected), and that superoxide production and excitotoxicity
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FIGURE 3 | Non-ionotropic signaling in excitotoxicity. (A) Binding of the agonists glycine and NMDA to an NMDAr containing a GIUN2B subunit triggers Ca? ™ influx
through the NMDAr channel and subsequent superoxide production by NOX2. (B) If the Ca? ™ influx is blocked by the NMDAr glycine site antagonist
7-chlorokynurenic acid (7CK), there is no superoxide formation despite NMDA binding. (C) If, in addition, ionomycin is used to reconstitute the Ca2™* influx,
superoxide is again produced by NOX2. (D) lonomycin does not induce superoxide production when NMDA binding to GIuN2B is blocked by
(2R)-amino-5-phosphonopentanoate (AP5). Note the association of PI3K with the GIuN2 subunit of the NMDAr requires ligand binding to the GIuN2 subunit, but
does not require Ca?* influx. (E,F) Quantified measure of intracellular Ca®* elevations and superoxide production under the conditions diagrammed in (A-D). Data
are means + SEM; *p < 0.05 vs. control. Reprinted from Minnella et al. (2018), with modifications.
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were restored when Ca?" influx was reconstituted through
ionomycin or voltage-gated calcium channels during NMDAr
stimulation (Minnella et al., 2018). Crucially, the Ca?t influx
induced by these routes failed to induce superoxide production
in the absence of concurrent agonist binding to NMDAr,
thus demonstrating a requisite role for non-ionotropic NMDAr
binding in addition to Ca?>* influx (Figure 3). Ligand binding
to NMDAr in the absence of Ca?T influx increased PI3K
association with GluN2B (as assessed by immunoprecipitation),
thus suggesting a mechanism coupling non-ionotropic signaling
to NOX2 activation.

A second and apparently independent role of metabotropic
signaling in excitotoxicity involves pannexin channel opening.
When activated, pannexin ion channels become permeable to
Nat, Ca?*, and other ions and molecules (Yeung et al., 2020).
Thompson and colleagues have shown that sustained NMDAr
activation can induce pannexin-1 channel activation in the
absence of ion flux through the NMDAr ion channel, with the
resulting Ca?* and Na™ influx essentially amplify the elevations
caused by ion flux through the NMDAr itself. A synthetic peptide
that prevents pannexin-1 channel activation by preventing its
phosphorylation by Src kinase attenuates NMDAr-induced Ca?*
elevations and neuronal death (Weilinger et al., 2012, 2016).
The relationship between this non-ionotropic signaling pathway
and non-ionotropic NOX2 activation has not yet been resolved.
However, NOX2 activation does not appear to be downstream of
pannexin opening because the pannexin-1 inhibitor probenecid
does not suppress NMDAr-induced superoxide production (J.
Wang and R. Swanson, unpublished results).

SUMMARY

The early observations that identified key roles for Ca’T,
superoxide, and nitric oxide in excitotoxicity have stood the test
of time, but subsequent observations have identified complexities
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