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Introduction

NMDA-type glutamate receptors (NMDARs) play vital roles in nervous system function, 

contributing to a broad range of physiological functions spanning the basics of excitatory 

neurotransmission to the complexities of synaptic plasticity, learning and memory. The 

ability of a single receptor type to support this diverse array of functions is tied to the 

structural and functional properties of the receptor and its complex and dynamic regulation 

(Hansen et al., 2018; Stroebel and Paoletti, 2021). NMDARs are tetrameric receptors 

composed of two obligatory GluN1 subunits and two GluN2 or GluN3 subunits. Upon 

binding of the agonist glutamate to the GluN2 subunit and the co-agonist glycine or D-serine 

to the GluN1 or GluN3 subunits, NMDARs undergo a conformational change that opens 

a non-selective cation channel, resulting in net influx of cations and depolarization of the 

neuron. NMDAR GluN1 subunits exhibit extensive alternative splicing and GluN2 and 

GluN3 subunits are encoded by different genes with different developmental and spatial 

expression patterns, resulting in a broad array of NMDAR compositions with distinct ion 

channel properties (Iacobucci and Popescu, 2017; Perez-Otano et al., 2016; Petit-Pedrol 

and Groc, 2021; Rajani et al., 2020). Furthermore, the intracellular C-terminal tails have 

been shown to be modified by kinases, phosphatases, ions, and second messengers, and can 

interact with a broad variety of scaffolding proteins and intracellular signaling molecules 

(Lau and Zukin, 2007; Lussier et al., 2015; Tovar and Westbrook, 2017; Warnet et al., 2021). 

Notably, alterations in NMDAR function have been associated with brain disorders that 

result in cognitive deficits, including Alzheimer’s disease and schizophrenia (Burnashev and 

Szepetowski, 2015; Ogden et al., 2017; Vieira et al., 2021).
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Historically, the fundamental role of NMDARs in synaptic function and plasticity has 

been attributed to their specialized properties of ion flux, such as high permeability to 

calcium ions, slow kinetics, voltage-dependent block by magnesium ions, and physiological 

modulation by a wide variety of intracellular and extracellular signaling molecules. More 

recently, a growing number of studies support that NMDARs also signal in an ion flux-

independent manner. Here, we review these non-ionotropic NMDAR signaling mechanisms 

that have been reported to contribute to a broad array of neuronal functions and dysfunctions 

including synaptic transmission, long-term depression (LTD), dendritic spine structural 

plasticity, cell death and survival, and neurological disorders.

Non-ionotropic NMDAR signaling in neuronal physiology

NMDAR endocytosis and trafficking

Among the earliest studies reporting non-ionotropic NMDAR signaling were those showing 

that agonist binding to the NMDAR influenced its surface expression and trafficking, 

independent of ion flux (Fig. 1A). In an initial study, Vissel and colleagues demonstrated 

that glutamate binding to the NMDAR enhanced tyrosine dephosphorylation of the GluN2A 

subunit, independent of ion flux through the NMDAR (Vissel et al., 2001). Tyrosine 

dephosphorylation led to a reduction of the number of functional NMDARs, an effect that 

was blocked by expression of a dominant-negative subunit of the clathrin-adaptor protein, 

AP2. This NMDAR downregulation was shown to depend on the binding of both glutamate 

and co-agonist.

In another related series of studies, co-agonist binding alone has been demonstrated to prime 

the NMDAR for clathrin-mediated, dynamin-dependent endocytosis (Nong et al., 2003). 

In this example, occupancy of the NMDAR co-agonist site by glycine or D-serine at high 

concentrations primes the NMDAR for endocytosis, which depends on AP2. This signaling 

occurs independent of the identity of the GluN2 subunit, and a single amino acid on the 

GluN1 subunit (A714) has been identified as critical for this glycine priming of NMDARs 

(Han et al., 2013). Furthermore, priming depends on specific splice variants of the obligatory 

GluN1 subunit, as only GluN1 isoforms that lack the N1 cassette allow for co-agonist 

priming of the NMDAR for endocytosis (Li et al., 2021). Because hippocampal pyramidal 

neurons, but not interneurons, naturally express GluN1 isoforms lacking the N1 cassette, 

co-agonist priming of the NMDAR for endocytosis can be observed in the former but not in 

the latter.

Additional studies have focused on influences of agonist and co-agonist binding on NMDAR 

trafficking and lateral mobility, independent of ion flux. In one such study (Barria and 

Malinow, 2002), the authors show that binding of agonist and co-agonist drives the activity-

dependent synaptic insertion of GluN2A-containing NMDARs in CA1 pyramidal neuron 

dendrites in organotypic cultured hippocampal slices, independent of synaptic NMDAR 

current. Notably, spontaneous activity in the presence of tetrodotoxin (TTX) was sufficient 

to drive insertion of GluN2A-containing NMDARs, which was inhibited by competitive 

antagonists of either the NMDAR agonist or co-agonist sites. In contrast, synaptic 

insertion of GluN2B occurred even when agonist or co-agonist binding was inhibited. In 

another study tracking NMDAR subunits in cultured hippocampal neurons using antibody-
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conjugated quantum dots, D-serine was shown to decrease the lateral mobility of GluN2B-, 

but not GluN2A-containing NMDARs even when ion flow through the NMDAR was 

blocked by AP5 (Ferreira et al., 2017; Papouin et al., 2012). Furthermore, glycine was 

shown to decrease the lateral mobility of GluN2A-, but not GluN2B-, containing NMDARs 

independent of NMDAR currents (Ferreira et al., 2017; Papouin et al., 2012). Thus, the 

relative local abundance of glutamate, glycine and D-serine can act to tune NMDAR 

trafficking and synaptic insertion, and thus NMDAR signaling, independent of ion flux.

Synaptic plasticity

Over the past decade, there has been increased focus on the role of non-ionotropic 

NMDAR signaling in synaptic plasticity. Although earlier evidence had emerged that 

NMDAR-dependent long-term depression (NMDAR-LTD) of synaptic strength could occur 

independently of ion flux through the receptor (Mayford et al., 1995), recent reports have 

highlighted and further defined this role for ion flux-independent NMDAR signaling (Carter 

and Jahr, 2016; Dore and Malinow, 2020; Nabavi et al., 2013; Stein et al., 2015; Stein 

et al., 2020; Wong and Gray, 2018) (Fig. 1B). Using NMDAR antagonists that block 

ion flux through the NMDAR but still allow for glutamate binding such as co-agonist 

blocker 7-chlorokynurenic acid (7-CK) or channel pore blocker MK-801, NMDAR-LTD 

was successfully induced even when ion flow through the NMDAR was blocked. In contrast, 

NMDAR antagonists that inhibit glutamate binding, such as AP5 or CPP, blocked LTD 

induction. Thus, glutamate binding to the NMDAR, not ion flux through the NMDAR, is 

required for LTD. Notably, high frequency stimulation protocols that are typically used to 

induce long-term potentiation (LTP) of synaptic strength, instead drive LTD when ion flow 

through the NMDAR is inhibited by blocking the pore or co-agonist binding (Nabavi et 

al., 2013; Stein et al., 2020), further supporting that glutamate binding to the NMDAR is 

sufficient to drive LTD.

There have been several insights into the ion flux-independent molecular signaling 

mechanisms that drive LTD in response to glutamate binding to the NMDAR. Downstream 

of glutamate binding, p38 mitogen-activation protein kinase (p38 MAPK) was shown 

to attain its active phosphorylated state during LTD induction by NMDA treatment in 

the presence of the NMDAR pore blocker MK-801 (Nabavi et al., 2013), demonstrating 

NMDA-dependent activation of intracellular signaling independent of ion flux through the 

NMDAR. In a subsequent study, pharmacological inhibition confirmed that p38 MAPK 

is required for non-ionotropic NMDAR-LTD (Stein et al., 2020). Even though NMDAR-

mediated calcium influx is not required, successful NMDAR-LTD induction requires a basal 

level of intracellular calcium, which is proposed to maintain synaptic transmission through 

calcineurin-mediated restriction of AMPAR levels at the synapse (Nabavi et al., 2013). 

Notably, despite the differences between GluN2A and GluN2B in their developmental 

expression patterns, synaptic location, protein modifications, and interactions at the C-tail 

(Paoletti et al., 2013), a recent study has shown that non-ionotropic NMDAR-LTD is not 

specifically associated with either the GluN2A or GluN2B subunit (Wong and Gray, 2018).

Despite the accumulating evidence in support of ion flux-independent NMDAR signaling 

driving LTD, there is still controversy. Several studies report contrasting results, finding 
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instead that the use-dependent pore inhibitor MK-801 inhibits LTD (Babiec et al., 2014; 

Coultrap et al., 2014; Sanderson et al., 2016). Calcium leak through the NMDARs appears 

unlikely as calcium influx in the presence of co-agonist blockers such as 7-CK is not 

detectable (Stein et al., 2015) and alternate sources of calcium such as voltage-gated 

calcium channels (VGCCs) and downstream signaling from Group I metabotropic glutamate 

receptors (Group I mGluRs) do not play a role (Nabavi et al., 2013; Stein et al., 2020). 

It has been suggested that a contributing variable may be age-dependence in the time 

window for non-ionotropic NMDAR signaling, in that higher expression of PSD-95 in older 

animals could block non-ionotropic NMDAR signaling by obstructing the conformational 

change of the GluN1 C-tails (Dore and Malinow, 2020). Due to the large number of 

variables in experimental conditions, including method of tissue preparation, specifics of 

the LTD induction protocols, concentration and timing of washout of MK-801, and recipes 

for extracellular and intracellular solutions including concentrations of co-agonist and ion 

channel inhibitors, the reason for discrepancy between studies remains unclear.

In addition to synaptic weakening driven by NMDAR agonist binding, NMDAR co-agonist 

binding has been reported to drive an increase in synaptic strength through postsynaptic 

modifications that are independent of ion flow (Fig. 1D). Particularly, glycine binding to 

GluN2A containing NMDAR complexes increases AMPAR responses through activation of 

extracellular signal-regulated protein kinase (ERK1/2) in an ion flux-independent manner 

(Li et al., 2016b). Interestingly, ERK1/2 activation had earlier been reported downstream 

of agonist-induced non-ionotropic NMDAR signaling in conjunction with co-activation of 

metabotropic glutamate receptor 5 (mGluR5) (Yang et al., 2004).

Bidirectional spine structural plasticity

A large body of work has established that the decreased synaptic transmission strength that 

is observed following induction of LTD is accompanied by changes in synaptic structure, 

including a decrease in dendritic spine volume and spine loss (Stein and Zito, 2019). 

Notably, in parallel with the observations for LTD, several recent studies reported that 

NMDAR pore blockers or inhibitors of NMDAR co-agonist binding do not block NMDAR-

LTD associated dendritic spine shrinkage, which is blocked by inhibiting NMDAR agonist 

binding (Stein et al., 2015; Stein et al., 2020; Thomazeau et al., 2020) (Fig. 1C). These 

studies show that non-ionotropic NMDAR signaling is sufficient to drive dendritic spine 

shrinkage and loss, independent of ion flux through the NMDAR.

The molecular signaling pathway that drives spine shrinkage downstream of non-ionotropic 

NMDAR signaling has begun to be elucidated. In addition to a requirement for p38 

MAPK (Stein et al., 2015), both neuronal nitric oxide synthase (nNOS), which is closely 

associated with the NMDAR through its interaction with PSD-95 (Li et al., 2013), and the 

interaction between the adaptor protein NOS1AP and nNOS (Zhu et al., 2014) are critical 

for non-ionotropic NMDAR-mediated spine shrinkage (Stein et al., 2020). Downstream 

targets of p38 MAPK, the kinase MK2 and the actin-depolymerizing protein cofilin were 

also demonstrated to be essential (Stein et al., 2020). Furthermore, CaMKII, which has 

recently been identified to play a role in LTD (Coultrap et al., 2014), was also observed to 

be required for spine shrinkage mediated by non-ionotropic NMDAR signaling, although 
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it is unclear whether the role of CaMKII is upstream near the NMDAR (Aow et al., 

2015) or downstream at the actin cytoskeleton, as shown for CaMKIIβ (Kim et al., 

2015; Sanabria et al., 2009). Additionally, mammalian target of rapamycin complex 1 

(mTORC1), which is important for protein synthesis, has been shown to be required for 

spine shrinkage mediated by non-ionotropic NMDAR signaling (Thomazeau et al., 2020). 

Despite significant progress, much remains to be elucidated concerning how these molecular 

signaling mechanisms link to each other and how they are initiated by conformational 

movement of the NMDAR.

As glutamate binding to the NMDAR is sufficient to activate non-ionotropic NMDAR 

signaling, it is likely that the same signaling pathways are also activated during activity-

induced dendritic spine growth. Indeed, a recent report shows that many components of 

the non-ionotropic NMDAR signaling pathway required for LTD-associated spine shrinkage 

are also required for LTP-associated spine growth: pharmacological inhibition of nNOS, 

nNOS-NOS1AP interactions, p38 MAPK, or MK2 all blocked LTP-induced spine growth 

(Stein et al., 2021). Furthermore, simultaneous influx of calcium, regardless of its source, 

is sufficient to drive spine growth in conjunction with non-ionotropic NMDAR signaling. 

In contrast, there is no evidence yet that non-ionotropic NMDAR signaling plays a role in 

synaptic strengthening. Despite the co-occurrence of LTP and spine growth, the pathway for 

the two processes appears to diverge upstream of p38 MAPK, as inhibition of p38 MAPK 

blocks LTP-associated spine growth but not LTP (Stein et al., 2021). Altogether, these data 

fit a model (Stein et al., 2021) in which non-ionotropic NMDAR signaling, initiated by 

glutamate binding during synaptic plasticity, destabilizes the actin cytoskeleton, leading to 

spine shrinkage when associated with a weak stimulus as in the case of LTD, or to actin 

branching and spine growth (Bosch et al., 2014) when in the presence of a strong stimulus 

and the robust calcium influx as seen with LTP.

Spontaneous glutamate release

In addition to postsynaptic signaling, it has been reported that spontaneous release of 

glutamate is regulated by non-ionotropic NMDAR signaling, both in Cajal-Retzius cells 

synapsing onto layer 5 (L5) pyramidal cells of the visual cortex (Abrahamsson et al., 

2017) and in hippocampal CA1 neurons (Bialecki et al., 2020; Weilinger et al., 2016) (Fig. 

1D). In L5 cells of the visual cortex, the authors observed enhancement of spontaneous 

neurotransmitter release via ion flux-independent signaling of presynaptic NMDARs 

(Abrahamsson et al., 2017). In contrast, in the hippocampus, non-ionotropic NMDAR 

signaling was shown to lead to decreased spontaneous neurotransmitter release (Bialecki 

et al., 2020; Weilinger et al., 2016).

The signaling pathway regulating neurotransmitter release in the hippocampus via 

non-ionotropic NMDAR signaling was further defined. The authors demonstrated that 

simultaneous glutamate and co-agonist binding activates both sarcoma (Src) kinase and the 

ion channel Pannexin-1 (Panx1), which form a complex with the NMDAR (Bialecki et al., 

2020; Weilinger et al., 2016). The opening of Pannexin-1 controls the extracellular levels of 

anandamide (AEA), an endogenous agonist for the presynaptically located transient receptor 

potential vanilloid 1 (TRPV1) channel, which regulates the spontaneous release of glutamate 
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(Bialecki et al., 2020). The authors propose that this type of trans-synaptic signaling is a 

homeostatic mechanism in which decreased spontaneous release of glutamate drives reduced 

non-ionotropic NMDAR signaling at the postsynaptic terminal, which ultimately feeds back 

to increase the frequency of spontaneous release via presynaptic TRPV1 channels (Fig. 1D). 

In addition, binding of the co-agonist glycine to GluN2A-containing receptors has been 

observed to increase the frequency of miniature excitatory postsynaptic currents (mEPSCs) 

through ion flux-independent NMDAR signaling (Li et al., 2016b).

Activation of non-ionotropic NMDA receptor signaling

To assess conformational movements of the NMDAR during non-ionotropic NMDAR 

signaling, several studies have used FRET to monitor movements of the C terminus of the 

NMDAR. These studies reported that NMDA or glutamate binding to the NMDAR drives 

GluN1 C-tails to move away from each other, independent of NMDAR ion flux (Aow et 

al., 2015; Dore et al., 2015; Ferreira et al., 2017). Moreover, antibody-mediated restriction 

of this movement inhibited ion flux-independent NMDAR-LTD (Aow et al., 2015; Dore et 

al., 2015). The agonist-binding driven conformational change also caused the GluN1 C-tail 

to move away from both the protein phosphatase PP1 and the protein kinase CaMKII (Aow 

et al., 2015), both of which have demonstrated roles in mediating LTD (Coultrap et al., 

2014; Lee et al., 2009). Interestingly, the movement between the GluN1 C-tail and CaMKII 

is driven by PP1 activity and delayed by several minutes. Notably, the same movement of 

GluN1 C-tails occurs whether in the presence of NMDA or glutamate alone or along with 

co-agonist (Dore et al., 2015; Ferreira et al., 2017).

As co-agonist binding induces non-ionotropic NMDAR signaling that is distinct from that 

caused by agonist binding, it is to be expected that it also causes distinct conformational 

changes of the NMDAR. Indeed, while glutamate binding to the NMDAR causes the GluN1 

C-tails to move further apart, D-serine binding to the NMDAR has been observed to cause 

GluN1 C-tails to move closer to one another (Ferreira et al., 2017). Surprisingly, binding of 

the co-agonist glycine does not cause any detectable movement of GluN1 C-tails (Ferreira 

et al., 2017), although the lack of measurable response could be due to isometric rotation 

of the C-tails that cannot be picked up by FRET or, alternatively, signaling could originate 

from movement of the GluN2 C-tail, which has not yet been investigated. Recently, agonist 

and co-agonist have been shown also to induce different movement of the amino-terminal 

domains (ATD) of the NMDAR (Vyklicky et al., 2021). Glutamate binding alone to GluN2 

subunit induces two step conformational change of the ATD that results in ATD dimer 

separation but not pore opening (Vyklicky et al., 2021). Glycine binding alone to GluN1 

subunit does not induce any conformational changes of the ATD, although it is not possible 

to rule out isometric rotation not observable with FRET (Vyklicky et al., 2021).

Non-ionotropic NMDAR signaling in non-neuronal physiology

Non-ionotropic NMDAR signaling is not limited to neurons. For example, endothelial 

cells that make up the blood-brain barrier (BBB) also have been reported to exhibit 

ion flux-independent NMDAR signaling. A first example occurs via the action of tissue 

plasminogen activator (tPA). Earlier work had established that tPA acts to potentiate 
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NMDAR-mediated calcium influx through binding to the N-terminal domain of GluN1 

and increasing both the surface dynamics and clustering of NMDARs (Lesept et al., 2016; 

Nicole et al., 2001). Notably, when tPA binds to the NMDAR in the presence of either 

NMDAR agonist or co-agonist, a signaling cascade is initiated in which Rho-associated 

coiled-coil containing protein kinase (ROCK) phosphorylates myosin light chain, driving 

cytoskeletal modifications that shrink the endothelial cells and increase BBB permeability, 

independent of ion flux through the NMDAR (Mehra et al., 2020). Furthermore, brain 

endothelial NMDARs have been reported to have agonist-binding dependent, non-ionotropic 

signaling. In this second example, NMDA binding induces increase in intracellular calcium 

levels through the opening of endoplasmic reticulum and lysosomal calcium stores (Negri et 

al., 2021). This ion flux-independent opening of intracellular calcium stores is mediated by 

group 1 mGluRs, although the exact mechanism or link between NMDARs and mGluRs in 

this signaling pathway is unknown.

Finally, astrocytes have been reported to express NMDARs and exhibit ion-flux independent 

NMDAR signaling (Montes de Oca Balderas and Aguilera, 2015; Montes de Oca Balderas 

et al., 2020). In these studies, the authors report that NMDAR signaling, even when the pore 

is blocked by MK-801, leads to calcium release from the endoplasmic reticulum in a process 

that involves tyrosine kinase. This mechanism was shown to be activated by H+, suggesting 

that acidic conditions could elicit a similar non-ionotropic NMDAR signaling in other cell 

types.

Non-ionotropic NMDAR signaling in neuronal dysfunction and disease

Excitotoxicity

In addition to the essential role of the NMDAR for healthy neuronal physiology, excessive 

activation of the NMDAR, as observed in situations such as brain ischemia, has been shown 

to lead to excessive calcium influx and ultimately to cell death (Aarts et al., 2002; Rossi et 

al., 2000). Although intracellular calcium levels are clearly a critical component in driving 

cell death, recent studies have demonstrated that ion flux-independent NMDAR signaling is 

also sufficient to initiate signaling pathways associated with excitotoxicity (Fig. 2A).

Excitotoxic conditions of brain ischemia include the inhibition of protein synthesis, which 

can be mediated through ion flux-independent NMDAR signaling (Gauchy et al., 2002). 

In this study, the authors show that application of NMDAR agonist drives the opening 

of intracellular calcium stores, leading to phosphorylation of eukaryotic Elongation Factor 

2 (eEF-2) and, subsequently, slowing protein synthesis. Notably, protein synthesis was 

inhibited by NMDA application even in the absence of extracellular Ca2+ and in the 

presence of Mg2+, supporting that ion flux-independent NMDAR signaling was sufficient. 

Removal of D-serine or competitive inhibition of the NMDAR co-agonist binding site 

blocked the NMDA-induced inhibition of protein synthesis, demonstrating a requirement 

for both agonist and co-agonist binding.

Another study demonstrated that both agonist and co-agonist binding to the NMDAR 

triggers a non-ionotropic NMDAR signaling pathway that results in mitochondrial 

dysfunction and, ultimately, cell death (Weilinger et al., 2016). Using electrophysiological 
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recordings and biochemical approaches, the authors showed that non-ionotropic NMDAR 

signaling drives activation and recruitment of both Src kinase and Pannexin-1 to the 

NMDAR to create a signaling complex. Phosphorylation of Pannexin-1 by Src kinase 

allows for its activation and the calcium influx that results in mitochondrial dysfunction. 

As calcium influx through Pannexin-1, but not through NMDAR, is required for cell death, 

this non-ionotropic NMDAR pathway for excitotoxicity depends on the localized calcium 

signaling of Pannexin-1. As Src kinase is known to bind to NMDAR indirectly through 

NADH dehydrogenase 2, conformational change of the NMDAR may be sufficient to bring 

Src kinase in proximity of Y308 on the C-tail of Pannexin-1 for activation that is essential 

for cell death (Fig. 2A).

Beyond calcium dysregulation, non-ionotropic NMDAR signaling has also been identified 

as a vital component of NADPH oxidase-2 (NOX2)-mediated superoxide production 

(Minnella et al., 2018). Although reactive oxygen species are a normal byproduct and 

necessary for cellular homeostasis, overproduction of superoxides leads to a variety of 

undesirable effects such as altered protein folding and mitochondrial dysfunction that will 

ultimately lead to cell death (Forrester et al., 2018; Wang and Swanson, 2020). Triggered 

by glutamate binding alone, the p85 regulatory subunit of phosphoinositide 3-kinase (PI3K) 

interacts with the GluN2B C-tail (Minnella et al., 2018). The activated PI3K is required 

for NOX2 activity, but calcium influx from any source is also required for superoxide 

production that eventually leads to cell death (Fig. 2A).

Neuroprotection

Interestingly, in addition to promoting excitotoxicity when bound to the receptor alongside 

with agonist, co-agonist binding alone to NMDARs has been demonstrated to promote 

cell survival (Chen et al., 2017; Hu et al., 2016). This mechanism of the NMDAR is ion-

flux independent, as glycine treatment was observed to attenuate ischemic injury through 

increased phosphorylation and activation of the cell survival-promoting kinase Akt, even in 

the presence of the channel pore blocker MK-801. Notably, this mechanism required the 

presence of GluN2A subunits (Hu et al., 2016). As the mechanism of cell survival through 

activated Akt involves modification of various substrates such as the class O of forkhead 

box transcription factors (FOXO) and the B-cell lymphoma 2 (Bcl-2) family members, it 

warrants investigation if these targets of Akt can also be modified in an ion flux-independent 

manner. It is possible that non-ionotropic NMDAR signaling induced by co-agonist binding 

could be neuroprotective both by activating signaling for promoting cell survival and by 

driving endocytosis of NMDARs and thus preventing calcium dysregulation and superoxide 

production.

Alzheimer’s disease

Excessive production of β-amyloid is thought to contribute to the etiology of Alzheimer’s 

disease by disrupting synaptic and circuit function (Hardy and Selkoe, 2002; Jackson et 

al., 2019). Notably, non-ionotropic NMDAR signaling has been implicated in β-amyloid 

induced synaptic deficits (Fig. 2B). Initial studies using inhibitors of co-agonist binding 

or pore blockers showed that β-amyloid treatment induces NMDAR-dependent synaptic 

depression independent of NMDAR-mediated ion flux (Kessels et al., 2013; Tamburri et 
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al., 2013). In contrast, NMDAR antagonists that block glutamate binding resulted in robust 

inhibition of β-amyloid-induced synaptic deficits. β-amyloid-induced synaptic depression 

depended on the presence of the GluN2B subunit (Kessels et al., 2013; Tamburri et al., 

2013). Notably, activation of p38 MAPK was shown also to be required for β-amyloid 

induced dendritic spine elimination (Birnbaum et al., 2015).

As non-ionotropic NMDAR-mediated LTD and β-amyloid-induced synaptic depression both 

share a requirement for glutamate binding to the NMDAR and both lead to activation 

of p38 MAPK, it appears likely that the signaling cascade mediating non-ionotropic 

NMDAR-LTD contributes to the synaptic dysfunction associated with Alzheimer’s disease. 

Indeed, β-amyloid was found to cause a similar conformational change of the GluN1 

C-tails as that observed with agonist binding to the NMDAR in the absence of co-agonist 

binding (Dore et al., 2021). Furthermore, overexpression of PSD-95 is sufficient to 

block agonist- and β-amyloid-induced NMDAR conformational changes, non-ionotropic 

NMDAR-LTD, and β-amyloid-induced synaptic depression (Dore et al., 2021; Dore and 

Malinow, 2020). Finally, large spines, which are more enriched for PSD-95 (De Roo et 

al., 2008; Lambert et al., 2017), appear less susceptible to β-amyloid-induced synaptic 

depression, and pharmacological block of PSD-95 depalmitoylation is sufficient to reverse 

β-amyloid-induced synaptic depression (Dore et al., 2021). These findings have led to the 

proposal that enhancement of PSD-95 levels could serve as a potential therapeutic route for 

addressing synaptic dysfunction associated with Alzheimer’s disease (Dore et al., 2021).

Schizophrenia

In addition to potentially mediating synaptic changes associated with Alzheimer’s disease, 

there is cause to believe that non-ionotropic NMDAR signaling may also contribute to 

neuronal dysfunction associated with schizophrenia. NMDAR hypofunction has long been 

proposed to contribute to the etiology of schizophrenia through driving changes in synaptic 

and circuit function (Nakazawa and Sapkota, 2020). The NMDAR hypofunction model 

of schizophrenia is supported by findings that schizophrenia is associated with decreased 

levels of D-serine in CSF (Bendikov et al., 2007; Hashimoto et al., 2005) and that 

NMDAR antagonists such as PCP and ketamine produce schizophrenia-like symptoms in 

healthy individuals (Javitt and Zukin, 1991; Krystal et al., 1994; Newcomer et al., 1999). 

Furthermore, decreasing D-serine levels by genetic deletion of enzyme serine racemase 

(SRKO) causes schizophrenia-like neuroanatomical changes and behavioral deficits in mice 

(Balu et al., 2013; Basu et al., 2009; Puhl et al., 2015).

An intriguing hypothesis (Park et al., 2021) asserts that the decreased D-serine levels 

associated with schizophrenia create an enhanced opportunity for glutamate binding to the 

NMDAR in the absence of co-agonist, leading to the initiation of non-ionotropic NMDAR 

signaling, disrupting spine growth and stabilization (Hill and Zito, 2013), and instead 

biasing toward synaptic weakening (Nabavi et al., 2013) and spine shrinkage and loss (Stein 

et al., 2015). Notably, a recent preprint has reported that SRKO mice exhibit a bias for 

activity-dependent destabilization of dendritic spines (Park et al., 2021), whereby stronger 

stimuli that normally lead to long-term spine growth in WT animals instead lead to no 

change or shrinkage in SRKO animals.
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Summary

Although the role of NMDARs in synaptic plasticity, cell survival, cell death, and 

neurological disorders had been long considered to be mediated by ion flux, we have 

highlighted here the accumulating reports that NMDARs also signal in an ion flux-

independent manner (Table 1). Indeed, these studies provide substantial evidence that 

ligand binding to the NMDAR is sufficient to mediate many physiological functions of 

the NMDAR in the absence of ion flux. Notably, over the past 25 years, many studies have 

brought to light similar ion flux-independent functions of other ionotropic receptors and 

ion channels (Valbuena and Lerma, 2016), such as kainate receptors (Rodriguez-Moreno 

and Lerma, 1998), AMPARs (Bai et al., 2002; Hayashi et al., 1999; Wang et al., 1997), 

and voltage-gated calcium channels (Li et al., 2016a; Servili et al., 2019). Further studies 

focused on ion flux-independent signaling modes of the NMDAR will greatly expand 

our understanding of their physiological functions and should also provide additional 

opportunities for the development of therapeutics for neurological disorders resulting from 

NMDAR dysfunction.
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• NMDA receptors (NMDARs) can signal in an ion flux-independent manner

• Binding of agonist and/or co-agonist initiates non-ionotropic NMDAR 

signaling

• Non-ionotropic NMDAR signaling regulates synaptic transmission and 

plasticity

• Agonist and co-agonist induce different conformational movements of the 

NMDAR

• Non-ionotropic NMDAR signaling is implicated in Alzheimer’s disease and 

schizophrenia
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Figure 1. Non-ionotropic NMDAR signaling in neuronal physiology
(A) Binding of one or both co-agonists drives NMDAR downregulation. On the left, binding 

of NMDAR agonist and co-agonist drives dephosphorylation of GluN1 Y837 and GluN2A 

Y842, even when NMDAR ion flux is inhibited, leading to downregulation of the number 

of functional NMDARs. On the right, high concentrations of glycine (>10 μM) increase 

the interaction with AP2 and prime the NMDAR for dynamin-dependent endocytosis. (B) 
Glutamate binding to the NMDAR is sufficient to drive long-term depression (LTD) of 

synaptic strength, independent of ion flux through the NMDAR. p38 MAPK activation is 

required for LTD induction. Agonist binding to the NMDAR initiates a conformational 

change which drives the GluN1 C-tails apart and alters its interactions with CaMKII 

and PP1. (C) Ion flux-independent NMDAR signaling contributes to bidirectional spine 
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structural plasticity. Glutamate binding with little or no ion flux through the NMDAR 

drives dendritic spine shrinkage via a signaling pathway that includes the interaction of 

nNOS and NOS1AP, and the activities of nNOS, p38 MAPK, CaMKII, MK2, and cofilin. 

Furthermore, the activity of mTORC1 supports a requirement for new protein synthesis. 

Notably, when this non-ionotropic NMDAR signaling pathway is activated in combination 

with strong calcium influx, it instead drives dendritic spine growth. (D) Non-ionotropic 

NMDAR signaling plays a role in the regulation of neurotransmitter release and synaptic 

strength. On the left, ligand binding to postsynaptic NMDARs activates Pannexin-1 channels 

through Src. Opening of Pannexin-1 drives clearance of AEA, a ligand for presynaptic 

TRPV1, from the synaptic cleft. With decreased AEA, TRPV1 closes, reducing calcium 

available for spontaneous release of glutamate. On the right bottom, in a second mechanism, 

co-agonist binding to GluN2A-containing postsynaptic NMDARs activates ERK1/2 and 

increases synaptic strength. On the right top, activation of presynaptic NMDARs by agonist, 

or both agonist and co-agonist, enhances spontaneous release of glutamate in an ion flux-

independent manner.
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Figure 2. Non-ionotropic NMDAR signaling in neuronal dysfunction and disease
(A) Non-ionotropic NMDAR signaling contributes to excitotoxicity. Ligand binding to the 

NMDAR drives opening of intracellular calcium stores and inhibition of eEF-2 and protein 

synthesis. Glutamate and co-agonist binding to the NMDAR leads to Src kinase activation 

and the opening of Pannexin-1 channels and Ca2+ influx, which drives the mitochondrial 

dysfunction, contributing to excitotoxicity. Ligand binding to GluN2B-containing NMDARs 

increases binding of p85 to GluN2B C-tail, removing the PI3K regulatory domain so PI3K 

can activate NOX2 and superoxide production that results in excitotoxicity. (B) Synaptic 

dysfunction associated with Alzheimer’s disease can be mediated through non-ionotropic 

NMDAR signaling, β-amyloid acting via GluN2B subunit-containing NMDAR complexes 

results in activation of p38 MAPK and drives LTD and dendritic spine elimination.

Park et al. Page 18

Neuropharmacology. Author manuscript; available in PMC 2022 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Park et al. Page 19

Ta
b

le
 1

.

E
xa

m
pl

es
 o

f 
io

n 
fl

ux
-i

nd
ep

en
de

nt
 N

M
D

A
R

 s
ig

na
lin

g

P
he

no
m

en
on

A
go

ni
st

C
o-

ag
on

is
t

A
go

ni
st

 +
C

o-
ag

on
is

t
O

th
er

R
ef

er
en

ce
s

N
E

U
R

O
N

A
L

 P
H

Y
SI

O
L

O
G

Y

N
M

D
A

R
 e

nd
oc

yt
os

is
/ t

ra
ff

ic
ki

ng
x

V
is

se
l 2

00
1,

 B
ar

ri
a 

20
02

x
N

on
g 

20
03

, P
ap

ou
in

 2
01

2,
 H

an
 2

01
3,

 F
er

re
ir

a 
20

17
, L

i 2
02

1

Sy
na

pt
ic

 p
la

st
ic

it
y

x
N

ab
av

i 2
01

3,
 A

ow
 2

01
5,

 S
te

in
 2

01
5,

 C
ar

te
r 

20
16

, W
on

g 
20

18
, D

or
e 

20
20

, S
te

in
 2

02
0

Sp
in

e 
st

ru
ct

ur
al

 p
la

st
ic

it
y

x
St

ei
n 

20
15

, S
te

in
 2

02
0,

 T
ho

m
az

ea
u 

20
20

, S
te

in
 2

02
1

Sy
na

pt
ic

 t
ra

ns
m

is
si

on
x

L
i 2

01
6b

x
**

A
br

ah
am

ss
on

 2
01

7

x
B

ia
le

ck
i 2

02
0

Sy
na

ps
e 

to
 n

uc
le

us
 g

en
e 

ex
pr

es
si

on
x

D
H

PG
Y

an
g 

20
04

N
O

N
-N

E
U

R
O

N
A

L
 P

H
Y

SI
O

L
O

G
Y

A
st

ro
cy

ti
c 

E
R

 C
a2

+ 
re

le
as

e
x

M
on

te
s 

de
 O

ca
 B

al
de

ra
s 

20
15

, M
on

te
s 

de
 O

ca
 B

al
de

ra
s 

20
20

B
B

B
 p

er
m

ea
bi

lit
y

x
x

tP
A

M
eh

ra
 2

02
0

N
E

U
R

O
N

A
L

 D
Y

SF
U

N
C

T
IO

N
 &

 D
IS

E
A

SE

E
xc

ito
to

xi
ci

ty
 

In
hi

bi
ti

on
 o

f 
pr

ot
ei

n 
sy

nt
he

si
s

x
G

au
ch

y 
20

02

M
it

oc
ho

nd
ri

al
 d

ys
fu

nc
ti

on
x

W
ei

lin
ge

r 
20

16

Su
pe

ro
xi

de
 p

ro
du

ct
io

n
x

M
in

ne
lla

 2
01

8

C
er

eb
ra

l i
sc

he
m

ia
/T

ra
um

at
ic

 b
ra

in
 in

ju
ry

 

N
eu

ro
pr

ot
ec

ti
on

x
H

u 
20

16
, C

he
n 

20
17

A
lz

he
im

er
's

 d
is

ea
se

 

Sy
na

pt
ic

 w
ea

ke
ni

ng
β-

am
yl

oi
d

K
es

se
ls

 2
01

3,
 T

am
bu

rr
i 2

01
3,

 D
or

e 
20

21

Sp
in

e 
st

ru
ct

ur
al

 p
la

st
ic

it
y

β-
am

yl
oi

d
B

ir
nb

au
m

 2
01

5

Sc
hi

zo
ph

re
ni

a 

Sp
in

e 
st

ru
ct

ur
al

 p
la

st
ic

it
y

x
Pa

rk
 2

02
1

**
no

t t
es

te
d

Neuropharmacology. Author manuscript; available in PMC 2022 August 10.


	Introduction
	Non-ionotropic NMDAR signaling in neuronal physiology
	NMDAR endocytosis and trafficking
	Synaptic plasticity
	Bidirectional spine structural plasticity
	Spontaneous glutamate release

	Activation of non-ionotropic NMDA receptor signaling
	Non-ionotropic NMDAR signaling in non-neuronal physiology
	Non-ionotropic NMDAR signaling in neuronal dysfunction and disease
	Excitotoxicity
	Neuroprotection
	Alzheimer’s disease
	Schizophrenia

	Summary
	References
	Figure 1.
	Figure 2.
	Table 1.



