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Abstract: N-methyl-D-aspartate receptors (NMDARs) are ion channels that respond to the neu-
rotransmitter glutamate, playing a crucial role in the permeability of calcium ions and excitatory
neurotransmission in the central nervous system (CNS). Composed of various subunits, NMDARs
are predominantly formed by two obligatory GluN1 subunits (with eight splice variants) along
with regulatory subunits GluN2 (GluN2A-2D) and GluN3 (GluN3A-B). They are widely distributed
throughout the CNS and are involved in essential functions such as synaptic transmission, learning,
memory, plasticity, and excitotoxicity. The presence of GIuN2A and GluN2B subunits is particularly
important for cognitive processes and has been strongly implicated in neurodegenerative diseases
like Parkinson’s disease and Alzheimer’s disease. Understanding the roles of GluN2A and GluN2B
NMDARs in neuropathologies provides valuable insights into the underlying causes and complex-
ities of major nervous system disorders. This knowledge is vital for the development of selective
antagonists targeting GIluN2A and GluN2B subunits using pharmacological and molecular methods.
Such antagonists represent a promising class of NMDA receptor inhibitors that have the potential to
be developed into neuroprotective drugs with optimal therapeutic profiles.
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1. Introduction

The synthesis and assembly of N-methyl-D-aspartate receptor (NMDAR) subunits
occur in the rough endoplasmic reticulum (RER), after which they are conveyed to the
dendrites by vesicles where insertion into the spines takes place [1]. They are proportioned
into three different pools, based on their activities: i. synaptic pool; ii. extrasynaptic pool;
and iii. non-synaptic pool (cell bodies and dendrites containing NMDARSs) [2]. The location
of the receptor, either synaptic or extrasynaptic, explains the dual nature of NMDARs
in function and pathology. Synaptic NMDARs are known to play a major role in the
initiation of survival signaling, whereas extrasynaptic NMDARSs are related to deregulation
of Ca?* and cell death [3]. NMDA receptors’ surface expressions, coupled with their subunit
compositions, are dynamically controlled by the activities of hippocampal neurons [4] and
other associated neurons in the cortex. Depending on the subunit composition, NMDARs
are trafficked, placed, or displaced from the synaptic sites through various processes [5].
NMDAR (Figure 1) is essential for synaptic plasticity and neuronal development. They
influence the migration of neurons to their final destinations in the developing brain [6].
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They are involved in guiding neurons along radial glial fibers and helping them reach
their appropriate layers within the cerebral cortex [7]. It is therefore not unexpected that
aberrant trafficking and mis-localization of the subunits have been reported in the vast
majority of brain disorders and pathological conditions [8]. Aberrant NMDA receptor
activity and subunit composition explains why neurotransmission patterns are impaired in
Alzheimer’s disease and Parkinson’s disease (PD) and other neurodegenerative diseases
because NMDARs in the hippocampus are essential for memory acquisition and memory
consolidation [9,10]. Evidently, NMDA receptors are involved in the development and
maintenance of dendritic spines [10]. Proper spine formation is essential for the structural
and functional organization of neural circuits.
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Figure 1. N-methyl-D-aspartate receptor cation channel. For clarity, two of four subunits (NR1 and
NR?2) of a functional channel are depicted. Each subunit contains three transmembrane regions
(M1, M3, and M4) and a re-entry loop (M2), which is believed to form the channel selectivity filter
influencing cation selectivity. The known agonists (glutamate and glycine), allosteric modulatory
sites (Zn2*, polyamine, and redox sites), and uncompetitive antagonist sites (Mg2+ and PCP) are
depicted at approximate proposed positions [11].

1.1. NMDARs’ Subunit Composition and Subtype Selectivity

Recent findings have also revealed the complexity of NMDA receptor subunit compo-
sition. Besides the well-known GluN1 and GluN2 subunits, there is growing recognition
of the importance of GluN3 subunits and their role in NMDA receptor function. Under-
standing the subunit composition and diversity of NMDA receptors has implications
for drug development and the targeting of specific receptor subtypes [12]. NMDARs are
made up of two obligate GluN1 subunits, ubiquitously expressed from embryonic stage
E14 to adulthood in rats (Figure 2); because of the widespread CNS distribution of NM-
DARs [13,14], they are encoded by a single gene which consists of eight distinct isoforms
due to alternative splicing, GluN1-1a-GluN1-4a and GluN1-1b—-GluN1-4b. Both GluN1-a
and GluN1-b isoforms possess overlapping expression patterns with relative abundance
that vary in different anatomical regions. The variations in their development and regions
depend on the type of GluN1 isoform [15,16]. Some isoforms are notably expressed in the



Pharmaceuticals 2023, 16, 1535

30f25

hippocampus, at high amounts in the principal cell layers (CA1-3 layers, dentate gyrus,
and granule cells), while some are extensively distributed throughout the brain, including
the thalamus and the cerebellum. GluN1-a isoforms in the hippocampus are found in all
principal cells, while GluN1-b isoforms are mostly confined to the CA layer [17].

GluN1 GluN2A GluN2B GluN2C GluN2D

P1

P11
P14

P21

Adult B

Figure 2. Expressions of GluN1 and GluN2A-D mRNAs in postnatal development (sagittal sec-
tions) [13].

The GluN2 subunit, of which there are four types (2A-D) (Figure 2), has patterns of
expression that vary prominently in both time and location, that is, during development and
in different regions. These are illustrated rats (Figure 2). The primary types of NMDARs
expressed at synapses at early developmental stages are GluN1/2B diheteromers, as shown
by high levels of sensitivity of excitatory postsynaptic currents (EPSCs) to selective GluN2B
inhibitors CP101, 606, and ifenprodil [18]. GluN2A progressively increases after birth in
the brain until adulthood (predominantly in the forebrain) (Figure 2), though its expression
is abundant in the entire CNS. While GluN2B is expressed at an early stage and widely
distributed, its expression peaks around postnatal day seven [7] (Figure 2) [19], a stage at
which there is a sharp rise in GIuN2A expression, but GIluN2B gradually becomes confined
to areas of the forebrain where it remains at high levels (Figure 2). This phenomenon
is known as ‘the developmental GluN2B-GluN2A switch’, whereby GIuN2A expression
progressively rises while expression of GluN2B remains constant. The molecular and
cellular bases are not fully understood but seem driven by activities, though there are some
occasions where GluN2B’s expression remains in the prefrontal cortex during adolescence
at very high levels [20]. This ‘shift phenomenon’ in NMDARs’ subunit composition occurs
during forebrain development from almost exclusively GluN2B-NMDARs to populations of
GluN2A-NMDAR representations, indicating both diheteromeric GluN1-GluN2A receptors
and triheteromeric GluN1-GluN2A-GluN2B receptors [21].

The complexity of GluN2A and GIuN2B ratio distributions in different sub-regions of
the brain (Figure 2) can explain their unique pathological and physiological effects [22,23].
GluN2A and GluN2B ratio variations in individuals with healthy brains may also explain
their different LTP/LTD capacities and performance in long-term memories. GluN2A and
GluN2B ratio adjustment is generally considered to participate in increasing capacity for
synaptic plasticity as well as synaptic maturation. This adjustment strategy of GluN2A
and GluN2B could be put into consideration in treating patients that carry heterozygous
GluN2A or GluN2B mutations that have related mental retardation or epilepsy [24]. Ab-
normalities in NMDA receptor function or mutations in NMDA receptor genes have been
implicated in neurodevelopmental disorders such as autism spectrum disorders and in-
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tellectual disabilities [25]. Understanding the roles of NMDA receptors in development is
crucial for elucidating the underlying mechanisms of these conditions.

The GluN2 subtype regulates a wide variety of NMDAR biophysical properties; this
includes open probability, deactivation kinetics, and agonist affinity, which in turn influence
downstream signaling and synaptic NMDAR-evoked currents [26]. GluN2A and GluN2B
subunits have a higher degree of single-channel conductance compared with Glul/2C
and GluN1/2D subunits [27]. An increase in GIuN2A /GluN2B ratio impedes retrieval-
dependent memory destabilization of a weak memory trace and consequently thwarts
its modification, which is similar to re-consolidation-resistant fear memories. They are
critical for LTP induction levels, though there are obvious concerns that an increase in
receptors containing GluN2B relates to excitotoxicity [28]; increasing GluN2A could be
less excitotoxic. In addition, some specific cognitive functions may depend on receptors
containing both GluN2A and GluN2B because they play special physiological functions
in several processes of the CNS [28]. Recently, the relative protein levels of NMDAR
subunits in crude were assessed, and microsomal fractions derived from the cerebral cortex,
hippocampus, and cerebellum of adult mice were examined. Interestingly, a substantial
presence of GIuN2D protein in adult brains was observed, even though its transcription
levels decrease following the early postnatal stages [12]. NMDA receptors are active during
critical periods of brain development [29]. These are specific time windows during which
certain brain functions, such as vision or language, are especially sensitive to environmental
input. Disruptions in NMDA receptor function during critical periods can have long-lasting
effects on brain development and function.

1.2. GIuN1/2A and GluN1/2B Diheteromer and Triheteromer Receptors

Strong evidence has shown that the coexistence of diheteromers and triheteteromers
within a single cell or at a single synapse contributes to the functional diversity of the
postsynaptic response [30]. Therefore, the mechanism of action and subunit selectivity are
of paramount importance, when considering the application of a pharmacological ligand
in neurophysiological studies because several central synapses in the adult hippocampus
and cortex are made up of mixed populations of GluN1/2A, GluN1/2B, and triheteromeric
GluN1/2A/2B receptors [31,32]. Multiple studies have also revealed that the functional
and pharmacological features and characteristics of triheteromeric GluN1/2A /2B receptors
are very different from those of diheteromeric GluN1/2A and GluN1/2B receptors. The
developmental change that takes place from the diheteromeric GluN1/2B form of recep-
tors to triheteromeric GluN1/2A /2B receptors [33] supports synaptic plasticity alterations
and neuronal circuit maturation [34]. In addition, heterogeneity among NMDA receptor
subunits and assemblage of various receptor subtypes that possess definite functional char-
acteristics allow accurate synaptic response tuning and permit variations in physiological
roles and functions of the receptors during neuronal development [35].

Dihetereromeric GluN2A-NMDARs (GluN1/2A receptors) are highly sensitive to
Mg?* block and Ca?* permeability. Thus, they have a higher probability of channel
openings with a faster decay rate than diheteromeric GluN2B-NMDARs (GluN1/2B re-
ceptors) [36]. Triheteromeric receptors are expressed throughout the brain in neurons
but are at an abundant density within the cells of the hippocampus, hypothalamus,
and amygdala [30]. Subsequently, utilizing the distinctive features of triheteromeric
GluN1/GIluN2A /GluN2B channels will help in comprehending physiological synaptic
events and changes in synaptic activities during neuropathologies [37]. Previous studies
have suggested that approximately two-thirds of NMDARs’ population in the hippocam-
pus of rodents may be triheteromeric [38]. Several investigations have shown that a great
amount of naive triheteromeric NMDA receptors are assembled from two GluN1subunits
and two different GIuN2 subunits. Specifically, these studies have shown that triheteromeric
GluN1/GluN2A /GIluN2B populations are responsible for over 50% of the entire NMDA
receptors in the hippocampus and cortex of the adult rodent brain, thus revealing their pecu-
liar gating and pharmacological hallmarks [39]. A distinctive intra- and inter-subunit inter-
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face also exists in GluN1/2A /2B NMDARs triheteromers, which are absent in GluN1/2A
and GluN1/2B NMDARs diheteromers [40]. Therefore, there are reasons for targeting
either of the subunits, GluN2A or GIuN2B, though more studies need to be conducted
to discern if the advantages of targeting one exceeds the other. A promising strategy
could be in designing compounds selective for triheteromeric GluN1/GIuN2A /GluN2B
receptors. However, selectively targeting this receptor subtype without interference from
others could be quite difficult [41]. GluN1/2A /2B-NMDARs’ distinct structure and func-
tion generate opportunities for the design and development of novel antagonists selective
for triheteromeric over diheteromeric receptors. Such selectivity can provide novel and
strategic ways of treating neurological and psychiatric disorders [42].

1.3. Synaptic and Extrasynaptic GluN2 NMDA Receptors

NMDA receptors are central to synaptic plasticity, which is the ability of synapses
to strengthen or weaken over time in response to neuronal activity. During development,
synaptic plasticity allows for the refinement of neural circuits and the adaptation of the
brain to sensory inputs. NMDA receptor-dependent long-term potentiation (LTP) and
long-term depression (LTD) are crucial mechanisms underlying synaptic plasticity and
learning [42,43]. NMDA receptors also play a role in experience-dependent plasticity,
where the neural circuits are shaped by sensory experiences [44]. During critical periods of
development, sensory inputs (e.g., visual, auditory) are required to fine-tune and maintain
synaptic connections. NMDA receptors are involved in these processes, allowing the brain
to adapt to the environment.

Two models describe the differential contributions of NMDARs to neuronal sur-
vival and excitotoxicity. The “localization model”, which postulates that activation of
synaptic NMDARs is neuroprotective whereas activation of extrasynaptic NMDARs is
neurotoxic [45,46], and the “subunit composition model”, which proposes that the sub-
unit make-up of NMDARs determine if their activation has neuroprotective or neurotoxic
consequences. Receptors found at the pre-synaptic locations contribute to neuroplasticity
and synaptic transmission, while receptors at postsynaptic locations contribute only to the
regulation of plasticity [47]. Both pre-synaptic and post-synaptic receptors are involved in
activation of neuronal survival and protection genes. Higher concentrations of glutamate
are necessary for the activation of extrasynaptic receptors, which are located on dendrites.
These receptors support the GluN2B subunit, which plays a role in neurotoxicity and regu-
lation of neuronal cell death [48]. NMDARs containing NR2B subunit are enriched in the
extrasynaptic receptor population, which makes them potential candidates for supporting
disease-associated ‘background’ NMDAR activation [49]. Mitochondrial membrane poten-
tial loss and cell death are observed due to stimulation of extrasynaptic NMDA receptors,
whereas synaptic NMDA receptors have been reported to be neuroprotective. The influx
of calcium through extrasynaptic NMDARs may cause mitochondrial dysfunction, which
eventually leads to neuronal death. Therefore, neurotoxicity is not only mediated by Ca**
overload but also by Ca?* influx through extrasynaptic receptors which are mainly deleteri-
ous to neurons. Synaptic NMDA receptor activation has anti-apoptotic activity, whereas
extrasynaptic NMDA receptor activation elicits mitochondrial membrane potential loss, a
progenitor for glutamate-induced toxicity. Therefore, antagonism of specific extrasynaptic
NR1/NR2B receptors in neuropathological conditions may have effective neuroprotective
properties, without interfering with normal synaptic NR1/NR2A-mediated events [50].
A promising therapeutic strategy is to selectively target extrasynaptic NMDAR signaling
which are characterized by GIuN2B subunits, while sparing synaptic signaling [51].

The presence of NMDARs containing GluN2A and GluN2B subunits at the synapse is
balanced by their associations with the postsynaptic density (PSD) subfamily of membrane-
associated guanylate kinases (MAGUKSs). MAGUKSs are typical neuronal scaffolding pro-
teins that participate in multiple signaling cascades by binding to numerous interacting
proteins [52]. These include PSD-93, PSD-95, SAP102, and SAP97 [30,53]. Synaptic and
extrasynaptic localization of GluN2A and GIuN2B is determined by PSD-95 and SAP-102;
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the heightened expression of PSD-95 in the developmental period probably competes with
SAP102 for insertion into the postsynaptic density and displaces SAP-102 and GIuN2B
outside of synapses [54,55]. GIluN2A’s mobility is less than GluN2B’s because of its ten-
dency to interact with PSD-95, and it is confined to synapses in adults [56]. GluN2A and
GluN2B’s different subcellular locations, which are induced by PSD-95 and SAP-102, are
probably responsible for their differences in signaling.

GluN2A has higher glutamate affinity than GluN2B, and release of synaptic glutamate
in adult neurons leads to higher stimulation of NMDARs containing GIluN2A than GluN2B.
These seemingly contradictory properties are most likely the result of the segregated
subcellular localization of these subunits, which favors activation of GIuN2A (expressed
predominantly at synaptic sites) over GluN2B (enriched predominantly at extrasynaptic
sites). This model solely depends on data from the use of selective NMDARs containing
GluN2B inhibitors like ifenprodil, CP101, 606, or Ro25-6981. Thus, only about 30% of the
NMDAR-mediated excitatory postsynaptic current (NMDAR-EPSC) can be blocked by
ifenprodil (Figure 3) in adulthood, showing the presence of GluN2A which are predominant
at synaptic sites [48].

Figure 3. Crystal structure of amino terminal domains of the NMDA receptor subunits GluN1 and
GluN2B in complex with ifenprodil (PDB ID: 5EW]).

Consistent with the importance of precise NMDAR regulation for proper synaptic
and neuronal functions, several neuronal disorders are characterized by altered NMDAR
subunit expression and synaptic or extrasynaptic localization [48]. Cognitive decline in
neuronal aging and neurodegenerative diseases such as AD may be the result of an imbal-
ance between synaptic and extrasynaptic NMDA receptors [57]. Pathological conditions
can increase the activation and expression of extrasynaptic NMDARs and therefore favor
pro-death pathways. Extrasynaptic NMDA receptors may be stimulated by spillover of
glutamate from synapses or from ectopic release of glutamate, a negative influence on the
neurons, following over-activation of extrasynaptic NMDA receptors, which can eventually
lead to damage and death of cells; this is evident in some major diseases of the nervous
system [58]. In fact, a vast majority of pathological conditions and neurodegenerative
diseases, such as Alzheimer’s, Parkinson’s, and Huntington’s, may involve an abnormal
increase in the number of extrasynaptic NMDARs and/or signaling of same [46]. This
rising knowledge of the roles of extrasynaptic NMDARs in pathologies offers researchers
hope in comprehending the etiology of major diseases of the nervous system [54].

Studies have also shown that a possible relationship exists between a decrease in
protein expression of NMDA in regions such as the hippocampus during senescence and
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impaired memory function [59]. This decrease involves a reduction in the expression of
GluN2A and GluN2B in the hippocampus [60,61]. This happens with a change in the local-
ization of GluN2B from the synapse to extrasynaptic sites [62]. GluN2B NMDA receptors
are particularly mobile and translocate outside of synapses to extrasynaptic sites, a process
which may increase with aging [57]. Since the GIuN2B subunit is present [9] in extrasynap-
tic NMDA receptors and Tau overexpression has also been implicated in the overactivation
of extrasynaptic NMDA receptors [63], it could be considered a potential target for the
treatment of neurodegenerative disorders related to aging such as AD. Reduced glutamate
uptake has also been associated with extrasynaptic NMDA receptors at the hippocampal
CA1 synapse of aged rats [62]. Kumar et al. [64] have proposed a possible relationship
between a decrease in NMDARs during senescence and impairment of memory function.
Several other studies have also shown a decrease in expressions of NMDA receptor pro-
teins during senescence in areas such as the hippocampus [57]. NMDA receptors are also
involved in the regulation of neural stem cell proliferation and differentiation [65]. During
early brain development, these receptors help control the balance between self-renewal
and differentiation of neural stem cells. Activation of NMDA receptors influences the fate
of neural precursor cells, guiding them to become specific types of neurons or glial cells
Additionally, NMDA receptors are crucial for the formation of synapses, which are the
connections between neurons [66]. As neurons extend their axons and dendrites, they
form synapses with other neurons. The activation of NMDA receptors at these develop-
ing synapses is essential for the establishment of functional connections. This process is
fundamental for the development of neural circuits and the wiring of the brain [67].

1.4. The Ideal Clinically Tolerated NMDA Receptor Antagonist

An NMDAR antagonist that is clinically tolerated would not cause drowsiness, halluci-
nation, or coma in patients, but would spare normal neurotransmission while blocking the
havoc of the excessive activation of NMDA receptors [68,69]. The ideal antagonist would
be a compound that exhibits inhibitory potencies in the low micromolar range, allowing
the physiological function of the receptors, and at the same time inhibiting them upon
overactivation or upregulation [70]. The biophysical properties of the compound would
enable it to differentiate precisely between low-level chronic pathological activation of
NMDA receptors in Alzheimer’s disease (“noise”) and physiological synaptic activation of
NMDA receptors (“signal”) [71,72]. At therapeutically relevant concentrations, the com-
pound should have the ability to suppress the pathological background “noise” and at
the same time preserve and enhance the normal physiological synaptic NMDA receptor-
mediated plasticity “signal” [73]. NMDAR antagonists may be able to enhance cognition
effectively by selective inhibition of the ‘pathological activation” while preserving NMDA
receptors’ normal “physiological activation’ [15]. Some drugs do not match the required
properties and therefore eventually fail clinical trials because of unacceptable side effects
(hallucinations, drowsiness, and sometimes coma); they display competition with either
glutamate or glycine at the agonist binding sites which block normal functions [74-76].
Such drugs substantially interfere with normal synaptic transmission [76].

1.5. NMDA Receptor Antagonists” Recent Advances

NMDA (N-methyl-D-aspartate) receptor antagonists have been the subject of extensive
research and development due to their therapeutic potential in various neurological and
psychiatric disorders. Here are some reports and recent advances related to NMDA receptor
antagonists:

1. Ketamine and Esketamine for Depression NMDA receptors play crucial roles in brain
development, and recent research has shed light on their functions in processes like
synapse maturation, dendritic spine formation, and neuronal migration. Dysregula-
tion of NMDA receptor signaling during development has been linked to neurode-
velopmental disorders [77]. Innovative therapies targeting NMDA receptors are in
development for conditions like stroke, traumatic brain injury, and neurodegenerative
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disorders. These therapies aim to modulate NMDA receptor activity to promote neu-
roprotection and functional recovery [78] NMDA receptor-based therapies are being
explored for a range of disorders. For example, ketamine, an NMDA receptor antago-
nist, has shown promise in the treatment of treatment-resistant depression. However,
the precise mechanisms of action and long-term effects of these treatments are still
areas of active research [79]. Scientists are actively investigating compounds that can
modulate NMDA receptor function. This includes developing allosteric modulators
that can fine-tune NMDA receptor activity. Such modulators may have therapeutic
potential in various neurological conditions [80]. Esketamine, a derivative of ketamine,
has also been developed and approved for use in depression treatment [81]. Research
has focused on optimizing dosing regimens, administration routes, and long-term
safety profiles of ketamine and esketamine. Efforts are underway to understand the
mechanisms underlying their antidepressant effects and to expand their use in clinical
practice [82].

Memantine in Alzheimer’s Disease Memantine, an NMDA receptor antagonist, has
been approved for the treatment of Alzheimer’s disease. It helps regulate glutamate
signaling and mitigate excitotoxicity in neurodegenerative conditions [83]. Ongo-
ing research explores the potential of memantine as a disease-modifying agent in
Alzheimer’s disease and investigates its use in combination with other therapies. Re-
searchers are also working on developing more selective NMDA receptor modulators
with improved safety profiles. Memantine exhibits voltage dependency, uncompeti-
tive antagonism, preferential inhibition of extrasynaptic receptors, partial trapping,
affinity for the PCP-binding site, and mode of fast off-rate (a property that is intrinsic
to the drug-receptor complex, not affected by the concentration of the drug). A major
contributor to a drug’s low affinity for the channel pores is a relative fast off-rate [84].
Memantine is both neuroprotective and offers symptomatic improvement by the same
MOA, i.e., moderate-affinity NMDA receptor channel blockade [70].

NMDA Receptor Modulators in Schizophrenia Dysregulation of NMDA receptors
has been implicated in schizophrenia. Several compounds that modulate NMDA
receptor function are being investigated as potential treatments for the disorder [85].
Recent studies have highlighted the potential of glycine-site modulators and other
NMDA receptor-targeting agents in managing schizophrenia symptoms. Research
continues to refine these compounds and explore their clinical efficacy. Additionally,
advancements in structural biology techniques have allowed researchers to obtain
high-resolution structures of NMDA receptors. These structures provide valuable
insights into the receptor’s function and have the potential to inform drug design
efforts [86,87]. These studies have deepened our understanding of how dysfunction
in NMDA receptors contributes to neurological disorders. Notably, NMDA receptor
hypofunction has been implicated in schizophrenia, and some studies have explored
NMDA receptor-based treatments for the condition [88].

NMDA Receptor Antagonists in Pain Management NMDA receptor antagonists are
being explored as treatments for chronic pain conditions, including neuropathic pain
and fibromyalgia. These drugs aim to reduce pain perception by blocking NMDA
receptor activity [89] Researchers are investigating novel NMDA receptor antagonists
with improved pharmacokinetics and safety profiles. Combining these drugs with
other analgesics in a multimodal approach is also a focus of recent studies.

NMDA Receptor Antagonists in Neuroprotection NMDA receptor-based therapies
are being studied for their neuroprotective effects in conditions such as stroke, trau-
matic brain injury, and neurodegenerative diseases. Modulating NMDA receptor
activity can help mitigate excitotoxicity and neuronal damage. Recent studies have
shown that ergotamine demonstrated a potent inhibitory effect specifically on the
NR1la/NR2A subunit within the various subtypes of NMDAR. This inhibitory action
serves to effectively curtail the excessive influx of calcium ions, thereby acting as a
protective measure against neuronal cell death [90]. Advances in understanding the
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role of NMDA receptors in neuroprotection have led to the development of poten-
tial therapeutic interventions. Researchers are exploring the use of NMDA receptor
antagonists as part of comprehensive neuroprotective strategies.

6.  Subunit-Selective NMDA Receptor Modulators Recent research has focused on devel-
oping subunit-selective NMDA receptor modulators. These compounds target specific
types of NMDA receptors, such as GIluN2A or GluN2B-containing receptors, for more
precise therapeutic effects [91]. Subunit-selective modulators are being investigated
for their potential in treating various neuropsychiatric disorders while minimizing
side effects associated with non-selective NMDA receptor antagonists.

7. Combination Therapies Combining NMDA receptor-related therapies with other phar-
macological agents is an emerging approach in clinical practice. These combinations
aim to enhance therapeutic outcomes while minimizing side effects [92]. Ongoing
research evaluates the safety and efficacy of combination therapies involving NMDA
receptor modulators, especially in conditions like depression and chronic pain.

These recent advances reflect the evolving landscape of NMDA receptor antagonist
research and its potential impact on the treatment of a wide range of neurological and
psychiatric disorders. Continued investigation and clinical trials are essential to refining
these therapies further and expanding their clinical applications.

1.6. GIuN2A and GluN2B NMDA Receptor Antagonists

Channel blockers of NMDA receptors have shown robust neuroprotective outcomes in
animal models of CNS disorders that exhibit excessive activation of NMDA receptors such
as epilepsy, traumatic brain injury (TBI), and stroke [46]. The GluN2 subunits have received
substantial interest as potential targets for therapy since they control the physiological
functions of NMDA receptor subtypes [41]. Studies have proposed that NMDA receptors’
stimulation leads to a decrease in neurogenesis, while antagonism of NMDA receptors
reverses this effect.

Selective antagonism of NMDA receptors containing GluN2B subunits has proven
to be effective in curbing the pathological roles of excitotoxicity in the progression of
various disorders such as AD, PD, neuropathic pain, and depression [93,94]. Ifenprodil, an
antagonist of GluN2B containing NMDARs, was the first subunit-selective NMDA receptor
antagonist to be discovered. It represents a class of non-competitive, voltage- and use-
dependent inhibitors of NMDA receptors [73]. Inhibition of GIuN1/GluN2B receptors by
ifenprodil has a high affinity of about 200 to 400-fold, compared to different combinations
of GluN1/GluN2 subunits [95]. Crystallographic studies have shown that ifenprodil
binds precisely at the interface between amino-terminal domains (ATDs) of GIuN1/GIluN2
heterodimers [96]. Raybuck et al. (2017) [97] reported that ifenprodil reversed functional
loss by rescuing spine loss in HIV-associated neurocognitive disorder (HAND). Increased
spine loss in the hippocampus and medial prefrontal cortex correlates with impairment
in learning [98]. Indeed, therapies that increase dendritic spines of the hippocampus
can facilitate LTP-induction and enhancement of hippocampal-dependent learning and
memory [99]. Felbamate has been observed to exhibit a specific preference for targeting the
NR2B subunit of the NMDA receptor. NR2B mutations have been suggested as contributing
to the development of epilepsy in mouse models. Felbamate is widely recognized for its
effectiveness as an additional therapy in the treatment of challenging conditions such as
intractable partial seizures. However, it is important to note that the use of felbamate as an
adjunctive therapy in partial epilepsy has been constrained due to the occurrence of severe
adverse effects, including aplastic anemia and liver disease [100]. Neu2000, alternatively
known as nelonemdaz or salfaprodil, is a compound derived from sulfasalazine and belongs
to the class of negative allosteric modulators targeting GluN2B-containing NMDARSs and
has been specifically designed to mitigate NMDAR-mediated excitotoxicity as well as free
radical toxicity [101].

NP10679, developed by NeurOp Inc. in Atlanta, GA, USA, is designed to counteract
minor changes in extracellular pH that happen during conditions such as strokes and
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traumatic brain injuries. It is noteworthy that extracellular protons can strongly inhibit
NMDARs, impacting the activity of NMDARs containing the GluN2B subunit [102,103].
Nerinetide, alternatively referred to as NA-1 or Tat-NR2B9c, is a peptide composed of the
Tat sequence followed by the last nine C-terminal residues of the NMDAR-GIuN2B subunit,
which contains the PDZ ligand. This compound is currently under development for use
in treating ischemic stroke, traumatic brain injury (TBI), and subarachnoid hemorrhage.
Importantly, it has been shown to be both safe and efficacious in the treatment of patients
who experience iatrogenic stroke following endovascular aneurysm repair [104]. ZL006 has
been documented as being capable of disassembling the GIluN2B-PSD95-nNOS complex,
and it has also been observed to penetrate the blood-brain barrier without impacting the
regular functioning of NMDARs and nNOS [105].

Amidfar et al. (2019) [93] have shown that GluN2B-containing NMDARs blockade by
Ro 25-6981 causes inhibition of nNOS activity, resulting in stimulation of adult neurogenesis
in the hippocampal region of the brain [106,107]. It also enhances retrieval of spatial
memory in rats. In addition, it facilitated formation of spatial memory in mice [108]. There
is therefore an urgent need for identification of GIJuN2B antagonists that are potent, highly
selective, and with good oral bioavailability since NMDA receptor subunits containing
GluN2B have proven to be a target of therapy for neurodegenerative diseases [109,110].
Activities on other NMDA receptor subtypes, i.e., GluN1, GIuN2A, 2C, and 2D, indicate
poor selectivity for GluN2B which may cause numerous adverse effects. Even though
there has been no success in the development of GIluN2B-NMDA receptor antagonists
thus far, such efforts are on the rise due to possibilities for treatment of various CNS
diseases and deepening research on GluN2B-NMDA receptors [111]. Earlier research also
discussed the capacity of NMDAR antagonists to influence synaptic plasticity; this was
shown in treatment with RL-208, which significantly changed NMDAR?2B and resulted in
an elevation of various synaptic plasticity markers, including SYN, PSD-95, and Tgf [112].

NVP-AAMO077 (now known as NVP) (Figure 4) was the first known selective GluN2A
antagonist, but it had poorer selectivity for GluN2A over GluN2B in rodents [113] than
had been obtained from recombinant human proteins that showed a 10-fold preference
for GluN2A over GluN2B. This poor selectivity causes difficulty in the selective blockade
of GIuN2A without interfering with the GIuN2B blockade; therefore, results from NVP-
AAMO77 remain controversial [113]. The study of GluN2A is therefore more limited due to
lack of antagonists selective for this subunit. However, in 2017, a series of compounds were
designed based on ACEPC [114], which is a competitive antagonist for the NMDA receptor.
Among these compounds, ST3 exhibited Ki values of 52 nM for GluN1/GluN2A receptors
and 782 nM for GluN1/GluN2B receptors. This represents a significant improvement
in comparison to the widely used GluN2A-selective antagonist NVP-AAMO077, as ST3
demonstrates a 15-fold preference for GluN1/GIuN2A receptors over GluN1/GluN2B
receptors [115].

Br

(a) (b)

Figure 4. (a) NVP-AAMO077; (b) crystal structure of GLUN1/GLUN2A ligand-binding domain in
complex with glycine and NVP-AAMO077 (PDB ID: 5U8C).
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In 2010, TCN-201 (Figure 5), the most promising selective GluN2A was reported
and showed no activity on GluN2B at 50 uM but displayed submicromolar potency at
GluN2A [116]. Later in 2016, Volkmann et al. (2016) [117] synthesized MPX-004 (Figure 6)
and MPX-007 (Figure 7) using the TCN-201 scaffold. They showed absence of inhibition
on GIuN2B or 2D at concentrations that showed complete inhibition of GIuN2A activity.
They had greater water solubility and potency compared to TCN-201. Nevertheless, their
selectivity at a high concentration (10 uM) was lower than the one observed for TCN-201,
since both MPX-004 and MPX-007 inhibited GluN2B current (at 10 uM) by 8% and 30%,
respectively [113].
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Figure 7. MPX-007.

TCN-201, a GluN2A NMDAR antagonist, looks more promising as a superior phar-
macological tool for investigating the roles of GluN2A, since it has higher selectivity for
GIluN2A compared to GIuN2B [113,118], probably because of the interactions at the ligand
binding domains (LBDs) of GluN1 and GluN2A subunits. TCN-201’s binding site location
is proposed to be at the interface between the LBDs of GluN1 and GluN2A subunits [119].
Modulation of LBD interactions has shown promising therapeutic potential. These interac-
tions can be utilized in the discovery of novel NMDAR-based therapeutics [120]. The main
function of LBDs in NMDA receptor function has been shown in the past two decades by
several studies. Muller et al. (2017) [121] also recently reported that the chemical compound
3-bromo derivative 5i (N-{4-[(2-benzoylhydrazino) carbonyl] benzyl}-3 bromobenzene sul-
fonamide), a TCN-201 derivative, has 2.5-fold higher antagonist activities than TCN-201,
thus showing the feasibility of improvements. In 2016, Hackos and colleagues [122] in-
troduced a novel category of positive allosteric modulators, demonstrating remarkable
specificity for GluN1/GIuN2A receptors [122]. Through an extensive high-throughput
screening process, they identified a set of highly selective compounds, including GNE-6901
and GNE-8324, from a pool of 1.4 million compounds. X-ray crystallography results indi-
cated that these compounds bind to a site situated at the interface between the GluN1 and
GIuN2A subunit LBDs [80,123].
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1.7. Alzheimer’s Disease

Alzheimer’s disease (AD) is a chronic neurodegenerative disease that exhibits cogni-
tive function decline and memory loss and is associated with the aged population. The
population of patients worldwide is projected to reach 152 million by 2050 [124]. Aging is
the main risk factor for many neurodegenerative diseases/disorders. Cognitive capacity
decline is a major feature of brain aging where neuronal numbers and functions decrease
due to various factors. GluN2B subunit expression was shown to reduce with age which
correlates with weakening and decline in cognitive function. Therefore, there is mounting
evidence that the GIuN2B subunit is an essential subunit that requires attention when
considering dementias related to a vast majority of neurodegenerative diseases [125,126].
Moreover, expression of GluN2B subunit reduces with age in animal models, which corre-
sponds with reduced and weak performance in cognition [127,128]; in the frontal cortex
of aged humans, there is a decrease in NMDA receptors with pharmacological charac-
teristics associated with the GluN1/GIuN2B subtype compared to other subtypes [129];
GluN2B subunit overexpression in the forebrain of transgenic mice has been shown to
have significant cognitive benefits [47]. Synaptic strength increase through induced LTP
elicits a selective increase in phosphorylation of GluN2B [130,131]. These facts suggest that
controlled GluN2B potentiation can provide a novel strategy for treatment of cognitive dis-
abilities since NMDA receptor-expressing neurons are more vulnerable to insults associated
with cognition [132]. Complementarily, GluN2B-selective antagonists have been found
to be relatively well tolerated [133]. Traxoprodil (CP-101, 606) (Figure 8), an antagonist
selective for GIuN2B, demonstrated improvement of task performances in some animal
tests, suggesting them for potential use as enhancers of cognition in AD [131,134]. The
tests measured compulsive behavior and impulsive action, which could be the underlying
emerging evidence that suggests that glutamate signaling via GluN2B NMDA receptor
plays an essential role in behavioral flexibility [130]. Blockade by Ro-25-6981 (Figure 9)
in the presence of excessive GluN2B-NMDAR expression has also shown enhancement
in retrieving spatial memory in rats [135] and has facilitated formation of spatial mem-
ory in mice [107]. According to findings by Hanson and colleagues in 2020, the use of
GluN2A-selective positive allosteric modulators such as GNE-0723 led to a reduction in
abnormal low-frequency oscillations and epileptiform discharges, while also demonstrating
an improvement in cognitive deficits in a mouse model of Alzheimer’s disease [88].
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Figure 9. (a) Ro 25-6981; (b) triheteromeric NMDA receptor GluN1/GIuN2A /GluN2B in complex
with glycine, glutamate, Ro 25-6981, MK-801, and a GluN2B-specific Fab, at pH 6.5 (PDB ID: 5UP2).
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Although the pathophysiology of Alzheimer’s disease (AD) is not completely un-
derstood, the formation of extracellular plaques is widely recognized as a prominent
characteristic. These plaques primarily consist of beta-amyloid peptides [136,137]. Under
normal conditions of glutamate levels, the NMDA receptor plays a crucial role in memory
acquisition and learning processes [138]. However, in AD, the beta-amyloid oligomers
disrupt the uptake of glutamate and lead to an increase in its release. Consequently, this
imbalance results in elevated levels of neurotransmitters within the synaptic cleft [139].
Chronic stimulation of NMDA receptors at moderate rates elicits excitotoxicity, loss of
neurons, and the characteristic decline of memory and loss of cognitive abilities seen in AD
patients [140]. Kakefuda et al. (2016) [141] reported a significant amelioration of deficits
in the working memory of DGKb knockout mice in a Y-maze test when memantine was
administered. The study also revealed that GluN2A and GluN2B subunit expression levels
were increased in the pre-frontal cortex, even though there was a reduction in the hippocam-
pal region of DGKb-knockout mice. These decreases in GluN2A and GIuN2B expressions
in the hippocampus were assumed to have contributed to spatial memory deficits and
decreased LTP [141]. Memantine (Figure 10), however, brought about improvements in
the working memory and reversed the altered expression levels of GIuN2A and GluN2B
subunits. There is contemplation that the GluN2B subunit is a potential target for treating
neurodegenerative disorders such as AD, as it is regarded as the primary target of meman-
tine. Suggested mechanisms of action of memantine show LTP improvement, increased
levels of BDNF and its receptors, and GluN2B subunit upregulation [142]. Although it has
brought improvement of cognitive and memory functions in patients, it has failed to undo
the progression of the disease.

NH,

(a) (b)
Figure 10. (a) Memantine; (b) memantine-bound GluN1a-GluN2B NMDA receptors (PDB ID: 7SAD).

1.8. Parkinson’s Disease

Parkinson’s disease (PD) is characterized by the dysfunction and loss of neurons in
the brain, particularly those in the substantia nigra that are responsible for dopamine
production [143]. As the disease advances, there is a decline in dopamine production,
leading to the degeneration of dopaminergic neurons in the neural structure known as the
pars compacta [144]. There is an overlap of activities between dopaminergic neurons from
substantia nigra pars compacta and glutamatergic neurons projecting into the striatum
from the motor and sensory cortex on the GABAergic spiny projection neurons. It has been
established that glutamatergic and dopaminergic signaling display interactions with one
another in controlling motor functions; therefore, alteration of NMDARs is not a surprise
in this disorder [145]. The glutamatergic pathways from the subthalamic nucleus to the
basal ganglia output nuclei become overactivated and are thought to play key roles in the
pathophysiology of the symptoms of PD because of the high density of GluN2B-containing
NMDARSs in the basal ganglia [146].

Several studies have demonstrated that NMDAR antagonists can improve PD symp-
toms, serve as neuroprotective agents, and delay PD progression by inhibition of excito-
toxicity fueled by the glutamatergic system. GluN2B-selective antagonists like radiprodil
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(Figure 11), traxoprodil, and ifenprodil improve PD motor symptoms, increase antiparkin-
sonian efficacy of dopaminergic agents synergistically, and lower L-DOPA-induced dysk-
inesia [147], supporting the suggestion that the glutamatergic system may elicit anti-
parkinsonian effects if properly manipulated. According to Wessel et al. (2004) [94],
NMDA receptors containing the GluN2B subunit are believed to play a significant role in
the negative changes observed in glutamatergic function following the loss of dopamine
neurons. Their study demonstrated that the effects of CP-106,606 on rotational responses
suggest that the activation of NMDA receptors containing GluN2B may contribute to
the development and maintenance of reduced responsiveness to dopamine agonists with
chronic therapy [148]. Therefore, NMDA receptor antagonists selective for GluN2B may
offer potential therapeutic benefits for patients with Parkinson’s disease. They represent an
appealing approach in the treatment of the primary symptoms and motor complications
that show up at a later stage [94,149].
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Figure 11. Radiprodil.

Some NMDA receptor antagonists selective for GluN2B subunit receptors have shown
antiparkinsonian activity in MPTP-lesioned primates, either when used alone or in com-
bination with levodopa [150], and reduce dyskinesias induced by levodopa [151,151];
CP-101,606, an NMDA receptor antagonist selective for GluN2B, has shown the ability to
prevent the onset of motor response abnormalities induced by levodopa in Parkinsonian
rats, as well as improve these motor deficits after they have developed. These findings are
similar to the effects observed with the administration of non-selective NMDA receptor
antagonists [152], indicating that the activation of NMDA receptors containing the GluN2B
subunit alone can significantly contribute to the development and persistence of these
motor response alterations. Recent evidence suggests that the GIuN2B subunit plays a
crucial role in the molecular mechanisms underlying Parkinson’s disease, opening up the
possibility of GluN2B-selective antagonists as potential therapeutic options for treating
neurodegenerative disorders [153].

1.9. Neuropathic Pain

Neuropathic pain arises from damage or malfunction of the nervous system, and
its treatment has been challenging for physicians due to limited understanding of its
underlying mechanisms [154,155]. In recent times, there has been a shift away from opioids
as the primary choice for managing neuropathic pain. Instead, there is a growing focus on
selective antagonists targeting pre-synaptic NMDA receptors, sparking significant interest
in the field, which have been used intermittently for neuropathic pain [156]. Further
investigations into these pharmacological agents are ongoing to evaluate their efficacy.

The involvement of NMDARSs in neuropathic pain has been demonstrated through
the use of non-selective and GluN2B-selective antagonists, which have shown effectiveness
in alleviating neuropathic pain in animal models. Additionally, studies using knock-in
mice with a mutation in GluN2A, resulting in reduced Zn?* inhibition and increased
GluN2A-NMDAR activity, have shown enhanced neuropathic pain, suggesting that such
function may contribute to neuropathic pain. In-depth studies of pain have shown that
central sensitization may play an essential role in developing and maintaining neuropathic
pain [157]. NMDA receptor activation is necessary for triggering central sensitization in
the spinal dorsal horn (DH), most especially the GluN2B subunit. The most common
GIuN2 subunit in the DH of the spinal cord in rats is GluN2B [158]. Additionally, GIluN2A’s
expression has been shown to drop selectively following nerve lesion, further augmenting
GluN2B subunit’s influence [159]. Thus, NMDA receptors of the GluN2B subunit are key
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targets for neuropathic pain possibly being involved in transmission of pain and synaptic
plasticity [160].

High-affinity GIuN2B antagonists PD 174494 (Figure 12), PD 196860 (Figure 13),
traxoprodil (CP-101, 606), and Ro 25-6981 have shown activities in several animal pain
models [161] with a huge distinction between anti-hyperalgesia and side-effect doses [162].
Several traxoprodil derivatives which are potent GluN2B-selective antagonists were later
discovered and have shown great potential for development [139]. More compounds that
demonstrate selectivity for GluN2B subtypes and superior potency are being examined.
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Figure 13. PD 196860.

1.10. Depression

There is high susceptibility for suicide in depressed patients, partly due to com-
plications emanating from stress. Spine loss in animals can be induced by stress and
inflammation [163], which in turn trigger depression in humans. These observations have
led some researchers to classify depression as a neurodegenerative disease [164]. Preclini-
cally, GluN2B-selective antagonists have demonstrated antidepressant activity through the
rescue of spines and reversing depression-like behavior.

Over the past three decades, the antidepressant-like effects of NMDAR antagonists
have been documented [165]. Ongoing research indicates that these antagonists exhibit
rapid antidepressant effects [166]. The physiological and pharmacological characteristics of
NMDA receptors are influenced by the specific subunit composition, which plays a crucial
role in the therapeutic mechanisms of different antidepressants [106]. There is growing evi-
dence suggesting that the signaling systems involved in synaptic plasticity are responsible
for the rapid antidepressant properties observed with NMDAR antagonists [167,168].

There is significant evidence which shows that selective antagonists of GluN2B subunit
have essential roles in treating depression. A highly potent GluN2B-selective antagonist,
Ro 25-6981, displayed antidepressant effects [169]. One trial of traxoprodil (CP-101, 606),
another GluN2B-selective antagonist, was, however, stopped because of obvious dissocia-
tive side effects in some patients during infusion as well as cardiotoxicity [170], though it
had exhibited anti-depressant effects in treatment-resistant depression (TRD) patients with
a 60% level in response [171].

Compounds with selectivity towards specific subunits, such as NVP-AAMO077 tar-
geting the GluN2A subunit [172], and Ro256981 targeting the GIluN2B subunit [173,174],
have demonstrated antidepressant-like effects in mice and rats. Wang et al. (2012) [175]
reported that elevated levels of GluN1, GIuN2A, and GIuN2B are expressed in the chick
retina, specifically in the cerebral cortex, making them potential targets for pharmacological
inhibition of spreading depression (SD). Notably, the GluN2A-selective NMDA receptor
antagonist NVP-AAMO077 exhibited impressive inhibition of SD, suggesting the significant
involvement of GluN2A-containing receptors in the genesis and propagation of SD [175].
Current antidepressant medications often require prolonged treatment and are ineffective
in approximately 30% of patients with major depressive disorder (MDD), necessitating
the development of new, faster-acting, and longer-lasting antidepressants [166]. MK-0657
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(CERC-301) (Figure 14), a selective GIluN2B antagonist, at 4-8 mg/day orally administered
to patients for 12 days for treatment-resistant depression (TRD) disclosed a remarkable
recovery from depressive symptoms when compared with placebo, and without major
unfavorable side effects [176]. Some other compounds like EVT-101 (Figure 15), an NMDAR
GluN2B antagonist (NCT01128452), have also reached clinical trials, but results have not
yet been made public [166].
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Figure 14. MK-0657 (CERC-301).
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Figure 15. (a) EVT-101 (NCT01128452); (b) crystal structure of amino terminal domains of the NMDA
receptor subunits GLUN1 and GLUN2B in complex with EVT-101 (PDB ID: 5SEWM).

Studies have shown that GIuN2A levels in the amygdala of depressed patients are
significantly elevated when compared with healthy controls, which suggest disruption
of glutamate signaling at the NMDA receptors of the amygdala in the brain [177]. In
addition, a reduction in the expression of GluN2A and GluN2B protein subunits has been
observed in the post-mortem tissue of depressed patients at the anterior PFC [178]. Kabir
et al. (2020) [47] recently reported reduced glutamate recognition sites after measuring
the protein immunoreactivity of GluN1, GIuN2A, GluN2B, and GluN2C subunits in the
cerebellum and hippocampal tissues of post-mortem samples from 13 depressed patients.
The results showed that the GIuN2A levels were elevated significantly in the amygdala of
the patients who were depressed compared to controls that were healthy, which suggests
disruption of glutamate signaling at the NMDA receptors in the amygdala. GluN2A and
GluN2B subunits both exist in the basolateral amygdala (BLA). Suggestions by pharmaco-
logical investigations have shown that amygdala-dependent learning needs stimulation
of GluN1/GluN2B heterodimers [179] since the GIuN2B subunit explicitly bestows a rich
pharmacology with recognition sites that are distinct for exogenous allosteric ligands. In
addition, receptors containing GluN2B compared favorably with other subtypes of NM-
DAR and seemed to preferentially contribute to pathological processes associated with
glutamatergic pathways’ overexcitation, making them preferred targets [180]. Recently,
esketamine, an enantiomer of ketamine (Figure 16) which works by targeting the NMDA
receptor, was approved for TRD by the FDA. Treatments have shown that esketamine
(Figures 17 and 18) is a promising option for TRD with improvement in depression symp-
toms [181]. It represents the first new class of antidepressants to be FDA-approved in
3 decades.
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Figure 16. Ketamine.

Figure 17. Esketamine.
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Figure 18. (a) Structure of the human GluN1-GluN2A NMDA receptor in complex with S-ketamine,
glycine, and glutamate (PDB ID: 7EU?); (b) structure of the human GluN1-GluN2B NMDA receptor
in complex with S-ketamine, glycine, and glutamate (PDB ID: 7EUS).

2. Concluding Remarks

In conclusion, biochemical, structural, and functional studies have greatly enhanced
our understanding of the therapeutic potential of NMDAR antagonists while also shedding
light on their associated side effects. To be viable for therapeutic use, antagonists must
exhibit selectivity, mitigating the risk of NMDAR over-stimulation, which can lead to
excitotoxicity and neurodegeneration, while preserving normal receptor function to avoid
intolerable side effects. Going forward, both new and previously established therapeutic
agents with subunit selectivity should be considered for the treatment of neurodegenerative
and related disorders. Notably, newly discovered subtype-selective antagonists that target
GluN2A- and GluN2B-containing receptors are currently undergoing clinical trials, offering
promising prospects for the treatment of various diseases. There remains a substantial
demand for innovative pharmacological tools and molecular biological techniques to
gain precise insights into the regulation and antagonism of GluN2A or GluN2B NMDAR
subunits. These efforts hold the potential to enhance subunit-specific signaling, thus
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improving the therapeutic efficacy of this class of compounds in neurological diseases
and beyond.

Author Contributions: A.D.L. conducted the literature review and prepared the initial draft of the
manuscript. The manuscript was reviewed and finalized by EE.O., A.A. and ].O.O. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Mike Dybek is appreciated for the drawing of the chemical structures.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cercato, M.C.; Colettis, N.; Snitcofsky, M.; Aguirre, A.L; Kornisiuk, E.E.; Baez, M.V.; Jerusalinsky, D.A. Hippocampal NMDA
receptors and the previous experience effect on memory. J. Physiol. 2014, 108, 263-269. [CrossRef] [PubMed]

2. Harris, A.Z,; Pettit, D.L. Extrasynaptic and synaptic NMDA receptors form stable and uniform pools in rat hippocampal slices.
J. Physiol. 2007, 584, 509-519. [CrossRef] [PubMed]

3.  Stanika, R.I; Pivovarova, N.B.; Brantner, C.A.; Watts, C.A.; Winters, C.A.; Andrews, S5.B. Coupling diverse routes of calcium entry
to mitochondrial dysfunction and glutamate excitotoxicity. Proc. Natl. Acad. Sci. USA 2009, 106, 9854-9859. [CrossRef] [PubMed]

4. Zhang, X,; Zhang, Q.; Tu, J.; Zhu, Y.; Yang, F; Liu, B.; Wang, R. Prosurvival NMDA 2A receptor signaling mediates postcondition-
ing neuroprotection in the hippocampus. Hippocampus 2015, 25, 286-296. [CrossRef]

5. Matta, J.A.; Ashby, M.C.; Sanz-Clemente, A.; Roche, KW,; Isaac, ].T.R. MGIluR5 and NMDA receptors drive the experience- and
activity-dependent NMDA receptor NR2B to NR2A subunit switch. Neuron 2011, 70, 339-351. [CrossRef]

6. Egbenya, D.L.; Aidoo, E.; Kyei, G. Glutamate receptors in brain development. Child’s Nerv. Syst. 2021, 37, 2753-2758. [CrossRef]

7. Pasquet, N.; Douceau, S.; Naveau, M.; Lesept, E.; Louessard, M.; Lebouvier, L.; Hommet, Y.; Vivien, D.; Bardou, L. Tissue-type
plasminogen activator controlled corticogenesis through a mechanism dependent of NMDA receptors expressed on radial glial
cells. Cereb. Cortex 2019, 29, 2482-2498. [CrossRef]

8. Ladagu, A.D.; Olopade, EE.; Folarin, O.R.; Elufioye, T.O.; Wallach, J.V.; Dybek, M.B.; Olopade, J.O.; Adejare, A. Novel NMDA-
receptor antagonists ameliorate vanadium neurotoxicity. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2020, 393, 1729-1738. [CrossRef]

9. Rammes, G.; Mattusch, C.; Wulff, M.; Seeser, F.; Kreuzer, M.; Zhu, K. Involvement of GluN2B subunit containing N-methyl-
D-aspartate (NMDA) receptors in mediating the acute and chronic synaptotoxic effects of oligomeric amyloid-beta (Abeta) in
murine models of Alzheimer’s disease (AD). Neuropharmacology 2017, 123, 100-115. [CrossRef]

10.  Stein, L.S.; Park, D.K.; Claiborne, N.; Zito, K. Non-ionotropic NMDA receptor signaling gates bidirectional structural plasticity of
dendritic spines. Cell Rep. 2021, 34, 108664. [CrossRef]

11.  Wallach, J. Structure Activity Relationship (sar) Studies of Arylcycloalkylamines as N-methyl-D-aspartate Receptor Antagonists.
Ph.D. Thesis, University of the Sciences, Philadelphia, PA, USA, 2014.

12.  Suzuki, Y.; Nakamoto, C.; Watanabe-Iida, I.; Watanabe, M.; Takeuchi, T.; Sasaoka, T.; Abe, M.; Sakimura, K. Quantitative analysis
of NMDA receptor subunits proteins in mouse brain. Neurochem. Int. 2023, 165, 105517. [CrossRef] [PubMed]

13.  Akazawa, C.; Shigemoto, R.; Bessho, Y.; Nakanishi, S.; Mizuno, N. Differential expression of five N-methyl-D-aspartate receptor
subunit mRNAs in the cerebellum of developing and adult rats. J. Comp. Neurol. 1994, 347, 150-160. [CrossRef]

14.  Monyer, H.; Burnashev, N.; Laurie, D.J.; Sakmann, B.; Seeburg, P.H. Developmental and regional expression in the rat brain and
functional properties of four NMDA receptors. Neuron 1994, 12, 529-540. [CrossRef] [PubMed]

15. Collingridge, G.L.; Volianskis, A.; Bannister, N. The NMDA receptor as a target for cognitive enhancement. Neuropharmacology
2013, 64, 13-26. [CrossRef]

16. Cercato, M.C.; Vazquez, C.A.; Kornisiuk, E.; Aguirre, A.L; Colettis, N.; Snitcofsky, M.; Jerusalinsky, D.A.; Baez, M.V. GluN1
and GluN2A NMDA Receptor Subunits Increase in the Hippocampus during Memory Consolidation in the Rat. Front. Behav.
Neurosci. 2017, 10, 242. [CrossRef] [PubMed]

17. Laurie, D.J.; Bartke, L; Schoepfer, R.; Naujoks, K.; Seeburg, P.H. Regional, developmental and interspecies expression of the four
NMDAR?2 subunits, examined using monoclonal antibodies. Brain Res. Mol. Brain Res. 1997, 51, 23-32. [CrossRef] [PubMed]

18. Gardoni, F.; Mauceri, D.; Malinverno, M.; Polli, E.; Costa, C.; Tozzi, A.; Siliquini, S.; Picconi, B.; Cattabeni, F.; Calabresi, P.; et al.
Decreased NR2B subunit synaptic levels cause impaired long-term potentiation but not long-term depression. J. Neurosci. 2009,
29, 669-677. [CrossRef] [PubMed]

19. Bai, N.; Hayashi, H.; Aida, T. Dock3 interaction with a glutamate-receptor NR2D subunit protects neurons from excitotoxicity.

Mol. Brain 2013, 6, 22. [CrossRef]


https://doi.org/10.1016/j.jphysparis.2014.08.001
https://www.ncbi.nlm.nih.gov/pubmed/25132342
https://doi.org/10.1113/jphysiol.2007.137679
https://www.ncbi.nlm.nih.gov/pubmed/17717018
https://doi.org/10.1073/pnas.0903546106
https://www.ncbi.nlm.nih.gov/pubmed/19482936
https://doi.org/10.1002/hipo.22372
https://doi.org/10.1016/j.neuron.2011.02.045
https://doi.org/10.1007/s00381-021-05266-w
https://doi.org/10.1093/cercor/bhy119
https://doi.org/10.1007/s00210-020-01882-6
https://doi.org/10.1016/j.neuropharm.2017.02.003
https://doi.org/10.1016/j.celrep.2020.108664
https://doi.org/10.1016/j.neuint.2023.105517
https://www.ncbi.nlm.nih.gov/pubmed/36913980
https://doi.org/10.1002/cne.903470112
https://doi.org/10.1016/0896-6273(94)90210-0
https://www.ncbi.nlm.nih.gov/pubmed/7512349
https://doi.org/10.1016/j.neuropharm.2012.06.051
https://doi.org/10.3389/fnbeh.2016.00242
https://www.ncbi.nlm.nih.gov/pubmed/28133447
https://doi.org/10.1016/S0169-328X(97)00206-4
https://www.ncbi.nlm.nih.gov/pubmed/9427503
https://doi.org/10.1523/JNEUROSCI.3921-08.2009
https://www.ncbi.nlm.nih.gov/pubmed/19158293
https://doi.org/10.1186/1756-6606-6-22

Pharmaceuticals 2023, 16, 1535 19 of 25

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Flores-Barrera, E.; Thomases, D.R.; Heng, L.-]J.; Cass, D.K.; Caballero, A.; Tseng, K.Y. Late adolescent expression of GluN2B
transmission in the prefrontal cortex is input-specific and requires postsynaptic protein kinase A and D1 dopamine receptor
signaling. Biol. Psychiatry 2013, 75, 508-516. [CrossRef]

Wyllie, D.J.; Livesey, M.R.; Hardingham, G.E. Influence of GluN2 subunit identity on NMDA receptor function. Neuropharmacology
2013, 74, 4-17. [CrossRef]

Yi, F; Traynelis, S.F.; Hansen, K.B. Selective Cell-Surface Expression of Triheteromeric NMDA Receptors. Methods Mol. Biol. 2017,
1677,145-162. [CrossRef]

Dalton, G.L.; Wu, D.C.; Wang, Y.T.; Floresco, S.B.; Phillips, A.G. NMDA GIluN2A and GluN2B receptors play separate roles in the
induction of LTP and LTD in the amygdala and in the acquisition and extinction of conditioned fear. Neuropharmacology 2012, 62,
797-806. [CrossRef] [PubMed]

Endele, S.; Rosenberger, G.; Geider, K.; Popp, B.; Tamer, C.; Stefanova, I.; Milh, M.; Korttim, E; Fritsch, A.; Pientka, EK; et al.
Mutations in GRIN2A and GRIN2B encoding regulatory subunits of NMDA receptors cause variable neurodevelopmental
phenotypes. Nat. Genet. 2010, 42, 1021-1026. [CrossRef] [PubMed]

Sceniak, M.P,; Fedder, K.N.; Wang, Q.; Droubi, S.; Babcock, K.; Patwardhan, S.; Wright-Zornes, J.; Pham, L.; Sabo, S.L. An
autism-associated mutation in GluN2B prevents NMDA receptor trafficking and interferes with dendrite growth. J. Cell Sci. 2019,
132, jcs232892. [CrossRef] [PubMed]

Cull-Candy, S.G.; Leszkiewicz, D.N. Role of distinct NMDA receptor subtypes at central synapses. Sci. STKE 2004, 2004, rel6.
[CrossRef] [PubMed]

Hansen, K.B.; Yi, F; Perszyk, R.E. Structure, function, and allosteric modulation of NMDA receptors. J. Gen. Physiol. 2018, 150,
1081-1105. [CrossRef]

Hansen, K.B.; Ogden, K.K,; Yuan, H.; Traynelis, S.F. Distinct functional and pharmacological properties of Triheteromeric GluN1/
GluN2A /GIluN2B NMDA receptors. Neuron 2014, 81, 1084-1096. [CrossRef]

Nakazawa, K.; Sapkota, K. The origin of NMDA receptor hypofunction in schizophrenia. Pharmacol. Ther. 2020, 205, 107426.
[CrossRef]

Shipton, O.A.; Paulsen, O. GIuN2A and GluN2B subunit-containing NMDA receptors in hippocampal plasticity. Philos. Trans. R.
Soc. B 2014, 369, 20130163. [CrossRef]

Chazot, P.L.; Stephenson, F.A. Molecular dissection of native mammalian forebrain NMDA receptors containing the NR1 C2 exon:
Direct demonstration of NMDA receptors comprising NR1, NR2A, and NR2B subunits within the same complex. J. Neurochem.
1997, 69, 2138-2144. [CrossRef]

Lind, G.E.; Mou, T.C.; Tamborini, L.; Pomper, M.G.; De Micheli, C.; Conti, P.; Pinto, A.; Hansen, K.B. Structural basis of subunit
selectivity for competitive NMDA receptor antagonists with preference for GluN2A over GluN2B subunits. Proc. Natl. Acad. Sci.
USA 2017, 114, E6942-E6951. [CrossRef] [PubMed]

Sheng, M.; Cummings, J.; Roldan, L.A.; Jan, Y.N.; Jan, L.Y. Changing subunit composition of heteromeric NMDA receptors during
development of rat cortex. Nature 1994, 368, 144-147. [CrossRef]

Sun, Y.; Cheng, X.; Hu, J.; Gao, Z. The role of GluN2A in cerebral ischemia: Promoting neuron death and survival in the early
stage and thereafter. Mol. Neurobiol. 2017, 55, 1208-1216. [CrossRef]

Sun, Y,; Wang, L.; Gao, Z. Identifying the role of GIluN2A in cerebral ischemia. Front. Mol. Neurosci. 2017, 10, 12. [CrossRef]
[PubMed]

Monyer, H.; Sprengel, R.; Schoepfer, R.; Herb, A.; Higuchi, M.; Lomeli, H.; Burnashev, N.; Sakmann, B.; Seeburg, P.H. Heteromeric
NMDA receptors: Molecular and functional distinction of subtypes. Science 1992, 256, 1217-1221. [CrossRef] [PubMed]

Gray, J.A; Shi, Y.; Usui, H.; During, M.J.; Sakimura, K.; Nicoll, R.A. Distinct modes of AMPA receptor suppression at developing
synapses by GluN2A and GluN2B: Single-cell NMDA receptor subunit deletion in vivo. Neuron 2011, 71, 1085-1101. [CrossRef]
[PubMed]

Tovar, K.R.; McGinley, M.].; Westbrook, G.L. Triheteromeric NMDA receptors at hippocampal synapses. |. Neurosci. 2013, 33,
9150-9160. [CrossRef]

Al-Hallag, R.A.; Conrads, T.P; Veenstra, T.D.; Wenthold, R.J. NMDA di-heteromeric receptor populations and associated proteins
in rat hippocampus. J. Neurosci. 2007, 27, 8334-8343. [CrossRef]

L, W.; Du, J.; Goehring, A.; Gouaux, E. Cryo-EM structures of the triheteromeric NMDA receptor and its allosteric modulation.
Science. 2017, 355, eaal3729. [CrossRef]

Albensi, B.C. The NMDA receptor/ion channel complex: A drug target for modulating synaptic plasticity and excitotoxicity.
Curr. Pharm. Des. 2007, 13, 3185-3194. [CrossRef]

Franchini, L.; Carrano, N.; Di Luca, M.; Gardoni, F. Synaptic GluN2A-containing NMDA receptors: From physiology to
pathological synaptic plasticity. Int. . Mol. Sci. 2020, 21, 1538. [CrossRef] [PubMed]

Lutzu, S.; Castillo, P.E. Modulation of NMDA receptors by G-protein-coupled receptors: Role in synaptic transmission, plasticity
and beyond. Neuroscience 2021, 456, 27-42. [CrossRef] [PubMed]

Fong, M.E; Finnie, P.S.; Kim, T.; Thomazeau, A.; Kaplan, E.S.; Cooke, S.F.; Bear, M.E. Distinct laminar requirements for NMDA
receptors in experience-dependent visual cortical plasticity. Cereb. Cortex 2020, 30, 2555-2572. [CrossRef]

Hardingham, G.E.; Fukunaga, Y.; Bading, H. Extrasynaptic NMDARs oppose synaptic NMDARs by triggering CREB shut-off
and cell death pathways. Nat. Neurosci. 2002, 5, 405-414. [CrossRef] [PubMed]


https://doi.org/10.1016/j.biopsych.2013.07.033
https://doi.org/10.1016/j.neuropharm.2013.01.016
https://doi.org/10.1007/978-1-4939-7321-7_7
https://doi.org/10.1016/j.neuropharm.2011.09.001
https://www.ncbi.nlm.nih.gov/pubmed/21925518
https://doi.org/10.1038/ng.677
https://www.ncbi.nlm.nih.gov/pubmed/20890276
https://doi.org/10.1242/jcs.232892
https://www.ncbi.nlm.nih.gov/pubmed/31548203
https://doi.org/10.1126/stke.2552004re16
https://www.ncbi.nlm.nih.gov/pubmed/15494561
https://doi.org/10.1085/jgp.201812032
https://doi.org/10.1016/j.neuron.2014.01.035
https://doi.org/10.1016/j.pharmthera.2019.107426
https://doi.org/10.1098/rstb.2013.0163
https://doi.org/10.1046/j.1471-4159.1997.69052138.x
https://doi.org/10.1073/pnas.1707752114
https://www.ncbi.nlm.nih.gov/pubmed/28760974
https://doi.org/10.1038/368144a0
https://doi.org/10.1007/s12035-017-0395-8
https://doi.org/10.3389/fnmol.2017.00012
https://www.ncbi.nlm.nih.gov/pubmed/28174519
https://doi.org/10.1126/science.256.5060.1217
https://www.ncbi.nlm.nih.gov/pubmed/1350383
https://doi.org/10.1016/j.neuron.2011.08.007
https://www.ncbi.nlm.nih.gov/pubmed/21943605
https://doi.org/10.1523/JNEUROSCI.0829-13.2013
https://doi.org/10.1523/JNEUROSCI.2155-07.2007
https://doi.org/10.1126/science.aal3729
https://doi.org/10.2174/138161207782341321
https://doi.org/10.3390/ijms21041538
https://www.ncbi.nlm.nih.gov/pubmed/32102377
https://doi.org/10.1016/j.neuroscience.2020.02.019
https://www.ncbi.nlm.nih.gov/pubmed/32105741
https://doi.org/10.1093/cercor/bhz260
https://doi.org/10.1038/nn835
https://www.ncbi.nlm.nih.gov/pubmed/11953750

Pharmaceuticals 2023, 16, 1535 20 of 25

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

Hardingham, G.E.; Bading, H. Synaptic versus extrasynaptic NMDA receptor signalling: Implications for neurodegenerative
disorders. Nat. Rev. Neurosci. 2010, 11, 682-696. [CrossRef]

Kabir, M.T.; Sufian, M.A.; Uddin, M.S; Begum, M.M.; Akhter, S.; Islam, A.; Mathew, B.; Islam, M.S.; Amran, M.S.; Ashraf, G.M.
NMDA receptor antagonists: Repositioning of memantine as a multitargeting agent for Alzheimer’s therapy. Curr. Pharm. Des.
2020, 25, 3506-3518. [CrossRef]

Sanz-Clemente, A.; Nicoll, R.A.; Roche, K.W. Diversity in NMDA receptor composition: Many regulators, many consequences.
Neuroscientist 2013, 19, 62-75. [CrossRef]

Mony, L.; Kew, J.N.; Gunthorpe, M.].; Paoletti, P. Allosteric modulators of NR2B-containing NMDA receptors: Molecular
mechanisms and therapeutic potential. Br. |. Pharmacol. 2009, 157, 1301-1317. [CrossRef]

Chazot, PL. The NMDA receptor NR2B subunit: A valid therapeutic target for multiple CNS pathologies. Curr. Med. Chem. 2004,
11, 389-396. [CrossRef]

Bordji, K.; Becerril-Ortega, J.; Buisson, A. Synapses, NMDA receptor activity and neuronal A3 production in Alzheimer’s disease.
Rev. Neurosci. 2011, 22, 285-294. [CrossRef]

Zheng, C.Y.; Seabold, G.K.; Horak, M.; Petralia, R.S. MAGUKSs, synaptic development, and synaptic plasticity. The Neuroscientist:
A Review. |. Bringing Neurobiol. Neurol. Psychiatry 2011, 17, 493-512.

Lim, I.A.; Hall, D.D.; Hell, ].W. Selectivity and promiscuity of the first and second PDZ domains of PSD-95 and synapse-associated
protein 102. J. Biol. Chem. 2002, 277, 21697-21711. [CrossRef] [PubMed]

Gladding, C.M.; Raymond, L.A. Mechanisms underlying NMDA receptor synaptic/extrasynaptic distribution and function.
Mol. Cell. Neurosci. 2011, 48, 308-320. [CrossRef]

Papouin, T.; Oliet, S.H. Organization, control and function of extrasynaptic NMDA receptors. Philos. Trans. R. Soc. B Biol. Sci.
2014, 369, 20130601. [CrossRef] [PubMed]

Groc, L.; Heine, M.; Cousins, S.L.; Stephenson, FA.; Lounis, B.; Cognet, L.; Choquet, D. NMDA receptor surface mobility depends
on NR2A-2B subunits. Proc. Natl. Acad. Sci. USA 2006, 103, 18769-18774. [CrossRef]

Avila, J.; Llorens-Martin, M.; Pallas-Bazarra, N.; Bolés, M.; Perea, ].R.; Rodriguez-Matellan, A.; Hernandez, F. Cognitive decline
in neuronal aging and Alzheimer’s disease: Role of NMDA receptors and associated proteins. Front. Neurosci. 2017, 11, 626.
[CrossRef]

Petralia, R.S. Distribution of extrasynaptic NMDA receptors on neurons. Sci. World . 2012, 2012, 267120. [CrossRef]

Kumar, A; Foster, T.C. Alteration in NMDA receptor mediated glutamatergic neurotransmission in the hippocampus during
senescence. Neurochem. Res. 2019, 44, 38—48. [CrossRef]

Sonntag, W.E.; Bennett, S.A.; Khan, A.S.; Thornton, PL.; Xu, X.; Ingram, R.L. Age and insulin-like growth factor-1 modulate
N-methyl-Daspartate receptor subtype expression in rats. Brain Res. Bull. 2000, 51, 331-338. [CrossRef]

Zhao, X.; Rosenke, R.; Kronemann, D.; Brim, B.; Das, S.R.; Dunah, A.W. The effects of aging on N-methyl-D-aspartate receptor
subunits in the synaptic membrane and relationships to long-term spatial memory. Neuroscience 2009, 162, 933-945. [CrossRef]
Potier, B.; Billard, ].M.; Riviére, S.; Sinet, PM.; Denis, I.; ChampeilPotokar, G. Reduction in glutamate uptake is associated with
extrasynaptic NMDA and metabotropic glutamate receptor activation at the hippocampal CA1 synapse of aged rats. Aging Cell
2010, 9, 722-735. [CrossRef] [PubMed]

Sun, EW.,; Stepanovic, M.R.; Andreano, J.; Barrett, L.F.; Touroutoglou, A.; Dickerson, B.C. Youthful brains in older adults:
Preserved neuroanatomy in the default mode and salience networks contributes to youthful memory in superaging. J. Neurosci.
2016, 36, 9659-9668. [CrossRef] [PubMed]

Kumar, A. NMDA receptor function during senescence: Implication on cognitive performance. Front. Neurosci. 2015, 9, 473.
[CrossRef] [PubMed]

Chakraborty, A.; Murphy, S.; Coleman, N. The role of NMDA receptors in neural stem cell proliferation and differentiation. Stem
Cells Dev. 2017, 26, 798-807. [CrossRef]

Wong, HH.W.,; Rannio, S.; Jones, V.; Thomazeau, A.; Sjostrom, P.J. NMDA receptors in axons: There’s no coincidence. J. Physiol.
2021, 599, 367-387. [CrossRef]

Pagano, ].; Giona, E; Beretta, S.; Verpelli, C.; Sala, C. N-methyl-D-aspartate receptor function in neuronal and synaptic develop-
ment and signaling. Curr. Opin. Pharmacol. 2021, 56, 93-101. [CrossRef] [PubMed]

Magnusson, K.R. The aging of the NMDA receptor complex. Front. Biosci.-Landmark 1998, 3, 70-80. [CrossRef]

Chen, H.S.V,; Lipton, S.A. The chemical biology of clinically tolerated NMDA receptor antagonists. J. Neurochem. 2006, 97,
1611-1626. [CrossRef]

Karoutzou, O.; Kwak, S.H.; Lee, S.D.; Martinez-Falguera, D.; Sureda, EX.; Vazquez, S.; Kim, Y.C.; Barniol-Xicota, M. Towards a
novel class of multitarget-directed ligands: Dual P2X7-NMDA receptor antagonists. Molecules 2018, 23, 230. [CrossRef]

Zoladz, P.R.; Campbell, A.M.; Park, C.R; Schaefer, D.; Danysz, W.; Diamond, D.M. Enhancement of long-term spatial memory in
adult rats by the noncompetitive NMDA receptor antagonists, memantine and neramexane. Pharmacol. Biochem. Behav. 2006, 85,
298-306. [CrossRef]

Danysz, W.; Parsons, C.G. The NMDA receptor antagonist memantine as a symptomatological and neuroprotective treatment for
Alzheimer’s disease: Preclinical evidence. Int. J. Geriatr. Psychiatry 2003, 18 (Suppl. S1), S23-S32. [CrossRef] [PubMed]


https://doi.org/10.1038/nrn2911
https://doi.org/10.2174/1381612825666191011102444
https://doi.org/10.1177/1073858411435129
https://doi.org/10.1111/j.1476-5381.2009.00304.x
https://doi.org/10.2174/0929867043456061
https://doi.org/10.1515/rns.2011.029
https://doi.org/10.1074/jbc.M112339200
https://www.ncbi.nlm.nih.gov/pubmed/11937501
https://doi.org/10.1016/j.mcn.2011.05.001
https://doi.org/10.1098/rstb.2013.0601
https://www.ncbi.nlm.nih.gov/pubmed/25225095
https://doi.org/10.1073/pnas.0605238103
https://doi.org/10.3389/fnins.2017.00626
https://doi.org/10.1100/2012/267120
https://doi.org/10.1007/s11064-018-2634-4
https://doi.org/10.1016/S0361-9230(99)00259-2
https://doi.org/10.1016/j.neuroscience.2009.05.018
https://doi.org/10.1111/j.1474-9726.2010.00593.x
https://www.ncbi.nlm.nih.gov/pubmed/20569241
https://doi.org/10.1523/JNEUROSCI.1492-16.2016
https://www.ncbi.nlm.nih.gov/pubmed/27629716
https://doi.org/10.3389/fnins.2015.00473
https://www.ncbi.nlm.nih.gov/pubmed/26732087
https://doi.org/10.1089/scd.2016.0325
https://doi.org/10.1113/JP280059
https://doi.org/10.1016/j.coph.2020.12.006
https://www.ncbi.nlm.nih.gov/pubmed/33429227
https://doi.org/10.2741/A368
https://doi.org/10.1111/j.1471-4159.2006.03991.x
https://doi.org/10.3390/molecules23010230
https://doi.org/10.1016/j.pbb.2006.08.011
https://doi.org/10.1002/gps.938
https://www.ncbi.nlm.nih.gov/pubmed/12973747

Pharmaceuticals 2023, 16, 1535 21 of 25

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Parsons, C.G.; Stoffler, A.; Danysz, W. Memantine: A NMDA receptor antagonist that improves memory by restoration of
homeostasis in the glutamatergic system-too little activation is bad, too much is even worse. Neuropharmacology 2007, 53, 699-723.
[CrossRef]

Hickenbottom, S.L.; Grotta, J. Neuroprotective therapy. In Seminars in Neurology; Thieme Medical Publishers, Inc.: New York, NY,
USA, 1998; Volume 18, pp. 485-492.

Lutsep, H.L.; Clark, WM. Neuroprotection in acute ischaemic stroke: Current status and future potential. Drugs R D 1999, 1, 3-8.
[CrossRef] [PubMed]

Palmer, G.C. Neuroprotection by NMDA receptor antagonists in a variety of neuropathologies. Curr. Drug Targets 2001, 2, 241-271.
[CrossRef] [PubMed]

Seillier, C.; Lesept, F,; Toutirais, O.; Potzeha, F,; Blanc, M.; Vivien, D. Targeting NMDA Receptors at the Neurovascular Unit: Past
and Future Treatments for Central Nervous System Diseases. Int. ]. Mol. Sci. 2022, 23, 10336. [CrossRef]

Quan, J.; Yang, H.; Qin, E; He, Y; Liu, J.; Zhao, Y.; Ma, C.; Cheng, M. Discovery of novel tryptamine derivatives as GluN2B
subunit-containing NMDA receptor antagonists via pharmacophore-merging strategy with orally available therapeutic effect of
cerebral ischemia. Eur. J. Med. Chem. 2023, 253, 115318. [CrossRef] [PubMed]

Kritzer, M.D.; Mischel, N.A.; Young, J.R.; Lai, C.S.; Masand, P.S.; Szabo, S.T.; Mathew, S.J. Ketamine for treatment of mood
disorders and suicidality: A narrative review of recent progress. Ann. Clin. Psychiatry 2022, 34, 33—43. [CrossRef]

Geoffroy, C.; Paoletti, P.; Mony, L. Positive allosteric modulation of NMDA receptors: Mechanisms, physiological impact and
therapeutic potential. J. Physiol. 2022, 600, 233-259. [CrossRef]

Abdallah, C.G,; Sanacora, G.; Duman, R.S.; Krystal, ].H. The neurobiology of depression, ketamine and rapid-acting antidepres-
sants: Is it glutamate inhibition or activation? Pharmacol. Ther. 2018, 190, 148-158. [CrossRef]

Kalmoe, M.C,; Janski, A.M.; Zorumski, C.F,; Nagele, P,; Palanca, B.J.; Conway, C.R. Ketamine and nitrous oxide: The evolution of
NMDA receptor antagonists as antidepressant agents. J. Neurol. Sci. 2020, 412, 116778. [CrossRef] [PubMed]

Sivakumar, S.; Ghasemi, M.; Schachter, S.C. Targeting NMDA Receptor Complex in Management of Epilepsy. Pharmaceuticals
2022, 15, 1297. [CrossRef] [PubMed]

Kikuchi, T. Is Memantine Effective as an NMDA Receptor Antagonist in Adjunctive Therapy for Schizophrenia? Biomolecules
2020, 10, 1134. [CrossRef]

Gao, WJ.,; Yang, S.S.; Mack, N.R.; Chamberlin, L.A. Aberrant maturation and connectivity of prefrontal cortex in
schizophrenia—Contribution of NMDA receptor development and hypofunction. Mol. Psychiatry 2022, 27, 731-743.
[CrossRef] [PubMed]

Chou, T.H.; Epstein, M.; Michalski, K.; Fine, E.; Biggin, P.C.; Furukawa, H. Structural insights into binding of therapeutic channel
blockers in NMDA receptors. Nat. Struct. Mol. Biol. 2022, 29, 507-518. [CrossRef] [PubMed]

Zhou, C.; Tajima, N. Structural insights into NMDA receptor pharmacology. Biochem. Soc. Trans. 2023, 51, 1713-1731. [CrossRef]
Hanson, J.E.; Yuan, H.; Perszyk, R.E.; Banke, T.G.; Xing, H.; Tsai, M.-C.; Menniti, ES. Therapeutic potential of N-methyl-D-
aspartate receptor modulators in psychiatry. Neuropsychopharmacology 2023. [CrossRef]

Kamp, J.; Van Velzen, M.; Olofsen, E.; Boon, M.; Dahan, A.; Niesters, M. Pharmacokinetic and pharmacodynamic considerations
for NMDA-receptor antagonist ketamine in the treatment of chronic neuropathic pain: An update of the most recent literature.
Expert Opin. Drug Metab. Toxicol. 2019, 15, 1033-1041. [CrossRef]

Lee, S.; Eom, S.; Nguyen, K.V.A ; Lee, J.; Park, Y.; Yeom, H.D.; Lee, ].H. The Application of the Neuroprotective and Potential
Antioxidant Effect of Ergotamine Mediated by Targeting N-Methyl-D-Aspartate Receptors. Antioxidants 2022, 11, 1471. [CrossRef]
[PubMed]

Chen, W. Tailoring Allosteric Modulators of NMDA Receptors and GABA-A Receptors for Neurological Disorders. Ph.D. Thesis,
University of British Columbia, Vancouver, BC, Canada, 2023.

Ghanavati, E.; Salehinejad, M.A.; De Melo, L.; Nitsche, M.A.; Kuo, M.F. NMDA receptor-related mechanisms of dopaminergic
modulation of tDCS-induced neuroplasticity. Brain Stimul. Basic Transl. Clin. Res. Neuromodul. 2023, 16, 405. [CrossRef]
Amidfar, M.; Réus, G.Z.; Quevedo, J.; Kim, Y.-K. The role of memantine in the treatment of major depressive disorder: Clinical
efficacy and mechanisms of action. Eur. J. Pharmacol. 2018, 827, 103-111. [CrossRef]

Wessell, R.H.; Ahmed, S.M.; Menniti, ES.; Dunbar, G.L.; Chase, T.N.; Oh, ]J.D. NR2B selective NMDA receptor antagonist
CP-101,606 prevents levodopa-induced motor response alterations in hemiparkinsonian rats. Neuropharmacology 2004, 47, 184-194.
[CrossRef]

Williams, K. Ifenprodil discriminates subtypes of the N-methyl-D-aspartate receptor: Selectivity and mechanisms at recombinant
heteromeric receptors. Mol. Pharmacol. 1993, 44, 851-859. [PubMed]

Karakas, E.; Simorowski, N.; Furukawa, H. Subunit arrangement and phenylethanolamine binding in GluN1/GIluN2B NMDA
receptors. Nature 2011, 475, 249-253. [CrossRef] [PubMed]

Raybuck, J.D.; Hargus, N.J.; Thayer, S.A. A GluN2B-Selective NMDAR antagonist reverses synapse loss and cognitive impairment
produced by the HIV-1 protein tat. J. Neurosci. 2017, 37, 7837-7847. [CrossRef] [PubMed]

Fitting, S.; Ignatowska-Jankowska, B.M.; Bull, C.; Skoff, R.P.; Lichtman, A.H.; Wise, L.E.; Fox, M.A.; Su, J.; Medina, A.E,;
Krahe, T.E.; et al. Synaptic dysfunction in the hippocampus accompanies learning and memory deficits in human immunodefi-
ciency virus type-1 tat transgenic mice. Biol. Psychiatry 2013, 73, 443-453. [CrossRef] [PubMed]


https://doi.org/10.1016/j.neuropharm.2007.07.013
https://doi.org/10.2165/00126839-199901010-00001
https://www.ncbi.nlm.nih.gov/pubmed/10565968
https://doi.org/10.2174/1389450013348335
https://www.ncbi.nlm.nih.gov/pubmed/11554551
https://doi.org/10.3390/ijms231810336
https://doi.org/10.1016/j.ejmech.2023.115318
https://www.ncbi.nlm.nih.gov/pubmed/37037139
https://doi.org/10.12788/acp.0048
https://doi.org/10.1113/JP280875
https://doi.org/10.1016/j.pharmthera.2018.05.010
https://doi.org/10.1016/j.jns.2020.116778
https://www.ncbi.nlm.nih.gov/pubmed/32240970
https://doi.org/10.3390/ph15101297
https://www.ncbi.nlm.nih.gov/pubmed/36297409
https://doi.org/10.3390/biom10081134
https://doi.org/10.1038/s41380-021-01196-w
https://www.ncbi.nlm.nih.gov/pubmed/34163013
https://doi.org/10.1038/s41594-022-00772-0
https://www.ncbi.nlm.nih.gov/pubmed/35637422
https://doi.org/10.1042/BST20230122
https://doi.org/10.1038/s41386-023-01614-3
https://doi.org/10.1080/17425255.2019.1689958
https://doi.org/10.3390/antiox11081471
https://www.ncbi.nlm.nih.gov/pubmed/36009192
https://doi.org/10.1016/j.brs.2023.01.824
https://doi.org/10.1016/j.ejphar.2018.03.023
https://doi.org/10.1016/j.neuropharm.2004.03.011
https://www.ncbi.nlm.nih.gov/pubmed/7901753
https://doi.org/10.1038/nature10180
https://www.ncbi.nlm.nih.gov/pubmed/21677647
https://doi.org/10.1523/JNEUROSCI.0226-17.2017
https://www.ncbi.nlm.nih.gov/pubmed/28716964
https://doi.org/10.1016/j.biopsych.2012.09.026
https://www.ncbi.nlm.nih.gov/pubmed/23218253

Pharmaceuticals 2023, 16, 1535 22 of 25

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.
124.

De Roo, M.; Klauser, P.; Muller, D. LTP promotes a selective long-term stabilization and clustering of dendritic spines. PLoS Biol.
2008, 6, €219. [CrossRef]

Wahab, A_; Igbal, A. Black-Box Warnings of Antiseizure Medications: What is Inside the Box? Pharm. Med. 2023, 37, 233-250.
[CrossRef] [PubMed]

Mony, L.; Zhu, S.; Carvalho, S.; Paoletti, P. Molecular Basis of Positive Allosteric Modulation of GluN2B NMDA Receptors by
Polyamines. EMBO ]. 2011, 30, 3134-3146. [CrossRef] [PubMed]

Cho, S.I; Park, U.J.; Chung, ] M.; Gwag, B.]. Neu2000, an NR2B-Selective, Moderate NMDA Receptor Antagonist and Potent Spin
Trapping Molecule for Stroke. Drug News Perspect. 2010, 23, 549-556. [CrossRef]

Ritter, N.; Disse, P.; Wiinsch, B.; Seebohm, G.; Strutz-Seebohm, N. Pharmacological Potential of 3-Benzazepines in NMDAR-Linked
Pathophysiological Processes. Biomedicines 2023, 11, 1367. [CrossRef]

Ganesh, A.; Goyal, M.; Wilson, A.T.; Ospel, ].M.; Demchuk, A.M.; Mikulis, D.; Poublanc, J.; Krings, T.; Anderson, R,;
Tymianski, M.; et al. Association of Iatrogenic Infarcts with Clinical and Cognitive Outcomes in the Evaluating Neuropro-
tection in Aneurysm Coiling Therapy Trial. Neurology 2022, 98, E1446-E1458. [CrossRef] [PubMed]

Bach, A.; Pedersen, S.W.; Dorr, L.A.; Vallon, G.; Ripoche, I.; Ducki, S.; Lian, L.Y. Biochemical Investigations of the Mechanism of
Action of Small Molecules ZL006 and IC87201 as Potential Inhibitors of the NNOS-PDZ/PSD-95-PDZ Interactions. Sci. Rep. 2015,
5,12157. [CrossRef]

Doan, J.; Gardier, A.M.; Tritschler, L. Role of adult-born granule cells in the hippocampal functions: Focus on the GluN2B-
containing NMDA receptors. Eur. Neuropsychopharmacol. 2019, 29, 1065-1082. [CrossRef] [PubMed]

Hu, M.; Sun, Y.; Zhou, Q.; Chen, L.; Hu, Y,; Luo, C.; Wu, J.; Xu, J.; Li, L.; Zhu, D. Negative regulation of neurogenesis and spatial
memory by NR2B-containing NMDA receptors. J. Neurochem. 2008, 106, 1900-1913. [CrossRef] [PubMed]

Ghafari, M,; Patil, S.S.; Hoger, H.; Pollak, A.; Lubec, G. NMDA-complexes linked to spatial memory performance in the Barnes
maze in CD1 mice. Behav. Brain Res. 2011, 221, 142-148. [CrossRef] [PubMed]

Nutt, J.G.; Gunzler, S.A ; Kirchhoff, T.; Hogarth, P.; Weaver, ].L.; Krams, M.; Jamerson, B.; Menniti, ES.; Landen, ].W. Effects of a
NR2B selective NMDA glutamate antagonist, CP-101,606, on dyskinesia and parkinsonism. Mov. Disord. 2008, 23, 1860-1866.
[CrossRef] [PubMed]

Miller, O.H.; Yang, L.; Wang, C.C.; Hargroder, E.A.; Zhang, Y.; Delpire, E.; Hall, B.J. GluN2B-containing NMDA receptors regulate
depression-like behavior and are critical for the rapid antidepressant actions of ketamine. eLife 2014, 3, e03581. [CrossRef]
Becker, R.; Gass, N.; KuSmaul, L. NMDA receptor antagonists traxoprodil and lanicemine improve hippocampal-prefrontal
coupling and reward-related networks in rats. Psychopharmacology 2019, 236, 3451-3463. [CrossRef]

Companys-Alemany, ].; Turcu, A.L.; Bellver-Sanchis, A.; Loza, M.I; Brea, ]. M.; Canudas, A.M; Leiva, R.; Vazquez, S.; Pallas, M.;
Grifidn-Ferré, C. A Novel NMDA Receptor Antagonist Protects against Cognitive Decline Presented by Senescent Mice.
Pharmaceutics 2020, 12, 284. [CrossRef]

Sun, Y; Xu, Y.; Cheng, X. The differences between GluN2A and GluN2B signaling in the brain. J. Neuro Res. 2018, 96, 1430-1443.
[CrossRef]

Niu, M.; Yang, X.; Li, Y; Sun, Y.; Wang, L.; Ha, J.; Xie, Y,; Gao, Z.; Tian, C.; Wang, L.; et al. Progresses in Glun2a-containing nmda
receptors and their selective regulators. Cell. Mol. Neurobiol. 2023, 43, 139-153. [CrossRef] [PubMed]

He, Y,; Mu, L.; Ametamey, S.M.; Schibli, R. Recent progress in allosteric modulators for GluN2A subunit and development of
GluN2A-selective nuclear imaging probes. J. Label. Compd. Radiopharm. 2019, 62, 552-560. [CrossRef] [PubMed]

Bettini, E.; Sava, A.; Griffante, C.; Carignani, C.; Buson, A.; Capelli, AM.; Negri, M.; Andreetta, F; Senar-Sancho, S.A,;
Guiral, L.; et al. Identification and characterization of novel NMDA receptor antagonists selective for NR2A- over NR2B-
containing receptors. J. Pharmacol. Exp. Ther. 2010, 335, 636—644. [CrossRef] [PubMed]

Volkmann, R.A ; Fanger, C.M.; Anderson, D.R,; Sirivolu, V.R.; Paschetto, K.; Gordon, E.; Menniti, F.S. MPX-004 and MPX-007: New
pharmacological tools to study the physiology of NMDA receptors containing the GluN2A subunit. PLoS ONE 2016, 11, e0148129.
[CrossRef] [PubMed]

Steigerwald, R.; Chou, T.H.; Furukawa, H.; Wiinsch, B. GluN2A-Selective NMDA Receptor Antagonists: Mimicking the U-Shaped
Bioactive Conformation of TCN-201 by a [2.2] Paracyclophane System. ChemMedChem 2022, 17, e202200484. [CrossRef]
Hansen, K.B.; Ogden, K.K,; Traynelis, S.F. Subunit-selective allosteric inhibition of glycine binding to NMDA receptors. J. Neurosci.
2012, 32, 6197-6208. [CrossRef]

Bledsoe, D.; Tamer, C.; Mesic, I.; Madry, C.; Klein, B.G.; Laube, B.; Costa, B.M. Positive modulatory interactions of NMDA receptor
GluN1/2B ligand binding domains attenuate antagonists activity. Front. Pharmacol. 2017, 8, 229. [CrossRef]

Muller, S.L.; Schreiber, J.A.; Schepmann, D.; Strutz-Seebohm, N.; Bohm, G.; Wunsch, B. Systematic variation of the benzenesulfon-
amide part of the GluN2A selective NMDA receptor antagonist TCN-201. Eur. ]. Med. Chem. 2017, 129, 124-134. [CrossRef]
Hackos, D.H.; Lupardus, PJ.; Grand, T.; Chen, Y.; Wang, T.M.; Reynen, P.; Gustafson, A.; Wallweber, H.].; Volgraf, M.; Sellers,
B.D; et al. Positive allosteric modulators of GluN2A-containing NMDARs with distinct modes of action and impacts on circuit
function. Neuron 2016, 89, 983-999. [CrossRef]

Xiang, Z.; Conn, PJ. Novel PAMs Targeting NMDAR GIuN2A Subunit. Neuron 2016, 89, 884-886. [CrossRef]

Liu, W,; Jiang Xi Zu, Y,; Yang, Y.; Liu, Y.; Sun, X.; Xu, Z.; Ding, H.; Zhao, Q. A 1500 comprehensive description of GluN2B-selective
N-methyl-D-aspartate (NMDA) receptor 1501 antagonists. Eur. J. Med. Chem. 2020, 200, 112447. [CrossRef]


https://doi.org/10.1371/journal.pbio.0060219
https://doi.org/10.1007/s40290-023-00475-x
https://www.ncbi.nlm.nih.gov/pubmed/37119452
https://doi.org/10.1038/emboj.2011.203
https://www.ncbi.nlm.nih.gov/pubmed/21685875
https://doi.org/10.1358/dnp.2010.23.9.1513493
https://doi.org/10.3390/biomedicines11051367
https://doi.org/10.1212/WNL.0000000000200111
https://www.ncbi.nlm.nih.gov/pubmed/35169007
https://doi.org/10.1038/srep12157
https://doi.org/10.1016/j.euroneuro.2019.07.135
https://www.ncbi.nlm.nih.gov/pubmed/31371103
https://doi.org/10.1111/j.1471-4159.2008.05554.x
https://www.ncbi.nlm.nih.gov/pubmed/18624924
https://doi.org/10.1016/j.bbr.2011.02.042
https://www.ncbi.nlm.nih.gov/pubmed/21377497
https://doi.org/10.1002/mds.22169
https://www.ncbi.nlm.nih.gov/pubmed/18759356
https://doi.org/10.7554/eLife.03581
https://doi.org/10.1007/s00213-019-05310-3
https://doi.org/10.3390/pharmaceutics12030284
https://doi.org/10.1002/jnr.24251
https://doi.org/10.1007/s10571-021-01185-1
https://www.ncbi.nlm.nih.gov/pubmed/34978648
https://doi.org/10.1002/jlcr.3744
https://www.ncbi.nlm.nih.gov/pubmed/31037756
https://doi.org/10.1124/jpet.110.172544
https://www.ncbi.nlm.nih.gov/pubmed/20810618
https://doi.org/10.1371/journal.pone.0148129
https://www.ncbi.nlm.nih.gov/pubmed/26829109
https://doi.org/10.1002/cmdc.202200484
https://doi.org/10.1523/JNEUROSCI.5757-11.2012
https://doi.org/10.3389/fphar.2017.00229
https://doi.org/10.1016/j.ejmech.2017.02.018
https://doi.org/10.1016/j.neuron.2016.01.016
https://doi.org/10.1016/j.neuron.2016.02.025
https://doi.org/10.1016/j.ejmech.2020.112447

Pharmaceuticals 2023, 16, 1535 23 of 25

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Vieira, M.; Yong, X.L.H.; Roche, K.W.; Anggono, V. Regulation of NMDA glutamate receptor functions by the GluN2 subunits.
J. Neurochem. 2020, 154, 121-143. [CrossRef]

Ugale, V.; Deshmukh, R.; Lokwani, D.; Narayana Reddy, P.; Khadse, S.; Chaudhari, P.; Kulkarni, PP. GluN2B subunit selective
N-methyl-D-aspartate receptor ligands: Democratizing recent progress to assist the development of novel neurotherapeutics.
Mol. Divers. 2023, 1-28. [CrossRef] [PubMed]

Clayton, D.A.; Mesches, M.H.; Alvarez, E.; Bickford, P.C.; Browning, M.D. A hippocampal NR2B deficit can mimic age-related
changes in long-term potentiation and spatial learning in the Fischer 344 rat. J. Neurosci. 2002, 22, 3628-3637. [CrossRef] [PubMed]
Pegasiou, C.M.; Zolnourian, A.; Gomez-Nicola, D.; Deinhardt, K.; Nicoll, J.A.; Ahmed, A.L; Vajramani, G.; Grundy, P.; Verhoog,
M.B.; Mansvelder, H.D.; et al. Age-dependent changes in synaptic NMDA receptor composition in adult human cortical neurons.
Cereb. Cortex 2020, 30, 4246-4256. [CrossRef] [PubMed]

Piggott, M.A; Perry, E.K.; Perry, R. H.; Court, J.A. [3H] MK-801 binding to the NMDA receptor complex, and its modulation in
human frontal cortex during development and aging. Brain Res. 1992, 588, 277-286. [CrossRef]

Trepanier, C.H.; Jackson, M.E.; MacDonald, J.FE. Regulation of NMDA receptors by the tyrosine kinase Fyn. FEBS ]. 2012, 279,
12-19. [CrossRef]

Ma, Z; Liu, K,; Li, XR; Wang, C; Liu, C.; Yan, D.Y,; Deng, Y.; Liu, W.; Xu, B. Alpha-synuclein is involved in manganese-induced
spatial memory and synaptic plasticity impairments via TrkB/Akt/Fyn-mediated phosphorylation of NMDA receptors. Cell Death
Dis. 2020, 11, 834. [CrossRef]

Martinez-Coria, H.; Green, K.N.; Billings, L.M.; Kitazawa, M.; Albrecht, M.; Rammes, G.; Parsons, C.G.; Gupta, S.; Banerjee, P;
LaFerla, EM. Memantine improves cognition 1542 and reduces Alzheimer’s-like neuropathology in transgenic mice. Am. J. Pathol.
2010, 176, 870-880. [CrossRef]

Yuan, H.; Myers, S.J.; Wells, G.; Nicholson, K.L.; Swanger, S.A.; Lyuboslavsky, P.; Tahirovic, Y.A.; Menaldino, D.S.; Ganesh, T.;
Wilson, L.J.; et al. Context-dependent GluN2B-selective inhibitors of NMDA receptor function are neuroprotective with minimal
side effects. Neuron 2015, 85, 1305-1318. [CrossRef]

Elias, E.; Zhang, A.Y.; Manners, M.T. Novel pharmacological approaches to the treatment of depression. Life 2022, 12, 196.
[CrossRef]

Sachser, R.M.; Santana, F.; Crestani, A.P; Lunardi, P.; Pedraza, L.K.; Quillfeldt, J.A.; Hardt, O.; de Oliveira Alvares, L. Forgetting
of long-term memory requires activation of NMDA receptors, L-type voltage-dependent Ca?t channels, and calcineurin. Sci. Rep.
2016, 6, 22771. [CrossRef]

Sakurai, F.; Yukawa, T.; Kina, A., Murakami, M.; Takami, K.; Morimoto, S.; Seto, M.; Kamata, M.; Yamashita, T;
Nakashima, K.; et al. Discovery of pyrazolo [1, 5-a] pyrazin-4-ones as potent and brain penetrant GluN2A-selective pos-
itive allosteric modulators reducing AMPA receptor binding activity. Bioorg. Med. Chem. 2022, 56, 116576. [CrossRef]
Puentes-Diaz, N.; Chaparro, D.; Morales-Morales, D.; Flores-Gaspar, A.; Ali-Torres, J. Role of metal cations of copper, Iron, and
aluminum and multifunctional ligands in Alzheimer’s disease: Experimental and computational insights. ACS Omega 2023, 8,
4508-4526. [CrossRef]

Yao, L.; Zhou, Q. Enhancing NMDA Receptor Function: Recent Progress on Allosteric Modulators. Neural Plast. 2017, 2017, 2875904.
[CrossRef]

Zott, B.; Konnerth, A. Impairments of glutamatergic synaptic transmission in Alzheimer’s disease. In Seminars in Cell &
Developmental Biology; Academic Press: Cambridge, MA, USA, 2023; Volume 139, pp. 24-34.

Olivares, D.; Deshpande, K.; Shi, Y.; Lahiri, K.; Greig, H.; Rogers, T.; Huang, X. N-methyl D-aspartate (NMDA) receptor
antagonists and memantine treatment for Alzheimer’s disease, vascular dementia and Parkinson’s disease. Curr. Alzheimer Res.
2012, 9, 746-758. [CrossRef]

Kakefuda, K.; Ishisaka, M.; Tsuruma, K.; Shimazawa, M.; Hara, H. Memantine, an NMDA receptor antagonist, improves working
memory deficits in DGKf knockout mice. Neurosci. Lett. 2016, 630, 228-232. [CrossRef]

Sepers, M.D.; Raymond, L.A. Mechanisms of synaptic dysfunction and excitotoxicity in Huntington’s disease. Drug Discov. Today
2014, 19, 990-996. [CrossRef] [PubMed]

Ohiomokhare, S.; Olaolorun, F; Ladagu, A.; Olopade, F; Howes, M.-].R; Okello, E.; Olopade, ].; Chazot, P.L. The Pathopharmaco-
logical Interplay between Vanadium and Iron in Parkinson’s Disease Models. Int. ]. Mol. Sci. 2020, 21, 6719. [CrossRef]

Gan, J.; Qi, M.C.; Mao, L.-M,; Liu, Z. Changes in surface expression of N-methyl-D aspartate receptors in the striatum in a rat
model of Parkinson’s disease. Drug Des. Dev. Ther. 2014, 8, 165-173.

Mellone, M.; Stanic, J.; Hernandez, L.F,; Iglesias, E.; Zianni, E.; Longhi, A.; Prigent, A.; Picconi, B.; Calabresi, P.; Hirsch, E.C.
NMDA receptor GIuN2A/ GluN2B subunit ratio as synaptic trait of levodopa-induced dyskinesias: From experimental models
to patients. Front. Cell. Neurosci. 2015, 9, 245. [CrossRef] [PubMed]

Guo, H.; Camargo, L.M.; Yeboah, E,; Digan, M.E.; Niu, H.; Pan, Y.; Reiling, S.; Soler-Llavina, G.; Weihofen, W.A.; Wang, H.R.
NMDA-receptor calcium influx assay sensitive to stimulation by glutamate and glycine/D-serine. Sci. Rep. 2017, 7, 11608.
[CrossRef]

Réus, G.Z,; Stringari, R.B.; Kirsch, T.R.; Fries, G.R.; Kapczinski, E; Roesler, R.; Quevedo, J. Neurochemical and behavioural effects
of acute and chronic memantine administration in rats: Further support for NMDA as a new pharmacological target for the
treatment of depression? Brain Res. Bull. 2010, 81, 585-589. [CrossRef]


https://doi.org/10.1111/jnc.14970
https://doi.org/10.1007/s11030-023-10656-0
https://www.ncbi.nlm.nih.gov/pubmed/37266849
https://doi.org/10.1523/JNEUROSCI.22-09-03628.2002
https://www.ncbi.nlm.nih.gov/pubmed/11978838
https://doi.org/10.1093/cercor/bhaa052
https://www.ncbi.nlm.nih.gov/pubmed/32191258
https://doi.org/10.1016/0006-8993(92)91586-4
https://doi.org/10.1111/j.1742-4658.2011.08391.x
https://doi.org/10.1038/s41419-020-03051-2
https://doi.org/10.2353/ajpath.2010.090452
https://doi.org/10.1016/j.neuron.2015.02.008
https://doi.org/10.3390/life12020196
https://doi.org/10.1038/srep22771
https://doi.org/10.1016/j.bmc.2021.116576
https://doi.org/10.1021/acsomega.2c06939
https://doi.org/10.1155/2017/2875904
https://doi.org/10.2174/156720512801322564
https://doi.org/10.1016/j.neulet.2016.07.061
https://doi.org/10.1016/j.drudis.2014.02.006
https://www.ncbi.nlm.nih.gov/pubmed/24603212
https://doi.org/10.3390/ijms21186719
https://doi.org/10.3389/fncel.2015.00245
https://www.ncbi.nlm.nih.gov/pubmed/26217176
https://doi.org/10.1038/s41598-017-11947-x
https://doi.org/10.1016/j.brainresbull.2009.11.013

Pharmaceuticals 2023, 16, 1535 24 of 25

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Nash, J.E.; Fox, S.H.; Henry, B.; Hill, M.P.; Peggs, D.; McGuire, S.; Maneuf, Y.; Hille, C.; Brotchie, ].M.; Crossman, A.R.
Antiparkinsonian actions of ifenprodil in the MPTP-lesioned marmoset model of Parkinson’s disease. Exp. Neurol. 2000, 165,
136-142. [CrossRef] [PubMed]

Blanchet, PJ.; Konitsiotis, S.; Whittemore, E.R.; Zhou, Z.L.; Woodward, R.M.; Chase, T.N. Differing effects of N-methyl-daspartate
receptor subtype selective antagonists on dyskinesias in levodopa-treated 1-methyl-4-phenyl-tetrahydropyridine monkeys.
J. Pharmacol. Exp. Ther. 1999, 290, 1034-1040. [PubMed]

Papa, S.M.; Boldry, R.C.; Engber, T.M.; Kask, A.M.; Chase, T.N. Reversal of levodopa-induced motor fluctuations in experimental
parkinsonism by NMDA receptor blockade. Brain Res. 1995, 701, 13-18. [CrossRef] [PubMed]

Cull-Candy, S.; Brickley, S.; Farrant, M. NMDA receptor subunits: Diversity, development and disease. Curr. Opin. Neurobiol.
2001, 11, 327-335. [CrossRef] [PubMed]

Duman, C.H.; Duman, R.S. Spine synapse remodeling in the pathophysiology and treatment of depression. Neurosci. Lett. 2015,
601, 20-29. [CrossRef]

Maeng, S.; Zarate, C.A., Jr. The role of glutamate in mood disorders: Results from the ketamine in major depression study and
the presumed cellular mechanism underlying its antidepressant effects. Curr. Psychiatry 2007, 9, 467—474. [CrossRef]

Larsson, M. Ionotropic glutamate receptors in spinal nociceptive processing. Mol. Neurobiol. 2009, 40, 260-288. [CrossRef]
Arendt-Nielsen, L.; Morlion, B.; Perrot, S.; Dahan, A.; Dickenson, A.; Kress, H.G.; Wells, C.; Bouhassira, D.; Drewes, A.M.
Assessment and manifestation of central sensitization across different chronic pain conditions. Eur. J. Pain 2018, 22, 216-241.
[CrossRef]

Latremoliere, A.; Woolf, C.J. Central sensitization: A generator of pain hypersensitivity by central neural plasticity. J. Pain 2009,
10, 895-926. [CrossRef] [PubMed]

Zhang, Z.Y.; Bai, HH.; Guo, Z,; Li, H.L,; Diao, X.T.; Zhang, T.Y.; Yao, L.; Ma, J.J.; Cao, Z.; Li, Y.X,; et al. Ubiquitination and
functional modification of GluN2B subunit-containing NMDA receptors by Cbl-b in the spinal cord dorsal horn. Sci. Signal. 2020,
13, eaaw1519. [CrossRef] [PubMed]

Fillhard, J.; Kinsora, J.J.; Meltzer, L.T. The effects of CI-1041 in two tests of analgesia: Acetic acid-induced writhing test and
formalin foot pad test. Soc. Neurosci. Abstr. 2000, 26, 617.4.

Kawai, M.; Nakamura, H.; Sakurada, I.; Shimokawa, H.; Tanaka, H.;, Matsumizu, M.; Ando, K.; Hattori, K.; Ohta, A.;
Nukui, S.; et al. Discovery of novel and orally active NR2B-selective Nmethyl-D-aspartate (NMDA) antagonists, pyridinol
derivatives with reduced HERG binding affinity. Bioorg. Med. Chem. Lett. 2007, 17, 5533-5536. [CrossRef] [PubMed]

Kawai, M.; Sakurada, I.; Morita, A.; Iwamuro, Y.; Ando, K.; Omura, H.; Sakakibara, S.; Masuda, T.; Koike, H.; Honma, T.; et al.
Structure-activity relationship study of novel NR2B-selective antagonists with arylamides to avoid reactive metabolites formation.
Bioorg. Med. Chem. Lett. 2007, 17, 5537-5542. [CrossRef]

Kawai, M.; Ando, K.; Matsumoto, Y.; Sakurada, I.; Hirota, M.; Nakamura, H.; Ohta, A.; Sudo, M.; Hattori, K.; Takashima, T.; et al.
Discovery of (-)-6-[2-[4-(3-fluorophenyl)-4- hydroxy-1-piperidinyl]-1-hydroxyethyl]-3, 4-dihydro -2(1H)-quinolinone-a potent
NR2B-selective N-methyl D-aspartate (NMDA) antagonist for the treatment of pain. Bioorg. Med. Chem. Lett. 2007, 17, 5558-5562.
[CrossRef]

Viswanad, V.; Anand, P.; Shammika, P. Advancement of Riluzole in Neurodegenerative Disease. Int. |. Pharm. Clin. Res. 2017, 9,
214-217. [CrossRef]

Atez-Alagoz, Z.; Adejare, A. NMDA receptor antagonists for treatment of depression. A Review. Pharmaceuticals 2013, 6, 480-499.
[CrossRef]

Amidfar, M.; Khiabany, M.; Kohi, A.; Salardini, E.; Arbabi, M.; Roohi Azizi, M.; Zarrindast, M.-R.; Mohammadinejad, P;
Zeinoddini, A.; Akhondzadeh, S. Effect of memantine combination therapy on symptoms in patients with moderate-to-severe
depressive disorder: Randomized, double-blind, placebo-controlled study. J. Clin. Pharm. Ther. 2017, 42, 44-50. [CrossRef]
Pochwat, B.; Nowak, G.; Szewczyk, B. An update on NMDA antagonists in depression. Expert Rev. Neurother. 2019, 19, 1055-1067.
[CrossRef] [PubMed]

Amidfar, M.; Réus, G.Z.; Quevedo, J.; Kim, Y.-K.; Arbabi, M. Effect of co-administration of memantine and sertraline on the
antidepressant-like activity and brain-derived neurotrophic factor (BDNF) levels in the rat brain. Brain Res. Bull. 2017, 128, 2-33.
[CrossRef] [PubMed]

Iadarola, N.D.; Niciu, M.].; Richards, E.M.; Vande Voort, J.L.; Ballard, E.D.; Lundin, N.B.; Nugent, A.C.; Machado-Vieira, R,;
Zarate, C.A., Jr. Ketamine and other Nmethyl-D-aspartate receptor antagonists in the treatment of depression: A perspective
review. Ther. Adv. Chronic Dis. 2015, 6, 97-114. [CrossRef] [PubMed]

Zanos, P.; Gould, T.D. Mechanisms of ketamine action as an antidepressant. Mol. Psychiatry 2018, 23, 801-811. [CrossRef]
[PubMed]

Pochwat, B.; Rafato-Ulinska, A.; Domin, H.; Misztak, P.; Nowak, G.; Szewczyk, B. Involvement of extracellular signal-regulated
kinase (ERK) in the short and long-lasting antidepressant-like activity of NMDA receptor antagonists (zinc and Ro 25-6981) in the
forced swim test in rats. Neuropharmacology 2017, 125, 333-342. [CrossRef] [PubMed]

Henter, I.D.; Sousa, R.T.D.; Zarate, C.A. Glutamatergic modulators in depression. Harv. Rev. Psychiatry 2018, 26, 307-319.
[CrossRef]


https://doi.org/10.1006/exnr.2000.7444
https://www.ncbi.nlm.nih.gov/pubmed/10964492
https://www.ncbi.nlm.nih.gov/pubmed/10454475
https://doi.org/10.1016/0006-8993(95)00924-3
https://www.ncbi.nlm.nih.gov/pubmed/8925275
https://doi.org/10.1016/S0959-4388(00)00215-4
https://www.ncbi.nlm.nih.gov/pubmed/11399431
https://doi.org/10.1016/j.neulet.2015.01.022
https://doi.org/10.1007/s11920-007-0063-1
https://doi.org/10.1007/s12035-009-8086-8
https://doi.org/10.1002/ejp.1140
https://doi.org/10.1016/j.jpain.2009.06.012
https://www.ncbi.nlm.nih.gov/pubmed/19712899
https://doi.org/10.1126/scisignal.aaw1519
https://www.ncbi.nlm.nih.gov/pubmed/32606037
https://doi.org/10.1016/j.bmcl.2007.08.039
https://www.ncbi.nlm.nih.gov/pubmed/17768047
https://doi.org/10.1016/j.bmcl.2007.08.033
https://doi.org/10.1016/j.bmcl.2007.08.014
https://doi.org/10.25258/ijpcr.v9i3.8321
https://doi.org/10.3390/ph6040480
https://doi.org/10.1111/jcpt.12469
https://doi.org/10.1080/14737175.2019.1643237
https://www.ncbi.nlm.nih.gov/pubmed/31328587
https://doi.org/10.1016/j.brainresbull.2016.11.003
https://www.ncbi.nlm.nih.gov/pubmed/27825855
https://doi.org/10.1177/2040622315579059
https://www.ncbi.nlm.nih.gov/pubmed/25954495
https://doi.org/10.1038/mp.2017.255
https://www.ncbi.nlm.nih.gov/pubmed/29532791
https://doi.org/10.1016/j.neuropharm.2017.08.006
https://www.ncbi.nlm.nih.gov/pubmed/28802646
https://doi.org/10.1097/HRP.0000000000000183

Pharmaceuticals 2023, 16, 1535 25 of 25

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Preskorn, S.H.; Baker, B.; Kolluri, S.; Menniti, ES.; Krams, M.; Landen, ].W. An innovative design to establish proof of concept
of the antidepressant effects of the NR2B subunit selective N-methyl-D-aspartate antagonist, CP-101,606, in patients with
treatment-refractory major depressive disorder. J. Clin. Psychopharmacol. 2008, 28, 631-637. [CrossRef]

Gordillo-Salas, M.; Pilar-Cuellar, F.; Auberson, Y.P. Signaling pathways responsible for the rapid antidepressant-like effects of a
GluN2A-preferring NMDA receptor antagonist. Transl. Psychiatry 2018, 8, 84. [CrossRef]

Skolnick, P.; Kos, T.; Czekaj, J. Effect of NMDAR antagonists in the tetrabenazine test for antidepressants: Comparison with the
tail suspension test. Acta Neuropsychiatr. 2015, 27, 228-234. [CrossRef]

Refsgaard, L.K.; Pickering, D.S.; Andreasen, ].T. Investigation of antidepressant-like and anxiolytic-like actions and cognitive and
motor side effects of four N-methyl-D-aspartate receptor antagonists in mice. Behav. Pharmacol. 2017, 28, 37-47. [CrossRef]
Wang, M.; Albert, HW.,; Liu, F. Interactions between NMDA and dopamine receptors: A potential therapeutic target. Brain Res.
2012, 1476, 154-163. [CrossRef] [PubMed]

Ibrahim, L.; Diaz Granados, N.; Jolkovsky, L.; Brutsche, N.; Luckenbaugh, D.A.; Herring, W].; Potter, W.Z.; Zarate, C.A,, Jr. A
randomized, placebo-controlled, crossover pilot trial of the oral selective NR2B antagonist MK-0657 in patients with treatment-
resistant major depressive disorder. J. Clin. Psychopharmacol. 2012, 32, 551. [CrossRef] [PubMed]

Karolewicz, B.; Szebeni, K.; Gilmore, T.; Maciag, D.; Stockmeier, C.A.; Ordway, G.A. Elevated levels of NR2A and PSD-95 in the
lateral amygdala in depression. Int. ]. Neuropsychopharmacol. 2009, 12, 143-153. [CrossRef] [PubMed]

Feyissa, A.M.; Chandran, A.; Stockmeier, C.A.; Karolewicz, B. Reduced levels of NR2A and NR2B subunits of NMDA receptor
and PSD-95 in the prefrontal cortex in major depression. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2009, 33, 70-75. [CrossRef]
Walker, D.L.; Davis, M. Amygdala infusions of an NR2B-selective or an NR2A-preferring NMDA receptor antagonist differentially
influence fear conditioning and expression in the fear-potentiated startle test. Learn. Mem. 2008, 15, 67-74. [CrossRef]

Delaney, A.J.; Power, ].M.; Sah, P. Ifenprodil reduces excitatory synaptic transmission by blocking presynaptic P/Q type calcium
channels. J. Neurophysiol. 2012, 107, 1571-1575. [CrossRef]

Bozymski, KM.; Crouse, E.L.; Titus-Lay, E.N.; Ott, C.A.; Nofziger, J.L.; Kirkwood, C.K. Esketamine: A Novel Option for
Treatment-Resistant Depression. Ann. Pharmacother. 2020, 54, 567-576. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/JCP.0b013e31818a6cea
https://doi.org/10.1038/s41398-018-0131-9
https://doi.org/10.1017/neu.2015.14
https://doi.org/10.1097/FBP.0000000000000266
https://doi.org/10.1016/j.brainres.2012.03.029
https://www.ncbi.nlm.nih.gov/pubmed/22472597
https://doi.org/10.1097/JCP.0b013e31825d70d6
https://www.ncbi.nlm.nih.gov/pubmed/22722512
https://doi.org/10.1017/S1461145708008985
https://www.ncbi.nlm.nih.gov/pubmed/18570704
https://doi.org/10.1016/j.pnpbp.2008.10.005
https://doi.org/10.1101/lm.798908
https://doi.org/10.1152/jn.01066.2011
https://doi.org/10.1177/1060028019892644

	Introduction 
	NMDARs’ Subunit Composition and Subtype Selectivity 
	GluN1/2A and GluN1/2B Diheteromer and Triheteromer Receptors 
	Synaptic and Extrasynaptic GluN2 NMDA Receptors 
	The Ideal Clinically Tolerated NMDA Receptor Antagonist 
	NMDA Receptor Antagonists’ Recent Advances 
	GluN2A and GluN2B NMDA Receptor Antagonists 
	Alzheimer’s Disease 
	Parkinson’s Disease 
	Neuropathic Pain 
	Depression 

	Concluding Remarks 
	References

