pharmaceuticals

Review

N-methyl-D-aspartate Receptors and Depression: Linking
Psychopharmacology, Pathology and Physiology in a Unifying
Hypothesis for the Epigenetic Code of Neural Plasticity

Stefano Comai 1'234%() Sara De Martin 1’10, Andrea Mattarei 1'¥(©, Clotilde Guidetti 3¢, Marco Pappagallo 7.8,
Franco Folli ?®, Andrea Alimonti 10111213 354 Paolo L. Manfredi 7-8*

check for
updates

Citation: Comai, S.; De Martin, S.;
Mattarei, A.; Guidetti, C.; Pappagallo,
M.; Folli, F,; Alimonti, A.; Manfredi,
P.L. N-methyl-D-aspartate Receptors
and Depression: Linking
Psychopharmacology, Pathology and
Physiology in a Unifying Hypothesis
for the Epigenetic Code of Neural
Plasticity. Pharmaceuticals 2024, 17,
1618. https://doi.org/10.3390/
ph17121618

Academic Editor: Antoni Camins

Espuny

Received: 7 October 2024
Revised: 3 November 2024
Accepted: 25 November 2024
Published: 30 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Pharmaceutical and Pharmacological Sciences, University of Padua, 35121 Padua, Italy;
stefano.comai@unipd.it (5.C.); sara.demartin@unipd.it (5.D.M.); andrea.mattarei@unipd.it (A.M.)
Department of Biomedical Sciences, University of Padua, 35121 Padua, Italy

Department of Psychiatry, McGill University, Montreal, QC H3A 1A1, Canada

IRCSS San Raffaele Scientific Institute, 20132 Milan, Italy

Child Neuropsychiatry Unit, Department of Neuroscience, IRCCS Bambino Gesu Pediatric Hospital,
00165 Rome, Italy; cguidetti@mgh.harvard.edu

Department of Psychiatry, Harvard Medical School, Boston, MA 02115, USA

Relmada Therapeutics, Inc., Coral Gables, FL 33134, USA; mpappagallo@relmada.com

MGGM LLC, 85 Baker Road, Kerhonkson, NY 12446, USA

Department of Health Sciences, University of Milan, 20141 Milan, Italy; franco.folli@unimi.it

The Institute of Oncology Research, Universita della Svizzera Italiana, 6500 Bellinzona, Switzerland;
andrea.alimonti@ior.usi.ch

11 Veneto Institute of Molecular Medicine, 35129 Padua, Italy

Department of Medicine, Zurich University, 8006 Zurich, Switzerland

Department of Medicine, University of Padua, 35122 Padua, Italy

*  Correspondence: pmanfredi@relmada.com; Tel.: +1-646-284-3119

* These authors contributed equally to this work.

U W N

Abstract: Uncompetitive NMDAR (N-methyl-D-aspartate receptor) antagonists restore impaired
neural plasticity, reverse depressive-like behavior in animal models, and relieve major depressive
disorder (MDD) in humans. This review integrates recent findings from in silico, in vitro, in vivo,
and human studies of uncompetitive NMDAR antagonists into the extensive body of knowledge on
NMDARs and neural plasticity. Uncompetitive NMDAR antagonists are activity-dependent channel
blockers that preferentially target hyperactive GluN2D subtypes because these subtypes are most
sensitive to activation by low concentrations of extracellular glutamate and are more likely activated
by certain pathological agonists and allosteric modulators. Hyperactivity of GluN2D subtypes in
specific neural circuits may underlie the pathophysiology of MDD. We hypothesize that neural
plasticity is epigenetically regulated by precise Ca>* quanta entering cells via NMDARs. Stimuli
reach receptor cells (specialized cells that detect specific types of stimuli and convert them into
electrical signals) and change their membrane potential, regulating glutamate release in the synaptic
cleft. Free glutamate binds ionotropic glutamatergic receptors regulating NMDAR-mediated Ca®*
influx. Quanta of Ca?* via NMDARs activate enzymatic pathways, epigenetically regulating synaptic
protein homeostasis and synaptic receptor expression; thereby, Ca?* quanta via NMDARs control
the balance between long-term potentiation and long-term depression. This NMDAR Ca?* quantal
hypothesis for the epigenetic code of neural plasticity integrates recent psychopharmacology findings
into established physiological and pathological mechanisms of brain function.

Keywords: AMPA; Ca®*; endorphins; glutamate; Mg?*; major depressive disorder; neural plasticity;
NMDA
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1. Introduction

Hansen and colleagues in their 2018 review describing the structure and function
of ionotropic N-methyl-D-aspartate receptors (NMDAR) predicted that the emergence of
uncompetitive NMDAR antagonists as antidepressants would advance our understanding
of the role of NMDARs in physiology and disease [1]. The aim of this hypothesis paper is
to integrate the discovery of the clinical effects of uncompetitive NMDAR antagonists in pa-
tients with major depressive disorder (MDD) into the current scientific body of knowledge
on the pivotal role of NMDARs in neural plasticity. The discovery of the antidepressant
effects of uncompetitive NMDAR antagonists in patients with MDD is providing key in-
formation for advancing the understanding of the molecular basis of the physiology and
pathology of emotions and behaviors (Figure 1). Our integrative approach aims to unify
seemingly separate perspectives on NMDAR function, offering a unifying framework that
links the antidepressant effects of uncompetitive NMDAR antagonists with the role of
NMDARs in neural plasticity. This synthesis of converging lines of evidence related to
NMDARs and neural plasticity may not only further our understanding of NMDARs in
the context of depression but also drive advances in neuropsychiatric pathophysiology and
psychopharmacology.

MDD is the leading cause of disability worldwide, with approximately 300 million
affected people (GBD 2018). In the USA, the reported lifetime prevalence for MDD is
approximately 20% [2]. Of note, a steep increase in the prevalence of MDD was recorded
during the COVID-19 pandemic [3], underscoring the known correlation between MDD
and stressful events, including social isolation, in alignment with the known adaptive
role of the depressive phenotype [4]. Because of the absence of reliable biomarkers, the
distinction between transient reactive depression and MDD is not straightforward and
is based on specialized guideline descriptors [5]. The depressive-like phenotype is con-
sidered a physiological response during bereavement [6-8] or in conjunction with other
losses, such as the loss of a partner, a job, etc. Furthermore, short-lived depressive-like
behaviors and feelings are not only considered normal but also expected during certain
ceremonies, such as religious or similar types of gatherings. Similarly, manic-like behaviors
and symptoms are often considered normal in other contexts, such as political rallies or
certain sports events. The psychosocial and physiological aspects of depressive-like and
manic-like behaviors suggest that these behaviors may serve evolutionary purposes. For
example, during stressful events, depressive-like emotions, and behaviors, such as lack of
initiative and motivation, may represent species-preserving behaviors; manic-like behav-
iors could instead be advantageous in competitive situations. Although the definition of
“normality” in relation to behaviors and emotions depends on psychosocial settings, which
vary geographically and over time, individuals typically exhibit “balanced” behaviors and
emotions within a spectrum of cultural settings [9,10]. However, when depressive-like
behaviors and depressive emotions are severe, prolonged, or become relatively indepen-
dent of stressful triggers, a diagnosis of MDD may be made [5]. Stressful conditions are
used in experimental models of depressive-like behavior, and these models can predict the
potential efficacy of antidepressant drug candidates, including uncompetitive NMDAR
antagonists [11-13].

The monoamine-based hypothesis of depression was proposed over half a century
ago and has since dominated the field, leading to the worldwide widespread clinical
use of monoaminergic antidepressants. However, the glutamatergic system, which plays
a key role in memory and cognition [1,14], may also be pivotal for regulating mood
and emotions [15-18]. As a result, certain mood disorders may primarily originate from
dysregulation within the glutamatergic system. The initial observation of the antidepressant
actions of ketamine [19] has paved the way for the development of uncompetitive NMDAR
antagonists, including esketamine and the combination drug dextromethorphan-bupropion,
as a promising new class of antidepressants [13,20-30]. The highlights of the prevailing
hypothesis for the MOA of NMDAR antagonist antidepressants [13,23-30] are illustrated in
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Figure 1. Esmethadone (REL-1017) is another activity-dependent uncompetitive antagonist
of the NMDAR, currently in advanced clinical development [20,31,32].

¢ Ca2+ Activated
+  Enzymatic pathways

Local assembly

Translation synthesis
and trasport of

synaptic proteins

Gene Activation

OGIutamate
(] Mgz+

ONa* : -
mNMDAR mAMPA I]Genenc .EAAT2 & Uncompetitive

Ca 2+

Activated pathway/biological process

receptor NMDAR antagonist ... Attenuated pathway/biological process

Figure 1. The depressive phenotype, impaired neural plasticity, and uncompetitive NMDAR antago-
nists: psychopharmacology of dysfunctional synapses in depression. (A) Receptor cell — first-order
neuron synapse in patients with depression. At resting membrane potential, hyperactive postsynaptic
NMDARs determine excessive CaZt influx, leading to chronic hyper-activation of CaMKIII-eEF2
signaling and downstream effectors, causing unavailability of synaptic proteins in neurons within
brain circuits relevant to depression. (B) Low potency uncompetitive NMDAR antagonists preferen-
tially block GluN2D channels in the open conformation and free of Mg?* during resting membrane
potential. The decreased influx of GluN2D-mediated Ca®* restores synaptic protein homeostasis
through down modulation of the CaMKIII-eEF2 pathway and re-activation of downstream effectors.
Postsynaptic protein homeostasis enables physiological neural plasticity and determines the reso-
lution of the depressive phenotype. Solid lines represent activated pathways/biological processes;
dashed lines indicate attenuated pathways/biological processes.

The innovation in antidepressant treatment by uncompetitive NMDAR antagonists
was sparked by the discovery that ketamine, a dissociative anesthetic and racemic mixture
of (R)-ketamine and (S)-ketamine, induces rapid antidepressant effects [19,33]. While both
enantiomers of ketamine are NMDAR antagonists, only the more potent S-enantiomer,
esketamine, has received FDA approval as an intranasal formulation. The adverse effects
of intranasal esketamine, such as short-lived dissociative effects in over 70% of patients,
require inpatient clinical observation following administration [34]. Consequently, the FDA
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has limited its marketing approval to patients with TRD and MDD with acute suicidal
ideation or behavior.

At first, the “disinhibition hypothesis” attempted to explain the antidepressant effects
of ketamine within the paradox of enhanced neural plasticity triggered by a dissociative
agent that blocks the NMDAR [35]. In contrast with earlier assumptions, there is now
evidence that the induction of dissociative effects may not be necessary for the rapid antide-
pressant effects of ketamine and its enantiomers [36]. The lack of correspondence between
dissociative effects and antidepressant effects with uncompetitive NMDAR antagonists was
further supported by the observation that the combination dextromethorphan-bupropion
determines antidepressant effects in the absence of dissociative effects [37,38]. This lack of
correspondence between dissociative effects and antidepressant effects was also observed
in clinical trials testing esmethadone [31,32].

The current prevailing hypothesis for the MOA of uncompetitive NMDAR antagonists
in MDD builds on prior work on the role of graded Ca?* influx via NMDARSs at resting
membrane potential in regulating synaptic protein homeostasis [23,39,40]. The “homeo-
static hypothesis” suggests that the activity-dependent uncompetitive block of tonically
and pathologically hyperactive NMDARs leads to the restoration of neural plasticity [27],
has progressively gained acceptance [41,42]. This hypothesis also includes the preferential
block of GluN2D subtypes by uncompetitive NMDAR antagonists [28,43] (Figure 1). The
“homeostatic hypothesis” explains the MOA of uncompetitive NMDAR antagonists in
depression and also implies a mechanism of disease (MOD) for MDD that integrates the
central role of NMDARSs in neural plasticity. According to this MOD hypothesis, MDD
is caused by chronic low-level excitotoxicity due to tonic NMDAR hyperactivity and ex-
cessive Ca?* influx at graded resting neuronal membrane potential in circuits relevant for
MDD. Since uncompetitive NMDAR antagonists are activity-dependent blockers, they
preferentially target pathologically open NMDAR channels, while having no significant
activity at NMDAR channels in the closed conformation, which are blocked by Mg?*, the
physiological NMDAR blocker [28,29].

A key point of convergence between the “disinhibition hypothesis” and the “homeo-
static hypothesis” is that, in both hypotheses, the restoration of neural plasticity is depen-
dent on brain-derived neurotrophic factor (BDNF) [11,29,35]. Additionally, uncompetitive
NMDAR antagonist antidepressants have been shown to restore structural and functional
synaptic proteins necessary for neural plasticity [11,13,23,28], such as subunits of NM-
DARs and subunits of «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARSs), and scaffolding proteins [1,44].

For completeness, we will briefly discuss other MOA hypotheses for the antidepres-
sant actions of uncompetitive NMDAR antagonist antidepressants. These alternative MOA
hypotheses suggest that the antidepressant effects of these drugs may be explained by
mechanisms including mu opioid receptor (MOR) agonism, sigma 1 receptor binding, and
serotonin receptor activation. Some of these proposed hypotheses for the non-NMDAR-
mediated antidepressant mechanisms of drugs or candidate drugs classified as uncompeti-
tive NMDAR antagonists [45,46] are discussed further in other sections of this review and
have been discussed in other publications [32,47]. However, of note, recent studies [29]
confirm the earlier work, indicating that the most likely MOA for the antidepressant ef-
fects of ketamine is the activity-dependent uncompetitive block of hyperactive ionotropic
NMDARSs in neurons part of circuits relevant for MDD [11,13,23].

2. The Glutamatergic System

Glutamate is the key excitatory neurotransmitter in the central nervous system. Presy-
naptic stimulus-triggered glutamate release activates NMDAR-regulated postsynaptic Ca?*
influx [1] (Figure 2).



Pharmaceuticals 2024, 17, 1618

50f29

O Glutamate @ Na*

mNMDAR mAMPA m Camzite . EAAT2 2?”1“'”"9 ’ Ht?'perl'p"'ar'z'”g
] Mgt @ Cat receptor stimulus stimulus

Figure 2. Physiological stimulus-driven NMDAR-mediated Ca* regulated neural plasticity at resting
and at phasic membrane potential. The figure depicts a receptor cell — first-order neuron synapse
following depolarizing or hyper-polarizing stimuli. At resting membrane potential, subthreshold
stimuli are reaching the receptor cell (center figure) with tonic release of glutamate, activating a small
fraction of AMPARs and NMDARSs, resulting in preferential GluN2D graded postsynaptic influx
of Ca?* quanta. Tonic NMDAR-mediated graded Ca®* influx (preferentially via GluN2D subtypes)
directs synaptic protein homeostasis. When depolarizing stimuli reach the receptor cell (left figure),
there is a massive release of glutamate into the synaptic cleft. This release activates all postsynaptic
ionotropic receptors, e.g., “fast” Na* permeable AMPARs“and “slow” Ca?* permeable NMDARSs.
For completeness, we also show the response to stimuli resulting in receptor cell hyperpolarization
(right figure), e.g., visual stimuli reaching photoreceptors, with a reduction in the tonic release of
glutamate. Reduced glutamate release leads to a graded reduction in NMDAR-mediated Ca®* entry
into the postsynaptic neuron.

Glutamate acts at ionotropic (NMDA, AMPA, and kainate receptors) and metabotropic
(mGlu) receptors. Ionotropic glutamate receptors are channels formed by four protein
subunits that delimit a pore through which there is selective passage of ions. NMDARs
are “slow” receptors that open for a subtype-determined amount of time (from 50 ms to
a few seconds, depending on subunit composition). NMDARs are selectively permeable
to Ca®" and are physiologically blocked by Mg?*. As far as their structure is concerned,
NMDARs are composed of two glycine-binding GluN1 subunits, necessary for the mem-
brane expression of the functional receptor, and two glutamate-binding GluN2 subunits.
There are four GluN2 isoforms, i.e., GluN-2A, 2B, 2C, and 2D. Each subunit has distinct
regional and developmental distribution in the brain. NMDARSs containing subunits 2A,
2B, 2C, and 2D regulate Ca®* influx across the neuronal membrane during phasic (action
potential) and tonic (graded resting membrane potential) receptor activity, differentially
according to subunit composition [48-50].
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NMDAR Ca?* influx at resting membrane potential, similar to Ca?* influx during an
action potential, is regulated by agonists and allosteric modulators under both physiological
and pathological settings [1,51,52]. Glutamate binding to its site on the GluN2 subunit
induces a conformational change in the NMDAR, transitioning it to an “open” state. Each
NMDAR requires the binding of four neurotransmitter molecules to switch the channel
from “close” to “open” conformation: two glutamate molecules (one for each GluN2
subunit) and two glycine molecules (one for each GluN1 subunit). Furthermore, NMDARs
are physiologically blocked by Mg?*, which occupies the channel pore of the majority of
NMDARs at resting membrane potential [1,52]. Free glutamate released into the synaptic
cleft by the presynaptic neuron binds not only to NMDARs but also to AMPAR, specifically
2A subunits, briefly opening the “fast” AMPAR channel (Figure 2) for approximately 1 ms.
AMPARSs containing the 2A subunit are primarily permeable to Na*, and their opening
allows a rapid influx of Na*, leading to membrane depolarization. As the membrane
potential shifts from around —85 mV towards —55 mV (the approximate range for a graded
resting membrane potential), the probability of Mg?* disengaging from the NMDAR
channel pore increases gradually. When the NMDAR is in the open conformation (i.e.,
bound by glutamate and glycine) and free of Mg?*, the channel pore becomes permeable to
Ca?* for a subtype-specific duration.

Excessive and prolonged presence of free glutamate in the synaptic cleft (Figure 1;
ambient glutamate) leads to excessive Ca?* influx into the postsynaptic cell, potentially
triggering excitotoxicity. This condition may result in varying degrees of cellular dysfunc-
tion, including neuronal death [53-56]. Excitotoxicity can be either chronic (e.g., MDD and
other recurring or chronic neuropsychiatric disorders) or acute (e.g., post-trauma or post-
stroke). Patients with MDD display reduced hippocampal volume, suggesting neuronal
loss [57]. Both preclinical and clinical studies indicate a link between neuronal loss and
depression [58].

In summary, MDD may be caused by chronic excitotoxicity resulting from the hyper-
activation of ionotropic NMDARs, preferentially involving the GIluN2D subtype, expressed
by neurons part of MDD-relevant circuits. This hyperactivation leads to downregulation
of synaptic proteins, impairing neural plasticity in specific neural circuits (Figure 1) [28].
The “homeostatic hypothesis” aligns with recent in vivo findings indicating that ketamine
blocks NMDARSs in a brain region—and depression state-specific manner [29].

Metabotropic glutamate receptors (mGluRs), activated by glutamate, initiate G-protein-
coupled signaling cascades that regulate intracellular calcium and second messengers,
rather than directly mediating ion flux. Among them, mGIuR5, a Group I mGluR co-
localized with NMDARSs, plays a key role in modulating NMDAR activity. Although a
detailed discussion of mGluRs is beyond the scope of this NMDAR-focused paper, it is
important to note that mGluR5 signaling can influence NMDAR-mediated Ca®* signaling,
thus contributing to Ca*-dependent neural plasticity [59].

3. Neural Plasticity: Decoding and Integrating External Stimuli into Functional Afferent
and Efferent Neural Circuits

The brain is composed of neurons, which serve as the primary units for memory
coding and are interconnected via synapses. Beyond neurons, the neural network includes
other critical cell types. Astrocytes play multifaceted roles, including the regulation of the
blood-brain barrier (BBB) to maintain the brain’s microenvironment. They also facilitate the
recycling of neurotransmitters, including glutamate, through specific transport mechanisms
and metabolic pathways. Oligodendrocytes contribute to efficient signal propagation by
producing myelin sheaths that insulate neuronal axons. Microglia act as the immune cells
of the brain, scavenging cellular debris, providing structural support, and participating in
immunological responses [60-62].

Consistent with a unified hypothesis, NMDAR-mediated Ca?* signaling and suscep-
tibility to excitotoxicity have also been observed in astrocytes [63], microglia [64], and
oligodendrocytes [65,66].
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Neurons are connected in circuits by synapses [67]. Stimuli induce neurons to form
and refine synapses, connecting sensory and motor pathways into functional circuits [68].
Synapses form and strengthen with repeated activation: neurons that fire together wire
together [69]. Neural plasticity is the dynamic balancing between long-term potentia-
tion (LTP) and long-term depression (LTD). LTP is a form of activity-dependent plasticity
resulting in a persistent enhancement of synaptic transmission, whereas LTD is its com-
plementary process, in which the efficacy of synaptic transmission is reduced [70]. Neural
circuits relevant to species survival are continuously formed and refined (LTP/LTD balance)
by stimuli (or lack of stimuli) from the environment (Figure 2). LTP and LTD continuously
modify the structure of functional circuits with preferential integration of experiences
advantageous for species-preserving prediction-based activities. Frequency and intensity
of environmental stimuli reaching the detection threshold at receptor cells (e.g., photore-
ceptors, cochlear and vestibular hair cells, skin mechanoreceptors, olfactory and gustatory
cells) determine a graded change in their membrane potential: the membrane potential may
increase (e.g., cochlear cells) or decrease (photoreceptors) (Figures 1-3). The understanding
of the pivotal role of NMDARSs in LTP and LTD via Ca?* signaling spans several decades
of collective work [14]. The stimulus-regulated change in membrane potential described
above and illustrated in Figures 1-3 results in glutamate release and cellular influx of
NMDAR-mediated quanta of Ca?*. The number of quanta of Ca?* influx via NMDARs is
determined presynaptically by the density of glutamate vesicles and postsynaptically by
the framework of glutamatergic receptors expressed on the membrane of cells (Figures 1-3).

The evolutionary purpose of memorizing experiences by forming structural and func-
tional neural circuits is to attempt to predict future incoming environmental stimuli and
events (sensory neural circuits) while efficiently (in real-time) implementing constantly
upgraded patterns of bodily activities (motor neural circuits), both somatic and autonomic,
that enhance the probability of organism survival. These integrated sensory and motor
circuits are constantly strengthened or weakened through LTP or LTD, respectively, based
on the frequency and intensity of incoming environmental stimuli [70]. Neural plasticity
has been defined as “the ability of the nervous system to change its activity in response to
intrinsic or extrinsic stimuli by reorganizing its structure, functions, or connections” [71].
Thus, neural plasticity consists of the constant lifetime dynamic balancing of two com-
plementary forces, LTP and LTD, constantly forming and refining integrated afferent and
efferent circuits. Connections between neurons are constantly enhanced or weakened in a
dynamic interface between the organism and its environment aimed to select and maintain
integrated sensory and motor circuits that enhance species survival. The first example
of a functional stimulus-generated integrated sensory and motor circuit was described
by Pavlov in 1927 [68]. A century of collective work can now attempt to illustrate the
molecular mechanism of integrated sensory and motor neural plasticity (Figures 1-3).

The key molecules in NMDAR-mediated Ca?* signaling are Ca*/calmodulin-dependent
protein kinase IT (CaMKII), calcineurin, and CaMKIII-eEF2 kinase. When Ca?* enters the
postsynaptic neuron via NMDARSs, it binds to calmodulin, a calcium sensor protein. The
Ca?*-calmodulin complex activates CaMKII, which then phosphorylates target proteins
that enhance LTP, including via phosphorylation of the AMPA receptor subunit GluAl.
CaMKII activated by Ca®* sustains synaptic changes over time, contributing to the stability
of LTP [72].

Similar to CaMKII, calcineurin is activated by the Ca%*-calmodulin complex after
calcium influx through NMDARs. Once activated, calcineurin dephosphorylates proteins
associated with the AMPA receptor, such as stargazin, leading to the internalization of
AMPA receptors from the synaptic membrane, thereby weakening synaptic transmission
and enhancing LTD. LTP and LTD are finely balanced by the activities of CaMKII and
calcineurin. While CaMKII drives synaptic strengthening (LTP), calcineurin mediates
synaptic weakening (LTD). This dynamic regulation allows neurons to adjust the strength
of synaptic connections in response to activity [73].
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Figure 3. Stimulus-induced NMDAR-regulated Ca?* quanta and “hot spot” neural plasticity (1-6)
receptor cell — first-order synaptic neuron. (1) Resting membrane potential: Stimuli reach the receptor
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cell and change its membrane potential, regulating the activity of presynaptic NMDARs. Based on the
frequency and intensity of incoming stimuli, graded Ca®* quanta via presynaptic NMDARs instruct
the receptor cell on glutamate vesicle density. When presynaptic glutamate vesicles reach the density
threshold, one or more vesicles fuse with the membrane of the receptor cell and release glutamate. Free
glutamate released at graded resting membrane potential activates a small percentage of glutamate
receptors, including AMPARs and NMDARs, at the “hot spot” of the first order neuron. The low
nanomolar concentration of free glutamate preferentially activates GluN2D subtypes. (2) Action po-
tential: When depolarizing stimuli reach the receptor cell, release of glutamate occurs from all vesicles
juxtaposed to the membrane, leading to massive activation of “hot spot” postsynaptic glutamate re-
ceptors, including AMPARs and NMDARSs. (3) Coincidental AMPAR-mediated depolarization (“fast”
Na* influx) causes Mg?* release from open-conformation NMDARs bound by glutamate, initiating
NMDAR-regulated “slow” Ca?* influx. Excitatory Amino Acid Transporters (EAATs) re-uptake free
glutamate from the synaptic cleft, terminating the action potential. (4) NMDAR-regulated postsynaptic
Ca?* quanta activate enzymatic pathways, leading to the transcription of genes encoding synaptic
proteins. Synthesized proteins are then transported (trafficking) to the synapse and undergo local
assembly and expression at the synaptic membrane (receptor subunits and scaffolding proteins) or
are released in the synaptic cleft (neurotrophic factors). (5) After depolarizing stimuli, EAAT activity
restores resting membrane potential. Subthreshold stimuli at resting membrane potential again induce
graded glutamate release, and graded activation of AMPARs and NMDARs, leading to preferential
GluN2D-regulated postsynaptic Ca?* influx, instructing synaptic protein homeostasis. Stimuli induce
neural plasticity at the synaptic “hot spot”: the synaptic framework (type and density of receptors)
and availability of synaptic proteins (receptor subunits, neurotrophic factors, and scaffolding proteins)
are regulated by incoming stimuli or lack of thereof (points 2—4). (6) Subsequent tonic or depolarizing
stimuli trigger graded or massive glutamate release into the synaptic cleft, activating AMPARs and
NMDARSs, directing graded or massive NMDARs influx of Ca>* quanta, respectively, and downstream
enzymatic activation. Free glutamate is then re-up-taken via EAATs. The epigenetic code, how keys
change locks: after each stimulus, Ca?* quanta and intracellular enzymatic pathways activation will
be different compared to before the stimulus, due to stimulus-induced changes in the “hot spot”
receptor framework. The constant stimulus-dependent changes in the receptor framework will deter-
mine NMDAR-regulated Ca®* quanta influx, constantly accounting for prior stimuli. The synaptic
framework at the “hot spot” precisely gates glutamate-induced NMDAR Ca?* quanta influx and
downstream events constantly shaping LTP/LTD in neural circuits relevant to incoming stimuli.

Finally, the CaMKIII-eEF2 kinase pathway may be the key target of the activity of
uncompetitive NMDAR antagonists used as antidepressants. CaMKIII-eEF2 kinase regu-
lates synaptic protein synthesis. When calcium enters the neuron via NMDARSs, it activates
eEF2 kinase through the Ca?*-calmodulin complex. eEF2 kinase then phosphorylates eEF2,
leading to the inhibition of synaptic protein translation. Excessive inhibition of synap-
tic protein translation may be the molecular basis of MDD corrected by uncompetitive
NMDAR antagonists Under normal conditions, the activation of eEF2 kinase can slow
down the overall rate of protein synthesis, allowing for fine-tuning of protein production
that is crucial for structural changes at the synapse. NMDAR antagonists for MDD, such
as ketamine, reduce the excessive phosphorylation of eEF2, promoting the synthesis of
synaptic proteins, such as NMDAR subunits and BDNEF, which are critical for synaptic
growth and strengthening [28].

Calcium-induced calcium release (CICR) is another important contributor to calcium
signaling. Once calcium enters the neuron, it can trigger the release of more calcium from
intracellular stores, like the endoplasmic reticulum (ER) through ryanodine receptors (RyRs)
or IP3 receptors (IP3Rs). This amplifies the calcium signal through the cytoplasm. CICR may
be more relevant for voltage-gated calcium channels (VGCCs) than for NMDARs [74,75].

While CICR and mGluR5 can modulate NMDAR-mediated Ca?* signaling and may
contribute to the amplification and broader regulation of calcium signaling within the
neuron, the primary activity of NMDAR-mediated Ca?* signaling occurs within the intra-
cellular domain of the NMDAR complex itself. Ca?* entering through NMDARSs directly
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activates CaMKI], calcineurin, and eEF2 kinase, all of which are crucial for LTP, LTD, and
synaptic protein synthesis regulation. This highly localized calcium signaling at the synapse
is what makes NMDARSs central to activity-dependent neural plasticity necessary for the
adaptive synaptic changes as the basis of learning and memory.

As anticipated by Hansen and colleagues in 2018, the emergence of uncompetitive
NMDAR antagonists as antidepressants is advancing the understanding of the role of
NMDARSs in physiology and disease [1]. As already mentioned, the MOD hypothesis for
MDD is shifting away from the classic serotonergic hypothesis [76]. Recent advancements in
psychopharmacology suggest that impaired neural plasticity, resulting from dysregulated
glutamatergic Ca®* signaling via NMDARSs, may play a pivotal role in the depressive
phenotype [1,15,16]. Indeed, preclinical models have demonstrated that the antidepressant-
like activity of NMDAR uncompetitive antagonists is dependent on the reversal of impaired
spinogenesis [11,23,28,41,42].

4. NMDAR Psychopharmacology and the Epigenetic Code Hypothesis

The molecular mechanisms at the basis of the MOA of uncompetitive NMDAR an-
tagonist antidepressants provide the basis for a glutamatergic NMDAR-centered MOD
for MDD (Figure 1) [28]. This MOD based on NMDAR subtype-specific hyperactivity at
graded resting membrane potential seeks to explain physiology (e.g., reactive depressive
behaviors) and pathology (MDD and other disorders caused by chronic excitotoxicity) with
a common molecular theory of stimulus-induced downregulation of the LTP component of
neural plasticity. The reduced availability of synaptic proteins, caused by hyperactivity of
NMDARs at resting membrane potential, downregulates LTP [28].

Stimulus-dependent variations in presynaptic glutamate release influence the postsy-
naptic influx of Ca?* ions through NMDARSs, with graded Ca?* quanta release at resting
membrane potential and massive Ca?* quanta release during action potential. This influx
not only plays a central role in circuit connectivity by regulating LTP and LTD but also dy-
namically modifies the synaptic framework (ensemble of receptors at synapses) (Figure 3).
The levels of NMDAR subunits and the expression of NMDAR subtypes change, follow-
ing memory acquisition in vivo [77]. In vitro studies show that uncompetitive NMDAR
antagonists modify NMDAR subunit expression [78] whereas, in vivo studies show that
they enhance synaptic spines and increase BDNF in vivo, while reversing depressive-like
behavior [11,13]. Thus, the influx of Ca?* quanta through NMDARSs influences downstream
events that regulate the synaptic framework, including the expression of AMPARs and
NMDARs at the “hot spot”, the 100-200 nm area on the membrane of second-order neu-
rons juxtaposed to presynaptic glutamate release (Figure 3). The “keys” (Ca?* quanta via
NMDARs) continuously modify their own “keyholes” (NMDARs and AMPARs expressed
on the membrane) through downstream effects that regulate translation, transport, assem-
bly, and the expression or release of synaptic proteins, including AMPARs and NMDARs
subunits, as well as neurotrophic factors. Therefore, the configuration of AMPAR and NM-
DAR receptor frameworks at any given moment at the synaptic “hot spot” and in related
areas (e.g., extra-synaptic receptors, including auto-receptors) is dynamically modified by
NMDAR-mediated Ca?* quanta influx.

As already mentioned, NMDARSs are tightly regulated channels that require two
ligands, glutamate and glycine. Moreover, they are also uniquely regulated by various
endogenous and exogenous positive allosteric modulators (PAMs) and negative allosteric
modulators (NAMs) [1,51]. When in an open conformation, NMDARs are selectively per-
meable to Ca®*. However, Mg?*, a physiological blocker of NMDAR, must first disengage
from the channel pore before Ca?* can enter the cell from the extracellular space. The
likelihood of Mg?* disengagement depends on membrane polarization, which is primar-
ily influenced by glutamate action at AMPARs (Figure 3). As the membrane potential
moves from —85 mV to —55 mV, the probability of Mg?* disengagement from the NMDAR
pore increases due to the rapid Na* influx associated with the brief (1 ms) opening of
AMPAR by glutamate. Consequently, glutamate in the synaptic cleft not only activates
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AMPARSs causing membrane depolarization and facilitating Mg?* disengagement from the
NMDAR pore, but also triggers NMDAR activation through allosteric changes induced by
glutamate binding to N2 subunits. NMDAR-mediated Ca®+ signaling initiates a cascade
of biochemical events involving interaction with calcium-binding proteins, activation of
calcium-dependent enzymes, and modulation of transcription factors, finally leading to
changes in the gene transcription within the nucleus. Therefore, the epigenetic code in-
structing genes controlling neural plasticity consists of specific quanta of Ca?* entering
the neuron via NMDARs. These NMDAR-regulated quanta of Ca?* activate enzymatic
pathways that maintain homeostatic availability of synaptic proteins essential for trans-
lation, transport, assembly, and membrane expression of receptors at the synaptic “hot
spot”, thereby modulating synaptic connectivity. In summary, stimulus-induced NMDAR-
mediated Ca?* signaling results in specific patterns of gene expression.

The number of Ca?* quanta entering the postsynaptic neuron via NMDARs is de-
termined by presynaptic glutamate release, which is regulated by specialized stimulus-
transducing receptor cell (Figure 1, e.g., a skin mechanoreceptor or an auditory hair-
receptor cell). Glutamate release can be tonic, during resting membrane potential (when
non-depolarizing stimuli are reaching the presynaptic neuron and only a small percentage
of NMDARs are Ca?* permeable), or phasic, at action potential, triggered by depolarizing
stimuli, leading to massive activation of NMDARs. While the “slow” Ca%* permeable
NMDARs regulate neural plasticity via downstream Ca?* effects initiated within the in-
tracellular portion of the receptor, within the postsynaptic density, “fast” Na* permeable
AMPARs modulate NMDAR activity. Indeed, AMPARs, through glutamate-mediated
changes in membrane potential, act as an “enhancer” for NMDAR activity by facilitating
the disengagement of Mg?* from the NMDAR pore. The quanta of Ca®* entering the post-
synaptic neuron via NMDARs are precisely regulated by the dynamic postsynaptic receptor
framework, including AMPARs. AMPARs influence (dimmer/enhancer) NMDAR Ca?*
entry indirectly by inducing short-lived (1 ms) Na*-dependent depolarizations, causing
Mg?* disengagement from the NMDAR channel pore. This regulation occurs during both
tonic (—85 mv to —55 mv) and phasic (—55 mv towards positive) changes in membrane
potential. NMDARSs, on the other hand, directly control Ca?* quanta influx through a
tightly regulated subtype-specific open time.

In summary, NMDAR activity modulates the influx of Ca?* quanta, which in turn
activate enzymatic pathways that epigenetically influence structural changes at the synaptic
framework, particularly at the synaptic “hot spot” throughout the lifetime of the organism
(Figure 3). These ongoing structural changes at the “hot spot” underpin the dynamic
nature of neuronal circuits at the basis of neural plasticity. This dynamic modulation at the
“hot spot” allows neuronal circuits to continuously adapt to environmental changes, with
physiological mechanisms like LTP and LTD, enabling real-time adjustments of organisms’
responses to detectable stimuli generated by the surrounding environment.

Excitatory amino acid transporters (EAATs) continuously remove glutamate from the
synaptic cleft, thereby reducing the proportion of NMDARs and AMPARs in the open con-
formation. The resting membrane potential is graded and dynamic, depending significantly
on the frequency and number of glutamate vesicles that fuse with the membrane of the
presynaptic neuron, leading to glutamate release into the synaptic cleft. The intensity and
frequency of incoming stimuli reaching the receptor cell modulate its membrane potential,
influencing NMDAR-mediated Ca®* influx and determining the density of intracellular
glutamate vesicles [79]. The stimulus-dependent density of glutamate vesicles within
the receptor cell affects the probability of vesicle fusion with the membrane, resulting
in glutamate release. The removal of glutamate from the synaptic cleft by Na*-driven
EAATSs not only reduces the availability of glutamate for binding to the GIuN2 subunit
of NMDARs but also decreases the glutamate available for AMPARs binding. This re-
duction in AMPAR-mediated Na* influx drives the membrane potential towards more
negative values, facilitating the engagement of Mg?* within the NMDAR channel pore.
However, it is important to note that different NMDAR subtypes have varying affinities
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for Mg?*: GluN2D subtypes, for instance, have low affinity for Mg?* and the longest open-
ing time [1,80], making it more likely to remain open even when glutamate levels in the
synaptic cleft are in the low nanomolar range [43]. The preferential activation of GluN2D
subtypes by low-level glutamate makes them the most likely target for activity-dependent
uncompetitive NMDAR antagonists.

The type, frequency, and intensity of specific environmental stimuli determine the
density of glutamate vesicles at the presynaptic neuronal area juxtaposed to the postsynap-
tic “hot spot”. The “hot spot” is the glutamate receiving area of 100-200 nm in diameter
of the postsynaptic neuron. As glutamate vesicles accumulate in the presynaptic neuron,
the probability of vesicle fusion with the presynaptic membrane increases. When one or
more presynaptic glutamate vesicles fuse with the membrane, they release glutamate in the
synaptic cleft and activate the glutamate receptors present in the “hot spot”. Glutamate
release from the presynaptic neuron can be massive, an all-or-none phenomenon, when
the membrane potential reaches the action potential threshold (approximately —55 mV).
It can also be graded during the periods between action potentials when the membrane
is at the resting potential (approximately —85 to —55 mV) (Figure 2). The “hot spot” con-
tains various receptors, including AMPARs and NMDARs. The NMDAR channel pore
opens when the receptor undergoes a conformational change and when Mg?* disengages
from the channel pore. The opening of the NMDAR channel allows a subtype-specific
time-controlled influx of Ca?* into the postsynaptic neuron. This tightly regulated Ca®*
influx through NMDARSs is a key factor for the formation of neural circuits that underly
memory formation. Therefore, memory (neural plasticity) is instructed by quanta of Ca**
via NMDARs. These Ca?* quanta, regulated by specific NMDAR subtypes, activate selected
downstream enzymatic pathways within the intracellular portion of NMDARs [1].

In the postsynaptic neuron, during resting membrane potential, Ca?* triggered down-
stream pathways guide gene expression, determining the type and quantities of synaptic
proteins necessary for the LTP and LTD of the synapse over time (ongoing neural plasticity).
LTP, the most studied form of synaptic plasticity, is associated with memory formation and
is structurally visible with high-resolution imaging techniques as an increase in synaptic
spine size and density. Conversely, LTD leads to a reduction in synaptic spine size and
density, weakening or eliminating less active synaptic connections and neuronal circuits.

The evolutionary purpose of pruning is to refine and optimize neural circuits, making
the brain more efficient by preferentially retaining stimulus-driven connections. According
to our unifying hypothesis, at the molecular level, pruning, as part of the LTP/LTD balance,
is regulated by the influx of Ca* quanta through NMDARs.

Physiologically, maintaining a balance between LTP and LTD is crucial to prevent
synaptic saturation, which could occur during continuous circuit stimulation, if only synap-
tic strength were increased [81]. Glutamate and ionotropic glutamate receptors are the key
players in the formation of LTP and LTD [82]. The LTP/LTD relationship is not a dichotomy
but rather an equilibrium determined by the status of NMDARs. Ca?* ions entering the
cell at resting membrane potential, preferentially via GluN2D subtypes at low levels of
synaptic glutamate, act as a signaling code, activating enzymatic pathways in the intracel-
lular portion of the NMDAR. This downstream signaling epigenetically instructs the cell on
homeostatic synaptic protein availability, by determining the types and amounts of proteins
necessary to modulate individual synapses in relation to incoming stimuli. Synapses are
formed and modified (via LTP and LTD) in response to the type, frequency, and intensity
of external stimuli (Figure 2). A miniature presynaptic event (mPSE) occurs when a single
glutamate vesicle fuses with the presynaptic membrane juxtaposed to the postsynaptic
“hot spot”, releasing glutamate into the synaptic cleft during resting membrane potential.
The frequency of these mPSEs, and consequently the concentration of glutamate in the
synaptic cleft, governs the degree of NMDAR-mediated Ca?" influx into the postsynaptic
neuron, generating miniature postsynaptic currents (mPSCs).

Synaptic modulation in neural circuits can rapidly expand and interconnect spatially
when neurons from different circuits are activated simultaneously [83].
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The graded activity of NMDARs at resting membrane potential is essential for en-
suring the homeostatic availability of synaptic proteins [23]. Without adequate synaptic
proteins, efficient LTP, the encoding of new functional circuits, and effective memory for-
mation are compromised, potentially leading to the MDD phenotype, characterized by
cognitive impairment, lack of motivation, and rumination. Simultaneously, unbalanced
LTD continues, potentially leading to the loss of synaptic connections potentially relevant
for the individual. This imbalance can result in pathological conditions ranging from
moderate MDD (mild excitotoxicity) to severe MDD, e.g., pseudodementia. In extreme
cases, LTD can lead to neuronal loss, causing permanent loss of functional neural circuitry,
potentially progressing to forms of excitotoxic dementia.

Synaptic proteins may include proteins that are directly related to the constant Ca?*
quanta-regulated balance between LTP and LTD, such as NMDAR subunits (GluN1,
GIluN2A, GluN2B, GluN2C, GluN2D, GluN3A, GluN3B, and their splice variants), AMPAR
subunits, adhesion proteins, scaffolding proteins, and BDNF [84]. Additionally, synaptic
proteins include a variety of other proteins that serve as building blocks for other receptor
types expressed at the synaptic “hot spot”. Among these other receptors, GABA receptors
are of particular interest.

Central nervous system (CNS) activity is often described as a balance between exci-
tatory and inhibitory signals. While this characterization holds true, emerging evidence
suggests that inhibitory activity in the brain is primarily reactive to incoming excitatory
stimuli. This principle extends to other receptors present on neurons, where the translation,
production, transport, assembly, and membrane expression of these receptors are regulated
by NMDAR-mediated Ca®* influx, which is triggered by presynaptic glutamate release in
response to excitatory stimuli. In fact, to our knowledge, with the exception of photons
and certain mechanical stimuli during the “release phase” after stimulation, there are no
naturally occurring hyperpolarizing stimuli, i.e., stimuli able to hyperpolarize receptor cells.
Even though photons and mechanical stimuli can hyperpolarize receptor cells under certain
circumstances, they, like the more commonly studied depolarizing stimuli, also regulate
structural neural plasticity by driving the formation of functional, stimulus-dependent
circuitry [85,86] (Figure 2).

In the case of “pathological” NMDAR activity at resting potential (e.g., excessive or
insufficient activity leading to altered mPSEs and mPSCs with consequent altered amount of
postsynaptic Ca?* influx), there may be a halting of synaptic protein translation, synthesis,
transportation, assembly, and membrane expression, with the final result of unbalanced
LTP and LTD (Figure 1). “Pathological” NMDAR activity at resting membrane potential can
manifest as insufficient activity, as observed in scenarios like sensory deprivation, where
the “normal” flow of incoming stimuli is blocked. For example, in experimental models
of dark rearing, the absence of relevant circuitry selection can be observed [87]. Notably,
circuitry selection can be rescued by exposure to light and even by BDNF [88].

The concept of “inadequate” external stimulation may be applied to various types of
stimuli, encompassing those relevant to parental or peer bonding and even stimuli related
to scholastic education.

As already mentioned, NMDAR activity at resting potential can be pathologically
excessive, as observed in certain neuropsychiatric disorders including MDD [28]. The
term excitotoxicity was first coined to describe the pathological changes occurring in cells
as a consequence of excessive Ca?* influx. Acute excitotoxicity, such as excitotoxicity
caused by stroke or trauma, leading to massive glutamate spillage into the extracellular
space, has been associated with neuronal death in the area surrounding the core lesion
(penumbra). In experimental models of acute excitotoxicity, uncompetitive NMDAR
antagonists have been shown to reduce damage in the penumbra [89,90]. Beyond acute
neurotoxicity, excessive Ca?* influx via NMDARs can also lead to chronic excitotoxicity,
which refers to altered cellular function that may result in structural changes in the brain
and contribute to neuropsychiatric disorders [48,54,91]. Chronic excitotoxicity can disrupt
the balance between LTP and LTD. If homeostatic levels of synaptic proteins, which can
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be considered the building blocks for memory, are present in inadequate amounts in the
postsynaptic density, new memory formation (i.e., synaptic framework modifications and
consequent new circuits) cannot occur, because the structural elements necessary for LTP
are unavailable.

Incoming sensory stimuli regulate the synthesis and packaging of glutamate in presy-
naptic cell vesicles as an essential first step in neurotransmission. In addition to glu-
tamatergic receptors, other brain receptor/neurotransmitter systems (e.g., GABAergic,
monoaminergic, cholinergic systems) as well as peptide neurotransmitters (e.g., nerve
growth factors, endorphins, and oxytocin) and their respective receptors, are also influenced
by the glutamatergic system, via NMDAR Ca?* influx and downstream signaling [92,93].
Although these glutamatergic-dependent receptor/neurotransmitter systems will not be
further described in the present review, it is important to emphasize that incoming stimuli,
transduced through the glutamatergic system via NMDAR-regulated Ca?* influx and its
downstream effects, shape the entire synaptic framework, not just glutamate receptors.
Stimulus-triggered Ca?*influx via NMDARs is therefore critical for the neural plasticity
required throughout an organism’s life to adapt to environmental changes. While this
NMDAR-mediated Ca?*signaling is best studied in the context of real-time CNS neural
plasticity [94], it also contributes to the lifetime cellular epigenetic changes occurring in all
cells of the organism, not just CNS cells. Consistent with a unifying theory, excessive acti-
vation of NMDARs has been involved in the pathogenesis of diseases in various peripheral
organs [95].

5. Glutamate, NMDARs, Cognition and Mood Regulation

While ketamine and its S-enantiomer esketamine are effective in relieving depression,
they cause dissociation in the majority of patients at the doses currently used for MDD [96].
We have reported that esmethadone, a low potency NMDAR uncompetitive antagonist,
improves symptoms of depression, including subjective cognitive impairment, in patients
with MDD without inducing euphoria, dissociation, or other perceived psychoactive
effects [31,32]. Relief from depression without dissociative effects was demonstrated
with other NMDAR uncompetitive antagonists, such as the dextromethorphan-bupropion
combination [38].

Experimental evidence suggests that NMDAR uncompetitive antagonists may de-
crease depressive-like behavior by blocking the selectivity pore of NMDARs during resting
membrane potential [23]. The improvement in the depressive phenotype by molecules that
tonically block the NMDAR has led to the hypothesis that the depressive phenotype may
be caused by NMDAR hyperactivity at resting membrane potential [28]. As previously
discussed, the depressive phenotype, under certain circumstances (e.g., bereavement or
chronic unpredictable stress), is “normal” and evolutionary favorable. This phenotype
can also be voluntarily induced by intentionally focusing on a meaningful subject, e.g.,
during religious or political ceremonies, other solemn events, or even when focusing deeply
on a matter of interest. This “normal” depressive phenotype, resembling “rumination”,
a known component of pathological depression, may be driven by the same molecular
mechanism: chronic NMDAR hyperactivity at resting membrane potential within relevant
neural circuits. This hyperactivity leads to a tonic increase in Ca®* influx in neurons within
these circuits. The ability to maintain attention on a specific topic (e.g., during academic
tasks) and the inability to shift focus (e.g., during pathological rumination) may share
a similar molecular basis. The former is voluntary and physiological, while the latter is
involuntary and pathological. The underlying mechanism in both cases may be the tonic
hyperactivity of NMDARs in the “hot spot” of neurons within relevant neural circuits. In
summary, both the physiological depressive-like phenotype and the MDD phenotype may
be caused and maintained by hyperactivation, physiological or pathological, respectively,
of NMDARs at resting membrane potential in relevant neural circuits.

Patients with MDD suffer not only from depressed mood but also from cognitive
impairment, lack of motivation, and “rumination”. These symptoms may reflect an un-
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derlying impairment in neural plasticity. Specifically, the molecular mechanisms that
enable circuity modifications necessary for learning new concepts and for overcoming fixed
thoughts, are disrupted.

As previously noted, chronic excessive Ca?* influx via hyperactive NMDAR:s at rest-
ing membrane potential inhibits the production, transportation, and assembly of synaptic
proteins [23,28,39,40] (Figure 1). From a psychopharmacological perspective, NMDAR
uncompetitive antagonists can downregulate excessive Ca?* influx, thereby restoring home-
ostatic amounts of synaptic proteins. This restored homeostasis allows neural plasticity
to resume efficiently in circuits relevant to MDD, reversing impairments in motivation
and cognition and other symptoms characteristic of MDD, such as fixed thoughts (ru-
mination) [28]. In animal models of depressive-like behavior, uncompetitive NMDAR
antagonists have been shown not only to reverse depressive-like behavior but also to
restore spinogenesis [11,13]. From an evolutionary standpoint, memories (neural circuits
connected by synapses) may persist or dissipate based on their relevance to survival, in
a balance between LTP and LTD. Synapses that encode experiences with a strong posi-
tive or negative impact on survival are preferentially maintained. In contrast, memories
lacking significant survival relevance are formed with weaker synapses that more easily
disappear [97]. The brain forms memories by decoding environmental stimuli that reach
neurons via receptor cells. The essential function of all organs and tissues is to support and
protect the brain. From the brain’s perspective, the body may be considered part of the
external environment; however, stimuli originating from the body hold special importance
because they provide information directly related to the survival of the brain. Therefore,
the brain has a clear preference (selectivity) for memorizing experiences that originate from
receptors collecting input from bodily organs and tissues. This preference for internal stim-
uli is hierarchically ranked among organs and tissues: for instance, chest pain, potentially
originating from the heart, is likely more impactful on survival than muscle aches in the
limbs, which are more likely to be interpreted as benign. Therefore, sudden, severe, and
unexplained chest pain will integrate into existing circuits and trigger more structured
memory compared to muscle aches after intense exercise. Selective sensory memories are
not only useful for making predictions that enhance the probability of species survival but
also direct and refine motor circuits that determine evolutionary behaviors and functions.
Motor memories (remodeling of spines and development of new spines and connections
in motor circuits) form when motor tasks are performed as predictions that may enhance
species survival. Overall, memory formation (remodeling of synaptic framework and
neural connections), like other characteristics of living organisms, has evolved to favor LTP
of circuits with relevance for individual/species survival, rather than depleting resources
by indiscriminately memorizing all incoming stimuli or memorizing indiscriminately all
motor circuits [98].

Memory is formed through the creation and maintenance of synapses between neurons,
establishing survival-relevant circuits based on stimuli reaching receptor cells. Glutamate is
the primary neurotransmitter released when receptor cells are activated by external stimuli.
Within presynaptic neurons, glutamate is stored in vesicles, and the size and number of
these vehicles are determined by the type, intensity, and frequency of sensory stimuli
reaching the sensory cells. When the density of glutamate-containing vesicles reaches a
certain threshold, one or more vesicles fuse with the presynaptic membrane, even in the
absence of a depolarizing stimulus. This fusion determines the release of glutamate into
the synaptic cleft and subsequent activation of postsynaptic glutamate receptors. Once glu-
tamate binds to its receptors, as previously described, Ca?* influx via NMDARs modulates
the synaptic framework, influencing the formation and maintenance of synaptic spines [14].
Pathological hyperactivation of NMDARs at resting membrane potential disrupts synaptic
protein homeostasis and impairs neural plasticity. Uncompetitive NMDAR antagonists
restore synaptic protein availability and thus neural plasticity by blocking the channel
pore [11,13,23].
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In a dynamic, real-life context, where multiple stimuli occur over time, each stimulus
triggers pre-synaptic glutamate release followed by postsynaptic Ca®* influx via NMDARs.
This influx leads to downstream effects, including epigenetic changes such as modifica-
tions in protein subunit translation, production, transport, and assembly. Additionally,
downstream effects include changes in receptor expression at synapses and changes in the
production and release of neurotrophic factors.

A key concept is that NMDAR-mediated Ca?* signaling modifies the synaptic frame-
work, resulting in a different number of quanta of Ca?* influx with each subsequent
stimulus. Therefore, each new stimulus encounters a modified synaptic receptor frame-
work, leading to a different number of quanta of Ca?* entering the cell. This variation in
Ca?* quanta will determine a different pattern of downstream changes compared to the
previous stimulus. Thus, the same stimulus can lead to different patterns of gene activation
due to the difference in the number of quanta of Ca®* entering the cell via an ever-changing
framework of AMPARs and NMDARs at the synaptic “hot spot”. The coordinated opening
and closing of NMDARs and AMPARs are pivotal for memory formation: while NMDARs
serve as the actual memory decoders, AMPARs function as electrical switches for NM-
DARSs, acting as dimmers/enhancers at graded resting membrane potential and as on/off
switch during action potentials. At action potential, the AMPAR is “on”: all AMPARs
bound by glutamate briefly (1 ms) switch to the open conformation, causing the membrane
potential to shift below the —55 mV threshold and rapidly move toward positive values
due to massive, “fast” Na* influx via AMPARs. This shift in membrane potential leads to
Mg?* disengagement from NMDARs, making them permeable in a subtype-specific man-
ner. When low nanomolar concentrations of glutamate (or certain pathological NMDAR
agonists or PAMs) are present in the synaptic cleft, GluN2D subtypes have the highest
probability of Mg2+ disengagement and the highest probability for transition to the open
conformation. Quanta of Ca®* flow into the cell, imparting epigenetic direction by activat-
ing specific enzymes. The amount of Ca?* quanta entering the cell via NMDARSs serves
as the epigenetic code for neural plasticity, interacting with the intracellular machinery of
NMDARSs. Between action potentials, a small percentage of AMPARs are activated by gluta-
mate released by the presynaptic neuron, contributing to the grading of resting membrane
potential, which ranges from —85 to —55 mV. A more positive graded membrane potential
increases the likelihood of Mg?* disengagement from NMDARs. At resting membrane
potential, only NMDARs subtypes with lower affinity for Mg?*, longer opening time, and
greater affinity for glutamate, such as GluN2D subtypes, are more likely to be in the open
conformation and free of Mg?*. This higher probability is specific to NMDAR subtypes
and increases with increasing concentrations of ambient glutamate and or PAMs, whether
endogenous (e.g., quinolinic acid) or exogenous (e.g., gentamicin) [1,28,43,51].

In summary, under certain pathological conditions (e.g., MDD), uncompetitive NM-
DAR antagonists can be characterized not only as “activity-dependent” [29] but as
“hyperactivity-dependent” and therefore NMDAR subtypes most sensitive to pathological
activation (i.e., GluN2D) are more likely to be blocked [43,51]. This block of hyperactive
receptors may restore synaptic protein homeostasis [23], reverse depressive-like behavior,
and restore neural plasticity [11,13,29]. The MOD for MDD may be tonic hyperactivity of
GluN2D receptors in neurons part of circuits relevant for MDD and the MOA of uncompet-
itive NMDAR antagonists is a selective block of these hyperactive GluN2D receptors [28].

6. The Endorphin System, Mood Regulation and Neural Plasticity

In this section, we discuss the role of the endorphin system in conferring sentience
and relevance to stimuli and we attempt to explain how opioid receptors structurally and
functionally interact with NMDARs, facilitating the preferential integration of stimuli into
functional neural circuits based on their sentience.

The centrality of the endorphin system in physiological mood regulation is well estab-
lished [99]. Dysregulation of this system has been implicated in mood disorders, including
MDD [100]. From an evolutionary and survival perspective, the endorphin system plays a
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crucial role in evaluating the species-preserving impact and relevance of incoming stimuli
by conferring positive (via MORs) or negative (via KORs) sentience to experiences. This
system is essential for the ongoing formation of functional neural circuits (neural plasticity)
by facilitating the preferential integration of circuits selected by experiences that promote
species-preserving prediction-based activities. Additionally, the endorphin system, via
both MOR and KOR pathways, provides well-known analgesic effects.

Evolutionarily favorable stimuli, such as those related to food, sex, and physical activ-
ity, stimulate neurons in the arcuate nucleus of the hypothalamus to release beta-endorphin.
The released beta-endorphin binds to MORSs, including those in the ventral tegmental area
(VTA), thereby activating the reward system. This activation enhances mood, motivation,
and cognitive processing, reduces stress, increases the pain threshold, and reinforces the
overall experience [101]. By activating MORs, beta-endorphins enhance neural plasticity in
circuits related to positive experiences crucial for species preservation, thereby reinforcing
the repetitive pursuit of stimuli associated with food, sex, and physical activity.

The selective integration of neural circuits driven by beta-endorphin binding to MORs
is believed to be mediated by the structural association of MORs with NMDARs. When
beta-endorphins bind to MORs, they induce positive allosteric effects on structurally as-
sociated NMDARs [102,103]. This same molecular mechanism underlies addiction to
exogenous opioids, such as morphine, which similarly exerts positive allosteric effects
on NMDARSs associated with MORs [104]. Based on this premise, the physiological, evo-
lutionary favorable reward mechanisms and the pathological mechanisms of addiction
share the same molecular foundations. These “selected” memories can be structurally and
functionally explained by the positive allosteric modulation of NMDARs associated with
MORs by opioids [103,105].

Aside from playing a role in selecting LTP for species-preserving evolutionary fa-
vorable behaviors, the endorphin system also plays a role in learning and memory of
avoidant behaviors, which are equally important for preferential integration of experiences
conducive to species-preserving prediction-based activities [106].

Evolutionarily unfavorable stimuli, such as those associated with actual or potential
tissue injury, stimulate neurons in the arcuate nucleus of the hypothalamus to release
dynorphins. These dynorphins bind to kappa opioid receptors (KORs), including those
in the lateral habenula (LHb). This binding increases the pain threshold, reduces stress,
and activates cognitive processing [107], similar to the effects of endorphin binding to
MORs. However, in contrast to the euphoria produced by beta-endorphin binding to
MORs, dynorphin binding to KORs induces dysphoria, leading to avoidant behaviors.
While these behaviors are evolutionarily favorable for avoiding harmful stimuli, they can
become pathological under certain circumstances, notably in the context of the depressive
phenotype [100].

Dynorphins, by activating KORs that are structurally associated with NMDAR:s,
enhance neural plasticity (LTP) in circuits memorizing negative experiences. This selective
integration of negative experiences is evolutionarily advantageous, as it reinforces the
avoidance of species-prejudicial stimuli, such as those associated with tissue damage. The
integration of these experiences is crucial for wiring afferent circuits to efferent circuits that
are involved in species-preserving, prediction-based avoidant activities.

Physiological and pathological avoidance behaviors share the same molecular mecha-
nisms and represent forms of memory that can be structurally and functionally explained
by PAM effects of endogenous (dynorphins) and exogenous (KOR agonists, e.g., levor-
phanol) opioids, with physiologically or pathologically enhanced Ca?* influx via NMDARs,
respectively [108].

The significance of the dynorphin system in mood regulation is further supported by
the recent development of KOR antagonists as antidepressants. These novel antidepressant
candidates antagonize the binding of dynorphins, thereby reducing dysphoria induced by
KOR activation [109].



Pharmaceuticals 2024, 17, 1618

18 of 29

A recent study confirms that ketamine blocks hyperactive LHb NMDARs in depressive-
like animals, underscoring the importance of the LHb as a hub for circuits relevant to mood
regulation. This study highlights the brain region- and depression state-specific M OA of
activity-dependent uncompetitive NMDAR antagonists. It suggests that lower doses of
these agents may selectively target pathologically hyperactive NMDARs within circuits
relevant to disease states, including but likely not limited to MDD [29].

The ability to form relevant structural and functional memory—integrating neural
circuits to recall “negative” and “positive” experiences—enhances species-preserving be-
haviors. Endorphin-selected neural plasticity increases the likelihood of avoiding negative
experiences and repeating positive ones by enabling the wiring of afferent and efferent
circuits involved in species-preserving, prediction-based activities. The well-known Pavlo-
vian experiment in dogs first demonstrated the conditioned wiring of sensory input to
efferent circuits [68]; in non-experimental, physiological settings selective wiring is driven
by experiences selected by sentience conferred by the endorphin system.

In summary, the endorphin-regulated preferential integration of positive and negative
experiences into relevant neural circuits wires afferent and efferent circuits deputed to
species-preserving prediction-based activities.

Methadone, a synthetic opioid, also acts as an uncompetitive NMDAR antagonist.
This NMDAR antagonism likely contributes to its overall pharmacological effects [110-113].
Specifically, methadone’s NMDAR antagonistic activity may counteract the PAM effects
of opioid receptor binding on NMDARs [104], which could explain its reduced addiction
potential compared to other MOR agonists, evidenced by its use as a treatment for opioid
use disorder spanning over many decades and across many countries.

Endogenous opioids, beta-endorphin, and dynorphins, similar to the exogenous
opioids, morphine, and levorphanol, act as PAMs at NMDARs structurally associated with
MORs and KORs, respectively. When endogenous endorphins are released by hypothalamic
neurons or when exogenous opioids are administered, they increase the open probability of
the NMDAR channels that are structurally associated with opioid receptors. This increase in
open probability facilitates a greater Ca?* influx when Mg?* is disengaged from NMDARSs.
The endorphin-induced opening of NMDARSs structurally associated with opioid receptors
may be the common molecular basis for several phenomena, including the following: (1)
selective memorization of evolutionary favorable incoming stimuli; (2) pharmacological
tolerance to opioids, a form of learning involving changes in the receptor framework; and
(3) addiction caused to exogenous opioids, due to NMDAR activation and formation of
reward circuits [102-104,114].

In summary, learning, including the selective memorization of impactful stimuli and
events, is modulated by endorphins through the structural and functional association
between opioid receptors and NMDARs. This modulation is an evolutionary advantage,
allowing organisms to selectively memorize positive and negative experiences that are
crucial for making predictions and decisions favorable to species survival. The selective
memory of pleasant and unpleasant events, facilitated by the binding of beta-endorphin
or dynorphin to MORs and KORs, respectively, provides a molecular basis for “emotional
intelligence”. This concept refers to the use of emotional cues in daily decision making.
Emotional cues are structurally represented as neural circuits that integrate incoming
stimuli with hierarchical species-preserving positive or negative relevance. By selecting
which positive and negative experiences to integrate into the existing neural circuitry,
the endorphin system influences risk assessment, social interactions, and moral and ethi-
cal judgments. The endorphin-selected neural circuitry underpins a molecular basis for
sentience as a driver of neural plasticity.

7. Targeting NMDARSs for the Treatment of Major Depression

Uncompetitive NMDAR antagonists are activity-dependent molecules because they
can only block NMDAR channels when they are in the open conformation and free of Mg?*.
As the proportion of NMDAR channels in the open conformation and free of Mg? increases
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(e.g., when the membrane potential shifts from —85 mV towards a more positive value),
the activity of uncompetitive NMDAR antagonists also increases. Ketamine, a relatively
high-potency uncompetitive NMDAR antagonist, blocks a relatively higher percentage
of NMDARs compared to less potent NMDAR blockers such as dextromethorphan and
esmethadone [43]. When administered at doses used for MDD (0.5 mg/Kg), ketamine is a
rapid-acting antidepressant, with effects persisting well beyond detectable serum levels.
At higher doses, ketamine induces anesthesia. Lower potency uncompetitive NMDAR
antagonists, such as dextromethorphan and esmethadone, do not cause dissociative effects
at antidepressant doses. This is because they block a lower percentage of NMDAR channels
in the open conformation and are free of Mg?, reducing the likelihood of interference with
NMDARs during physiological action potential. The proportion of NMDAR channels
in the open conformation and free of Mg?* is increased in pathological states involving
chronic excitotoxicity [54]. Therefore, low potency uncompetitive NMDAR antagonists
may exert selective activity during pathological conditions, blocking NMDAR channel
pores only when necessary.

The complexity of NMDARs apparently provides the opportunity for different poten-
tial drug targets, with both therapeutic and pathological implications, including competitive
agonists or antagonists at glutamate or glycine binding sites, non-competitive antagonists
acting in the proximity of the glutamate and glycine sites, or PAMs or NAMs. However, the
critical role of NMDARSs in physiological neural plasticity may de facto limit the therapeu-
tic MOA of pharmaceutical candidates to low potency uncompetitive antagonists, which
exhibit only hyperactivity-dependent effects and no effects on the physiological activity of
NMDARs. At therapeutic doses for MDD, these low-potency uncompetitive antagonists
are active primarily only during pathological states when an abnormally high proportion
of NMDAR channels is in the open conformation and free of Mg?* (Figure 1). In summary,
the activity-dependent effects of low-potency uncompetitive NMDAR antagonists allow for
selective targeting of pathologically hyperactive NMDAR channels without meaningfully
affecting physiological glutamatergic activity. Additionally, different NMDAR subtypes
vary in their affinity for Mg2*, glutamate, and competitive agonists or PAMs (e.g., quino-
linic acid) [1,43,51]. Chronic excitotoxicity, driven by low levels of glutamate or other
agonists or PAMs synthesized in pathological conditions, may preferentially hyperactivate
GluN2D-containing NMDAR subtypes, making these subtypes the preferential target of
low-potency uncompetitive antagonists [28].

The reversal of depressive-like behavior by uncompetitive NMDAR antagonists in pre-
clinical models appears to involve synaptic protein restoration through BDNF-dependent
mechanisms [11,13,23]. Ketamine, a dissociative anesthetic, has been the prototype of this
novel class of uncompetitive NMDAR antagonist antidepressants since its initial demon-
stration of antidepressant efficacy [19,33]. Esketamine, the S-enantiomer of ketamine, has
replicated the effects of the racemic molecule and was approved by the FDA for TRD in
2019 [115]. Uncompetitive NMDAR antagonists with antidepressant efficacy are a relatively
recent class of molecules. The dextromethorphan-bupropion combination has also shown
efficacy for MDD in Phase 2 and Phase 3 clinical trials [37,38] and was FDA-approved for
the treatment of MDD in 2022. Esmethadone (REL-1017), a novel low-potency uncompeti-
tive NMDAR antagonist, demonstrated antidepressant effects at both tested doses (25 and
50 mg daily) in a Phase 2 trial in patients with inadequate response to standard antidepres-
sants [31], without producing the euphoric opioid-like or dissociative ketamine-like effects.
While esmethadone did not meet its primary endpoint in a Phase 3 trial, it showed efficacy
in the subgroup of patients with severe depression [32]. The selectivity of esmethadone
for severely depressed patients may be due to its activity-dependent mechanisms: only
patients with pathologically hyperactive NMDARs in neurons part of circuits relevant to
MDD may be susceptible to its effects.

Results from studies of uncompetitive NMDAR antagonists conducted in silico [43],
in vitro [43,51], in vivo [11-13], and in humans [31,38,115] support the emergence of a new
class of antidepressants with a common hypothesized antidepressant MOA [28]. Recent
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experimental results showed that ketamine specifically blocks NMDAR currents in lateral
habenula LHb neurons in depressive-like mice but not naive mice, suggesting that its action
occurs only within pathological circuitry relevant to the depressive phenotype [29].

The “homeostatic hypothesis”, which posits that blocking NMDARSs at the resting
membrane potential restores physiological neural plasticity via BDNF-dependent mech-
anisms, is well supported [11,23,28] and is gaining wider acceptance [41,42]. As new
experimental data are gathered [29], this hypothesis gains plausibility. The full hypothesis
suggests that the restoration of neural plasticity in both preclinical models and patients may
result from uncompetitive NMDAR antagonism, with a preference for targeting tonically
hyperactive GluN2D subtypes [28].

The proposed MOA of uncompetitive NMDAR antagonists is further supported by
the clinical phenotype of patients with MDD. These patients experience not only depressed
moods but also a lack of motivation and cognitive deficits, which are believed to stem from
impaired neural plasticity in specific brain areas and circuits, such as the medial prefrontal
cortex (mPFC) and its associated networks. These cognitive symptoms are especially
evident in patients with severe MDD.

In preclinical models, uncompetitive NMDAR antagonists have been shown to activate
the mPFC [11,13,23]. The ability of uncompetitive NMDAR antagonists to revere depressive-
like behavior and restore neural plasticity in animal models was first demonstrated with
dizocilpine (MK-801) [116]. However, the uncompetitive NMDAR block exerted by MK-
801 resulted in a profound alteration of physiological NMDAR activity, likely due to the
high potency of this molecule, resulting in severe adverse effects that have precluded its
clinical application. The antidepressant efficacy of ketamine in humans was first observed
over 20 years ago [19]. Subsequently, in murine models, ketamine was found to reverse
depressive-like behavior, restore synaptic proteins, and enhance synaptic spines [13,23].
These findings observed with ketamine have been replicated with esmethadone [11]. Since
neural plasticity is known to be driven by NMDAR activation [1,14], the restoration of neu-
ral plasticity by an NMDAR blocker with dissociative effects, such as ketamine, at first was
viewed as counterintuitive. To resolve this apparent paradox, the “disinhibition hypothesis”
was proposed. According to this hypothesis, ketamine preferentially blocks NMDARs on
GABAergic inhibitory interneurons, thereby reducing overall inhibition, which in turn dis-
inhibits excitatory neurons and enhances excitatory synaptic transmission in the mPFC [35].
This hypothesis assumed that the psychotomimetic effects of ketamine were necessary for
the restoration of neural plasticity observed in animal models of depressive-like behavior
and for its antidepressant effects in humans. Thus, the disinhibition hypothesis served as an
early attempt to reconcile the dissociative effects of ketamine with its antidepressant activity.
However, it is now believed that these two effects (dissociative and antidepressant) can be
experimentally and clinically separated [36]. Furthermore, the efficacy of uncompetitive
NMDAR antagonists for MDD without psychotomimetic effects [31,37] further weakened
the foundation of the disinhibition hypothesis, which lacked strong experimental support.

A more recent hypothesis explaining the effectiveness of NMDAR antagonists in
MDD has emerged from decades of experimental work. Under normal physiological
conditions, tonic Ca®* influx through NMDARSs regulates synaptic protein synthesis by
activating eukaryotic elongation factor-2 kinase (eEF2K, also known as CaMKIII). This
kinase phosphorylates eEF2, halting synaptic protein translation [39,40]. In preclinical
models of depressive-like behavior, uncompetitive NMDAR antagonists have been shown
to restore synaptic protein synthesis by downregulating excessive postsynaptic Ca* influx
via NMDARs during resting membrane potential [23,27,28] (Figure 1). Excessive Ca®*
influx in the postsynaptic neuron during the resting membrane potential interferes with
the local availability of synaptic proteins required for effective neural plasticity via hy-
peractivation of CaMKIII [23-28,39-42]. Local availability of synaptic proteins at synaptic
spines is necessary for efficient physiological neural plasticity. When synaptic proteins are
unavailable, due to NMDARs hyperactivity and increased Ca?* influx with hyperactivation
of CaMKIII, neural plasticity is impaired. As already mentioned, this deficiency can result
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in physiological depressive behavior, such as during bereavement, which is considered
an “appropriate” response. However, prolonged unavailability of synaptic proteins in key
neural circuits, such as the mPFC, leads to hypoactivity in these regions, contributing to the
MDD phenotype, which is characterized by not only depressed mood but also impaired
cognition and motivation. Uncompetitive NMDAR antagonists exert an activity-dependent
block at the NMDAR channel pore (Figure 1) and reduce excessive NMDAR-mediated Ca?*
influx [43]. This downregulation of tonic NMDAR activity restores physiological neural
plasticity (Figure 1) [28], ultimately resolving the depressive phenotype [31,38,115].

Furthermore, low potency uncompetitive NMDAR antagonists, such as esmethadone
and dextromethorphan, administered at therapeutic doses for MDD selectively block NM-
DAR subtypes that are in the open conformation and free of Mg?* during resting membrane
potential (Figure 1). In contrast, higher potency uncompetitive NMDAR antagonists, like
ketamine, at antidepressant doses currently in use (0.5 mg/kg), also block NMDAR chan-
nels in the open conformation and free of Mg?* during action membrane potential. This
broader blocking action can result in a dissociation between incoming environmental stim-
uli and neuronal responses, manifested clinically as dissociative and psychotomimetic
effects, commonly seen after ketamine and esketamine administered at antidepressant
doses in current use.

When glutamate concentration in the synaptic cleft is in the low nM range, such as
around 40 nM, NMDAR subtypes with higher sensitivity to glutamate and lower affin-
ity for Mg?* are preferentially activated. These subtypes have a higher probability of
remaining open and free of Mg?*. Notably, GluN2D subtypes have the highest affinity for
glutamate and low affinity for Mg?* [1,43,80,117]. In the presence of esmethadone, these
hyperactive, conformationally open GIuN2D subtypes are preferentially blocked [43]. This
preference for GIuN2D subtypes is shared by other NMDAR antagonists [118]. GluN2D
subtypes are also particularly sensitive to endogenous PAMs, such as the inflammatory
intermediate s quinolinic acid, exogenous PAMs (e.g., gentamicin, NMDA), and endoge-
nous or exogenous competitive agonists [51]. Multiple NMDAR PAMs or NAMs may
increase or decrease, respectively, the probability of Ca?* influx via NMDARs [1,43,51].
Quinolinic acid, a kynurenine downstream metabolite, preferentially increases the open
probability for GluN2D subtypes, whereas GluN2C subtypes are relatively insensitive to
its effects [43,51,119].

In summary, excessive ambient glutamate, as well as endogenous or exogenous ago-
nists and PAMs, can pathologically increase Ca?* influx via NMDARSs, leading to chronic
excitotoxicity, which contributes to the MDD phenotype and potentially other neuropsychi-
atric and neurodegenerative conditions, depending on the affected neural circuitry [54].

Esmethadone has approximately 10-fold less affinity for NMDARs compared to ke-
tamine [43]. The potency and effects of uncompetitive NMDAR antagonists are determined
by both their affinity for the binding site within the channel pore and their degree of
trapping [120]. Mg?*, the physiological blocker of NMDARSs, has a subtype-specific affinity
and low trapping, as its engagement within the receptor pore is primarily dependent
on membrane potential and Mg?* concentration. Compared to MK-801, memantine has
moderate affinity for the PCP site within the NMDAR channel pore, similar to ketamine.
However, memantine exhibits lower trapping compared to ketamine and esmethadone.
Memantine lacks lack efficacy for MDD but is approved for Alzheimer’s disease. Ketamine,
on the other hand, has moderate affinity compared to MK-801, similar to memantine, but
in contrast with memantine, it has higher trapping, which may contribute to its efficacy for
MDD and may contribute to its dissociative side effects. Esmethadone, with a lower affinity
for NMDARs compared to ketamine and memantine, but with ketamine-like trapping
(which is higher relative to memantine), may be effective for severe MDD, without inducing
dissociative side effects [31,32,51].

High trapping may be crucial for therapeutic efficacy in MDD, while low affinity
prevents dissociative side effects. In contrast, uncompetitive NMDAR antagonists with low
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trapping, such as memantine, do not cause dissociation despite moderate receptor affinity,
similar to ketamine.

Thus, low affinity coupled with high trapping may be an ideal characteristic for
uncompetitive NMDAR antagonists that are well-tolerated and effective as antidepressants
without dissociative side effects [28,43]. Esmethadone and dextromethorphan may have
optimal affinity and trapping properties, making them potentially effective antidepressants
without dissociative effects.

In summary, neural plasticity is regulated by glutamatergic signaling via NMDARs [1,14].
While both phasic and tonic receptor activities can be blocked by uncompetitive NMDAR
antagonists, low potency NMDAR antagonists, at concentrations therapeutic for MDD,
preferentially block NMDAR during tonic activity, at resting membrane potential. A
higher potency block is required to block NMDARs during phasic activation, achieved
by higher affinity and higher trapping NMDAR antagonists like ketamine, or achieved at
very high concentrations of low-potency (low affinity, low trapping) NMDAR antagonists
such as dextromethorphan. However, with low-affinity uncompetitive antagonists, such as
esmethadone and dextromethorphan, and with low trapping drugs, such as memantine,
the high concentrations required for NMDAR block during action potential may not be
achieved in humans, due to other dose-limiting side effects, e.g., nausea and vomiting for
esmethadone [121-123].

Given the complex relationship previously described between glutamate, NMDARs,
and the endogenous opioid system, a third hypothesis, the “opioid agonist hypothesis”
has been proposed to explain the antidepressant effects of ketamine, dextromethorphan,
and esmethadone [45,46]. This hypothesis is based on the observation that opioid receptor
blockade with antagonists attenuates the antidepressant effects of ketamine in humans and
in animal models of depression [124,125]. However, while a functioning opioid system is
required for the antidepressant effects of ketamine, these effects are not due to direct mu
opioid agonism [124]. In vitro and in vivo evidence indicates that even opioid-derived un-
competitive NMDAR antagonists with opioid affinity lack meaningful opioid-like agonist
effects in vivo and in humans [31,46,122,123,126,127]. Thus, while direct opioid agonist
effects do not contribute to the antidepressant action of NMDAR antagonists, the inter-
play between the NMDARs and the endorphin system helps explain why a functioning
endorphin system is necessary for their antidepressant effects, as described by Klein and
colleagues [124].

8. Consciousness of Self and Individuality

Consciousness of self, at any given moment, results from the real-time integrated
processing of environmental and bodily stimuli within and into the individual’s unique
neural circuitry. As discussed in prior sections, the integration of stimuli is regulated by
ionic, electrochemical, and molecular activity at NMDARs.

The rubber hand illusion (RHI) is an example of stimulus processing and integration in
the individual’s neural network. The RHI is an experiment in which tactile stimuli applied
to a person’s real hand (hidden from view) are synchronized with corresponding visual
stimuli observed on a rubber hand placed where the real hand would normally be. This
creates the illusion that the rubber hand is part of the individual’s body (self). Interestingly,
another study demonstrated that subjects can experience parts of the environment, such
as the rubber hand, as part of their own body, not only through synchronous visual and
tactile stimuli (RHI) but also through visual stimuli alone. In this case, the illusion was
produced by visual stimuli coupled with predictions of tactile sensations, even in the
absence of actual tactile input [128]. Virtual reality has also been used to further understand
of self-consciousness [129].

Stimuli, such as the tactile and visual stimuli in the RHI, lead to receptor cell shifts in
membrane potential and presynaptic glutamate release, activating ionotropic receptors. The
NMDAR-mediated influx of Ca?* quanta regulates the synaptic framework and integrates
incoming stimuli into neural circuits. At any given moment, each individual’s neural
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circuitry generates a real-time perception of self. NMDAR-mediate neural plasticity is
the mechanism for perceiving the environment and for making predictions, including the
perception and prediction of “self”.

Individuality is structurally and functionally represented by the unique neural circuitry
of each individual, which is already distinct at birth, as signaled by known phenotypic
differences between genetically identical twins. Neural plasticity, the brain’s ability to
constantly adapt and reorganize, is shaped from conception onward by the individual’s
exposure to environmental stimuli. This exposure leads to Ca?* quanta influx via NMDARSs,
regulating the brain’s wiring. In humans and other animals, the endorphin system exerts
PAM effects on NMDARs, adding sentience and evolutionary hierarchy to neural circuitry.
Neural plasticity is a continuous process that never stops during an individual’s lifetime.
Therefore, individuality is not a static trait. Individuality evolves continuously, as new
stimuli are integrated into the individual’s circuitry. Each individual’s neural circuitry is
not only distinct from others’, including an identical twin, but it is also different from its
previous state, just moments ago. For instance, in the absence of significant events, these cir-
cuitry changes may be slight and non-meaningful. However, if a dramatic life-threatening
event should occur, e.g., a myocardial infarction, many synapses of the individual’s neu-
ral circuitry will change. Within seconds, these synaptic changes will have changed the
individual’s emotions, behaviors, beliefs, and predictions in a very meaningful way.

At any given moment, consciousness of self consists of the integration of incoming
stimuli within and into the individual’s circuitry. Simple and complex sensory experiences,
as well as motor activities, can ultimately be traced back to NMDAR-mediated Ca?* quanta
influx and its downstream effects on synapses and neural circuits.

9. Summary and Conclusions

The studies we presented support the primary role of Ca?* influx via NMDARs in the
pathophysiology of mood disorders. Importantly, they allow us to propose the hypothesis
that Ca®* quanta via NMDARSs serve as the epigenetic code for neural plasticity. These Ca?*
quanta regulate the membrane expression and functionality of neurotransmitter receptors,
including NMDARs and AMPARs, in particular those localized at the synaptic “hot spot”
in postsynaptic neurons.

By activating specific downstream enzymatic pathways, Ca>* quanta trigger epigenetic
mechanisms that control the homeostasis of synaptic proteins. Balanced availability of
synaptic proteins is necessary for stimulus-determined processes such as transcription,
receptor trafficking, synaptic spine plasticity, and ultimately neural plasticity.

The plasticity of neural circuits is driven by the integration of incoming stimuli, and
NMDAR-mediated Ca?* influx dictates the equilibrium between LTP and LTD. Neural
plasticity maintains an adaptive state for neural circuits to incoming stimuli and is crucial
for synaptic scaling, a process largely mediated by AMPARs. Importantly, disruptions
in this mechanism, as observed experimentally in the chronic-stress-induced depressive
phenotype, highlight the potential pathological effects of tonically hyperactive NMDARs,
in particular GluN2D subtypes, at resting potential. This excessive NMDAR-mediated Ca®*
influx results in a reduction in synaptic protein synthesis, impairing neural plasticity and
causing cognitive and motivational deficits, in addition to the emotional and behavioral
changes associated with the MDD phenotype.

Psychopharmacological advances are shedding light on the interplay between the glu-
tamatergic and endorphin systems in the modulation of mood and behavior. Endorphins,
such as beta-endorphins and dynorphins, act as PAMs of NMDARs and play a pivotal
role in strengthening emotionally charged neural circuits through LTP. The endorphin-
NMDAR interaction underlies the molecular basis of LTP in circuits related to reward and
evolutionary behaviors, providing a molecular mechanism for explaining addiction.

Furthermore, this unifying hypothesis links foundational theories from evolution-
ary biology, such as Darwin’s work on species preservation, to modern understandings
of NMDAR function and neural plasticity. Concepts, such as the “Proustian moment”,
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where specific sensory stimuli evoke vivid emotional memories, can be explained through
stimulus-triggered, NMDAR-mediated synaptic strengthening of the individual’s neural
network shaped by lifetime experiences. The theory suggests that this process not only
governs basic survival mechanisms but also shapes complex behaviors and emotions,
bridging evolutionary perspectives with modern psychopharmacology.

In summary, this review presents a unifying theory that emphasizes the pivotal
role of NMDAR-mediated quantal Ca?* influx in neural plasticity and consequently in
determining moods, thoughts, behaviors, and consciousness of self. By highlighting
the interplay between the ionotropic glutamatergic systems, synaptic proteins, and the
endorphin system, this hypothesis provides an ionic, electrochemical, and molecular
framework for understanding human emotions, behaviors, and individuality. It also bridges
evolutionary biology and neuroscience, offering new insights into the pathophysiology
and therapy of neuropsychiatric disorders.

Author Contributions: Conceptualization, S.C., SD.M., AM.,, C.G, M.P, FE, A A. and PLM,;
resources, P.L.M.; writing—original draft preparation, S.C., S.D.M., A M. and PL.M.; writing—review
and editing, S.C., S.D.M., AM., C.G. and PL.M,; visualization, S.C. and PL.M.; supervision, EF,, A.A.
and P.L.M.; project administration, P.L.M.; funding acquisition, P.L.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Relmada Therapeutics, MGGM Therapeutics, or by companies
affiliated with Relmada Therapeutics and MGGM Therapeutics.

Acknowledgments: This work was conceived and written thanks to feedback over several years from
Maurizio Fava, Charles Inturrisi, Luca Pani, and Stephen Stahl. Marco Gentilucci (M.G.), MGGM
Therapeutics, and Sergio Traversa (S.T.), Relmada Therapeutics, provided funding and stimulus
for this work. The authors would like to thank Fabiana Magnosi (EM.) for her assistance in the
preparation of the figures.

Conflicts of Interest: The authors declare that this work received funding from Relmada Therapeutics,
Inc. The funder had no involvement with this work. S.C., S.D.M., AM., C.G,, M.P, EF,, A.A. and
P.L.M. are employed by or have received compensation from from Relmada Therapeutics, Inc or from
companies or institutions that received funding from Relmada Therapeutics, Inc. PL.M. is inventor
of technology related to esmethadone.

References

1.  Hansen, K.B;; Yi, E; Perszyk, R.E.; Furukawa, H.; Wollmuth, L.P,; Gibb, A.].; Traynelis, S.F. Structure, function, and allosteric
modulation of NMDA receptors. J. Gen. Physiol. 2018, 150, 1081-1105. [CrossRef] [PubMed]

2. Hasin, D.S,; Sarvet, A.L.; Meyers, ]J.L.; Saha, T.D.; Ruan, W.J.; Stohl, M.; Grant, B.F. Epidemiology of Adult DSM-5 Major
Depressive Disorder and Its Specifiers in the United States. JAMA Psychiatry 2018, 75, 336-346. [CrossRef] [PubMed]

3. Balestrieri, M.; Rucci, P.; Amendola, D.; Bonizzoni, M.; Cerveri, G.; Colli, C.; Dragogna, E; Ducci, G.; Elmo, M.G.; Ghio, L.; et al.
Emergency Psychiatric Consultations During and After the COVID-19 Lockdown in Italy. A Multicentre Study. Front. Psychiatry
2021, 12, 697058. [CrossRef] [PubMed]

4. Constant, A.; Hesp, C.; Davey, C.G.; Friston, K.].; Badcock, P.B. Why Depressed Mood is Adaptive: A Numerical Proof of Principle
for an Evolutionary Systems Theory of Depression. Comput. Psychiatr. 2021, 5, 60-80. [CrossRef] [PubMed]

5. American Psychiatric Association. DSM 5; American Psychiatric Association: Washington, DC, USA, 2013.

6. Kersting, A.; Brahler, E.; Glaesmer, H.; Wagner, B. Prevalence of complicated grief in a representative population-based sample.
J. Affect. Disord. 2011, 131, 339-343. [CrossRef]

7. Zisook, S.; Shear, K. Grief and bereavement: What psychiatrists need to know. World Psychiatry 2009, 8, 67-74. [CrossRef]

8. Zisook, S.; Johnson, G.R.; Hicks, P.; Chen, P,; Beresford, T.; Michalets, J.P.; Rao, S.; Thase, M.E.; Wilcox, J.; Sevilimedu, V.;
et al. Continuation phase treatment outcomes for switching, combining, or augmenting strategies for treatment-resistant major
depressive disorder: A VAST-D report. Depress. Anxiety 2021, 38, 185-195. [CrossRef]

9.  Harari, Y.N. Sapiens: A brief history of humankind. Asian Rev. World Hist. 2015, 3, 265-267.

10.  Brune, M. Evolutionary Psychiatry; Oxford University Press: Oxford, UK, 2016.

11.  Fogaca, M.V.; Fukumoto, K.; Franklin, T.; Liu, R.J.; Duman, C.H.; Vitolo, O.V,; Duman, R.S. N-Methyl-D-aspartate receptor
antagonist d-methadone produces rapid, mTORC1-dependent antidepressant effects. Neuropsychopharmacology 2019, 44, 2230—
2238. [CrossRef]

12.  Hanania, T.; Manfredi, P.; Inturrisi, C.; Vitolo, O.V. The N-methyl-D-aspartate receptor antagonist d-methadone acutely improves

depressive-like behavior in the forced swim test performance of rats. Exp. Clin. Psychopharmacol. 2020, 28, 196-201. [CrossRef]


https://doi.org/10.1085/jgp.201812032
https://www.ncbi.nlm.nih.gov/pubmed/30037851
https://doi.org/10.1001/jamapsychiatry.2017.4602
https://www.ncbi.nlm.nih.gov/pubmed/29450462
https://doi.org/10.3389/fpsyt.2021.697058
https://www.ncbi.nlm.nih.gov/pubmed/34211413
https://doi.org/10.5334/cpsy.70
https://www.ncbi.nlm.nih.gov/pubmed/34113717
https://doi.org/10.1016/j.jad.2010.11.032
https://doi.org/10.1002/j.2051-5545.2009.tb00217.x
https://doi.org/10.1002/da.23114
https://doi.org/10.1038/s41386-019-0501-x
https://doi.org/10.1037/pha0000310

Pharmaceuticals 2024, 17, 1618 25 of 29

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Li, N.; Lee, B,; Liu, R.J.; Banasr, M.; Dwyer, ] M.; Iwata, M,; Li, X.Y.; Aghajanian, G.; Duman, R.S. mTOR-dependent synapse
formation underlies the rapid antidepressant effects of NMDA antagonists. Science 2010, 329, 959-964. [CrossRef] [PubMed]
Nicoll, R.A. A Brief History of Long-Term Potentiation. Neuron 2017, 93, 281-290. [CrossRef] [PubMed]

Mathews, D.C.; Henter, 1.D.; Zarate, C.A. Targeting the glutamatergic system to treat major depressive disorder: Rationale and
progress to date. Drugs 2012, 72, 1313-1333. [CrossRef] [PubMed]

Boku, S.; Nakagawa, S.; Toda, H.; Hishimoto, A. Neural basis of major depressive disorder: Beyond monoamine hypothesis.
Psychiatry Clin. Neurosci. 2018, 72, 3-12. [CrossRef]

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

Hanson, J.E.; Yuan, H.; Perszyk, R.E.; Banke, T.G.; Xing, H.; Tsai, M.C.; Menniti, ES.; Traynelis, S.F. Therapeutic potential of
N-methyl-D-aspartate receptor modulators in psychiatry. Neuropsychopharmacology 2024, 49, 51-66. [CrossRef]

Berman, R.M.; Cappiello, A.; Anand, A.; Oren, D.A.; Heninger, G.R.; Charney, D.S.; Krystal, ].H. Antidepressant effects of
ketamine in depressed patients. Biol. Psychiatry 2000, 47, 351-354. [CrossRef]

Cooper, T.; Seigler, M.D.; Stahl, S. Rapid onset brain plasticity at novel pharmacologic targets hypothetically drives innovations
for rapid onset antidepressant actions. J. Psychopharmacol. 2023, 37, 242-247. [CrossRef]

Correll, C.U,; Solmi, M.; Cortese, S.; Fava, M.; Hejlund, M.; Kraemer, H.C.; McIntyre, R.S.; Pine, D.S.; Schneider, L.S.; Kane, ].M.
The future of psychopharmacology: A critical appraisal of ongoing phase 2/3 trials, and of some current trends aiming to de-risk
trial programmes of novel agents. World Psychiatry 2023, 22, 48-74. [CrossRef]

Wang, Y.T.; Zhang, N.N.; Liu, L.]; Jiang, H.; Hu, D.; Wang, Z.Z.; Chen, N.H.; Zhang, Y. Glutamatergic receptor and neuroplasticity
in depression: Implications for ketamine and rapastinel as the rapid-acting antidepressants. Biochem. Biophys. Res. Commun. 2022,
594, 46-56. [CrossRef]

Autry, A E.; Adachi, M.; Nosyreva, E.; Na, E.S.; Los, M.E,; Cheng, PF,; Kavalali, E.T.; Monteggia, L. M. NMDA receptor blockade
at rest triggers rapid behavioural antidepressant responses. Nature 2011, 475, 91-95. [CrossRef] [PubMed]

Kavalali, E.T.; Chung, C.; Khvotchev, M,; Leitz, ].; Nosyreva, E.; Raingo, J.; Ramirez, D.M. Spontaneous neurotransmission: An
independent pathway for neuronal signaling? Physiology 2011, 26, 45-53. [CrossRef] [PubMed]

Monteggia, L.M.; Gideons, E.; Kavalali, E.T. The role of eukaryotic elongation factor 2 kinase in rapid antidepressant action of
ketamine. Biol. Psychiatry 2013, 73, 1199-1203. [CrossRef] [PubMed]

Nosyreva, E.; Szabla, K.; Autry, A.E.; Ryazanov, A.G.; Monteggia, L.M.; Kavalali, E.T. Acute suppression of spontaneous
neurotransmission drives synaptic potentiation. J. Neurosci. 2013, 33, 6990-7002. [CrossRef]

Suzuki, K.; Monteggia, L.M. The role of eEF2 kinase in the rapid antidepressant actions of ketamine. Adv. Pharmacol. 2020, 89,
79-99. [CrossRef]

Stahl, S.M.; De Martin, S.; Mattarei, A.; Bettini, E.; Pani, L.; Guidetti, C.; Folli, F.; de Somer, M.; Traversa, S.; Inturrisi, C.E.; et al.
Esmethadone (REL-1017) and Other Uncompetitive NMDAR Channel Blockers May Improve Mood Disorders via Modulation of
Synaptic Kinase-Mediated Signaling. Int. |. Mol. Sci. 2022, 23, 12196. [CrossRef]

Chen, X.;; Wang, X,; Li, C.; Zhang, Y.; Feng, S.; Xu, S. A scientometric analysis of research on the role of NMDA receptor in the
treatment of depression. Front. Pharmacol. 2024, 15, 1394730. [CrossRef]

Johnston, ].N.; Zarate, C.A., Jr.; Kvarta, M.D. Esketamine in depression: Putative biomarkers from clinical research. Eur. Arch.
Psychiatry Clin. Neurosci. 2024. [CrossRef]

Fava, M,; Stahl, S.; Pani, L.; De Martin, S.; Pappagallo, M.; Guidetti, C.; Alimonti, A.; Bettini, E.; Mangano, R.M.; Wessel, T.;
et al. REL-1017 (Esmethadone) as Adjunctive Treatment in Patients With Major Depressive Disorder: A Phase 2a Randomized
Double-Blind Trial. Am. J. Psychiatry 2022, 179, 122-131. [CrossRef]

Fava, M.; Stahl, S.M.; Pani, L.; De Martin, S.; Cutler, A.].; Maletic, V.; Gorodetzky, C.W.; Vocci, FJ.; Sapienza, F.L.; Kosten, TR,;
et al. Efficacy and Safety of Esmethadone (REL-1017) in Patients With Major Depressive Disorder and Inadequate Response to
Standard Antidepressants: A Phase 3 Randomized Controlled Trial. J. Clin. Psychiatry 2024, 85, 24m15265. [CrossRef]

Zarate, C.A,, Jr.; Singh, ].B.; Carlson, PJ.; Brutsche, N.E.; Ameli, R.; Luckenbaugh, D.A.; Charney, D.S.; Manji, H.K. A randomized
trial of an N-methyl-D-aspartate antagonist in treatment-resistant major depression. Arch. Gen. Psychiatry 2006, 63, 856-864.
[CrossRef] [PubMed]

Molero, P.; Ramos-Quiroga, J.A.; Martin-Santos, R.; Calvo-Sanchez, E.; Gutiérrez-Rojas, L.; Meana, J.J. Antidepressant Efficacy
and Tolerability of Ketamine and Esketamine: A Critical Review. CNS Drugs 2018, 32, 411-420. [CrossRef] [PubMed]

Duman, R.S.; Sanacora, G.; Krystal, ].H. Altered Connectivity in Depression: GABA and Glutamate Neurotransmitter Deficits
and Reversal by Novel Treatments. Neuron 2019, 102, 75-90. [CrossRef] [PubMed]

Ballard, E.D.; Zarate, C.A,, Jr. The role of dissociation in ketamine’s antidepressant effects. Nat. Commun. 2020, 11, 6431.
[CrossRef]

Iosifescu, D.V.; Jones, A.; O’'Gorman, C.; Streicher, C.; Feliz, S.; Fava, M.; Tabuteau, H. Efficacy and safety of AXS-05
(dextromethorphan-bupropion) in patients with major depressive disorder: A phase 3 randomized clinical trial (GEMINI). J. Clin.
Psychiatry 2022, 83, 41226. [CrossRef]

Tabuteau, H.; Jones, A.; Anderson, A.; Jacobson, M.; Iosifescu, D.V. Effect of AXS-05 (Dextromethorphan-Bupropion) in Major
Depressive Disorder: A Randomized Double-Blind Controlled Trial. Am. |. Psychiatry 2022, 179, 490-499. [CrossRef]


https://doi.org/10.1126/science.1190287
https://www.ncbi.nlm.nih.gov/pubmed/20724638
https://doi.org/10.1016/j.neuron.2016.12.015
https://www.ncbi.nlm.nih.gov/pubmed/28103477
https://doi.org/10.2165/11633130-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/22731961
https://doi.org/10.1111/pcn.12604
https://doi.org/10.1097/HRP.0000000000000183
https://doi.org/10.1038/s41386-023-01614-3
https://doi.org/10.1016/S0006-3223(99)00230-9
https://doi.org/10.1177/02698811231158891
https://doi.org/10.1002/wps.21056
https://doi.org/10.1016/j.bbrc.2022.01.024
https://doi.org/10.1038/nature10130
https://www.ncbi.nlm.nih.gov/pubmed/21677641
https://doi.org/10.1152/physiol.00040.2010
https://www.ncbi.nlm.nih.gov/pubmed/21357902
https://doi.org/10.1016/j.biopsych.2012.09.006
https://www.ncbi.nlm.nih.gov/pubmed/23062356
https://doi.org/10.1523/JNEUROSCI.4998-12.2013
https://doi.org/10.1016/bs.apha.2020.04.005
https://doi.org/10.3390/ijms232012196
https://doi.org/10.3389/fphar.2024.1394730
https://doi.org/10.1007/s00406-024-01865-1
https://doi.org/10.1176/appi.ajp.2021.21020197
https://doi.org/10.4088/JCP.24m15265
https://doi.org/10.1001/archpsyc.63.8.856
https://www.ncbi.nlm.nih.gov/pubmed/16894061
https://doi.org/10.1007/s40263-018-0519-3
https://www.ncbi.nlm.nih.gov/pubmed/29736744
https://doi.org/10.1016/j.neuron.2019.03.013
https://www.ncbi.nlm.nih.gov/pubmed/30946828
https://doi.org/10.1038/s41467-020-20190-4
https://doi.org/10.4088/JCP.21m14345
https://doi.org/10.1176/appi.ajp.21080800

Pharmaceuticals 2024, 17, 1618 26 of 29

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

Sutton, M.A; Taylor, A.M,; Ito, H.T.; Pham, A.; Schuman, E.M. Postsynaptic decoding of neural activity: eEF2 as a biochemical
sensor coupling miniature synaptic transmission to local protein synthesis. Neuron 2007, 55, 648-661. [CrossRef]

Sutton, M.A.; Wall, N.R.; Aakalu, G.N.; Schuman, E.M. Regulation of dendritic protein synthesis by miniature synaptic events.
Science 2004, 304, 1979-1983. [CrossRef]

Johnston, J.N.; Kadriu, B.; Kraus, C.; Henter, I.D.; Zarate, C.A., Jr. Ketamine in neuropsychiatric disorders: An update.
Neuropsychopharmacology 2024, 49, 23-40. [CrossRef]

Krystal, ].H.; Kavalali, E.T.; Monteggia, L.M. Ketamine and rapid antidepressant action: New treatments and novel synaptic
signaling mechanisms. Neuropsychopharmacology 2024, 49, 41-50. [CrossRef]

Bettini, E.; Stahl, S.M.; De Martin, S.; Mattarei, A.; Sgrignani, J.; Carignani, C.; Nola, S.; Locatelli, P.; Pappagallo, M.; Inturrisi, C.E.;
et al. Pharmacological Comparative Characterization of REL-1017 (Esmethadone-HCI) and Other NMDAR Channel Blockers in
Human Heterodimeric N-Methyl-D-Aspartate Receptors. Pharmaceuticals 2022, 15, 997. [CrossRef] [PubMed]

Scheefhals, N.; MacGillavry, H.D. Functional organization of postsynaptic glutamate receptors. Mol. Cell. Neurosci. 2018, 91,
82-94. [CrossRef] [PubMed]

Bonaventura, J.; Lam, S.; Carlton, M.; Boehm, M.A.; Gomez, ]J.L.; Solis, O.; Sanchez-Soto, M.; Morris, PJ.; Fredriksson, I.; Thomas,
C.J.; et al. Pharmacological and behavioral divergence of ketamine enantiomers: Implications for abuse liability. Mol. Psychiatry
2021, 26, 6704-6722. [CrossRef] [PubMed]

Levinstein, M.R.; Carlton, M.L.; Di Ianni, T.; Ventriglia, E.N.; Rizzo, A.; Gomez, J.L.; Budinich, R.C.; Shaham, Y.; Airan, R.D;
Zarate Jr, C.A. Mu opioid receptor activation mediates (S)-ketamine reinforcement in rats: Implications for abuse liability. Biol.
Psychiatry 2023, 93, 1118-1126. [CrossRef]

Pappagallo, M.; Kosten, T.R.; Gorodetzky, C.W.; Vocci, EJ.; Sapienza, EL.; De Martin, S.; Comai, S.; Mattarei, A.; Inturrisi, C.E,;
Manfredi, P.L. Letter to the Editor regarding ‘Unique pharmacodynamic properties and low abuse liability of the p-opioid
receptor ligand (S)-methadone’. Mol. Psychiatry 2024. [CrossRef]

Paoletti, P.; Bellone, C.; Zhou, Q. NMDA receptor subunit diversity: Impact on receptor properties, synaptic plasticity and disease.
Nat. Rev. Neurosci. 2013, 14, 383-400. [CrossRef]

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]

Dingledine, R.; Borges, K.; Bowie, D.; Traynelis, S.F. The glutamate receptor ion channels. Pharmacol. Rev. 1999, 51, 7-62.

Bettini, E.; De Martin, S.; Mattarei, A.; Pappagallo, M.; Stahl, S.M.; Bifari, F; Inturrisi, C.E.; Folli, F,; Traversa, S.; Manfredi, PL. The
N-Methyl-D-Aspartate Receptor Blocker REL-1017 (Esmethadone) Reduces Calcium Influx Induced by Glutamate, Quinolinic
Acid, and Gentamicin. Pharmaceuticals 2022, 15, 882. [CrossRef]

Furukawa, H.; Singh, S.K.; Mancusso, R.; Gouaux, E. Subunit arrangement and function in NMDA receptors. Nature 2005, 438,
185-192. [CrossRef]

Choi, D.W. Glutamate neurotoxicity and diseases of the nervous system. Neuron 1988, 1, 623-634. [CrossRef] [PubMed]

Lau, A.; Tymianski, M. Glutamate receptors, neurotoxicity and neurodegeneration. Pflug. Arch. 2010, 460, 525-542. [CrossRef]
[PubMed]

Lewerenz, J.; Maher, P. Chronic Glutamate Toxicity in Neurodegenerative Diseases-What is the Evidence? Front. Neurosci. 2015, 9,
469. [CrossRef] [PubMed]

Olney, ].W. Inciting excitotoxic cytocide among central neurons. Adv. Exp. Med. Biol. 1986, 203, 631-645. [CrossRef]

Videbech, P; Ravnkilde, B. Hippocampal volume and depression: A meta-analysis of MRI studies. Am. J. Psychiatry 2004, 161,
1957-1966. [CrossRef]

Duman, R.S. Depression: A case of neuronal life and death? Biol. Psychiatry 2004, 56, 140-145. [CrossRef]

Homayoun, H.; Stefani, M.R.; Adams, B.W.; Tamagan, G.D.; Moghaddam, B. Functional interaction between NMDA and mGlu5
receptors: Effects on working memory, instrumental learning, motor behaviors, and dopamine release. Neuropsychopharmacology
2004, 29, 1259-1269. [CrossRef]

Kandel, E.R.; Schwartz, J.H.; Jessell, T.M.; Siegelbaum, S.; Hudspeth, A.].; Mack, S. Principles of Neural Science; McGraw-Hill:
New York, NY, USA, 2000; Volume 4.

Obermeier, B.; Daneman, R.; Ransohoff, R.M. Development, maintenance and disruption of the blood-brain barrier. Nat. Med.
2013, 19, 1584-1596. [CrossRef]

Nave, K.-A.; Werner, H.B. Myelination of the nervous system: Mechanisms and functions. Annu. Rev. Cell Dev. Biol. 2014, 30,
503-533. [CrossRef]

Ahmadpour, N.; Kantroo, M.; Stobart, M.].; Meza-Resillas, J.; Shabanipour, S.; Parra-Nufiez, J.; Salamovska, T.; Muzaleva,
A.; O’'Hara, F; Erickson, D. Cortical astrocyte N-methyl-D-aspartate receptors influence whisker barrel activity and sensory
discrimination in mice. Nat. Commun. 2024, 15, 1571. [CrossRef]

Kaindl, A.M.; Degos, V.; Peineau, S.; Gouadon, E.; Chhor, V.; Loron, G.; Le Charpentier, T.; Josserand, J.; Ali, C.; Vivien, D.
Activation of microglial N-methyl-D-aspartate receptors triggers inflammation and neuronal cell death in the developing and
mature brain. Ann. Neurol. 2012, 72, 536-549. [CrossRef] [PubMed]

Kaéradaéttir, R.; Cavelier, P; Bergersen, L.H.; Attwell, D. NMDA receptors are expressed in oligodendrocytes and activated in
ischaemia. Nature 2005, 438, 1162-1166. [CrossRef] [PubMed]


https://doi.org/10.1016/j.neuron.2007.07.030
https://doi.org/10.1126/science.1096202
https://doi.org/10.1038/s41386-023-01632-1
https://doi.org/10.1038/s41386-023-01629-w
https://doi.org/10.3390/ph15080997
https://www.ncbi.nlm.nih.gov/pubmed/36015145
https://doi.org/10.1016/j.mcn.2018.05.002
https://www.ncbi.nlm.nih.gov/pubmed/29777761
https://doi.org/10.1038/s41380-021-01093-2
https://www.ncbi.nlm.nih.gov/pubmed/33859356
https://doi.org/10.1016/j.biopsych.2022.12.019
https://doi.org/10.1038/s41380-024-02621-6
https://doi.org/10.1038/nrn3504
https://doi.org/10.1016/0896-6273(94)90210-0
https://doi.org/10.3390/ph15070882
https://doi.org/10.1038/nature04089
https://doi.org/10.1016/0896-6273(88)90162-6
https://www.ncbi.nlm.nih.gov/pubmed/2908446
https://doi.org/10.1007/s00424-010-0809-1
https://www.ncbi.nlm.nih.gov/pubmed/20229265
https://doi.org/10.3389/fnins.2015.00469
https://www.ncbi.nlm.nih.gov/pubmed/26733784
https://doi.org/10.1007/978-1-4684-7971-3_48
https://doi.org/10.1176/appi.ajp.161.11.1957
https://doi.org/10.1016/j.biopsych.2004.02.033
https://doi.org/10.1038/sj.npp.1300417
https://doi.org/10.1038/nm.3407
https://doi.org/10.1146/annurev-cellbio-100913-013101
https://doi.org/10.1038/s41467-024-45989-3
https://doi.org/10.1002/ana.23626
https://www.ncbi.nlm.nih.gov/pubmed/23109148
https://doi.org/10.1038/nature04302
https://www.ncbi.nlm.nih.gov/pubmed/16372011

Pharmaceuticals 2024, 17, 1618 27 of 29

66.

67.
68.

69.
70.

71.
72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Krasnow, A.M.; Ford, M.C.; Valdivia, L.E.; Wilson, S.W.; Attwell, D. Regulation of developing myelin sheath elongation by
oligodendrocyte calcium transients in vivo. Nat. Neurosci. 2018, 21, 24-28. [CrossRef] [PubMed]

y Cajal, S.R. Histologie du Systeme Nerveux de I'Homme et des Vertebre’s II; Maloine: Paris, France, 1909.

Pavlov, PI. Conditioned reflexes: An investigation of the physiological activity of the cerebral cortex. Ann. Neurosci. 2010, 17, 136.
[CrossRef]

Hebb, D.O. The Organization of Behavior: A Neuropsychological Theory; Psychology Press: Hove, UK, 2005.

Bliss, T.V.; Lomo, T. Long-lasting potentiation of synaptic transmission in the dentate area of the anaesthetized rabbit following
stimulation of the perforant path. J. Physiol. 1973, 232, 331-356. [CrossRef]

Mateos-Aparicio, P.; Rodriguez-Moreno, A. The Impact of Studying Brain Plasticity. Front. Cell. Neurosci. 2019, 13, 66. [CrossRef]
Lisman, J.; Schulman, H.; Cline, H. The molecular basis of CaMKII function in synaptic and behavioural memory. Nat. Rev.
Neurosci. 2002, 3, 175-190. [CrossRef]

Mulkey, R M.; Endo, S.; Shenolikar, S.; Malenka, R.C. Involvement of a calcineurin/inhibitor-1 phosphatase cascade in hippocam-
pal long-term depression. Nature 1994, 369, 486—488. [CrossRef]

Berridge, M.]. Neuronal calcium signaling. Neuron 1998, 21, 13-26. [CrossRef]

Carter, A.G.; Vogt, K.E.; Foster, K.A.; Regehr, W.G. Assessing the role of calcium-induced calcium release in short-term presynaptic
plasticity at excitatory central synapses. |. Neurosci. 2002, 22, 21-28. [CrossRef]

Moncrieff, J.; Cooper, R.E.; Stockmann, T.; Amendola, S.; Hengartner, M.P.; Horowitz, M. A. The serotonin theory of depression: A
systematic umbrella review of the evidence. Mol. Psychiatry 2023, 28, 3243-3256. [CrossRef] [PubMed]

Baez, M.V,; Cercato, M.C.; Jerusalinsky, D.A. NMDA Receptor Subunits Change after Synaptic Plasticity Induction and Learning
and Memory Acquisition. Neural Plast. 2018, 2018, 5093048. [CrossRef] [PubMed]

De Martin, S.; Colognesi, M.; Inturrisi, C.; Mattarei, A.; Bettini, E.; Pappagallo, M.; Folli, F; Stahl, S.; Traversa, S.; Manfredi, P.
Esmethadone (REL-1017) restores NMDA receptor 1 subunit expression in an in vitro model of glutamatergic excitotoxicity. Biol.
Psychiatry 2021, 89, S383-5384. [CrossRef]

Wilson, J.A.; Garry, EM.; Anderson, H.A ; Rosie, R.; Colvin, L.A.; Mitchell, R.; Fleetwood-Walker, S.M. NMDA receptor antagonist
treatment at the time of nerve injury prevents injury-induced changes in spinal NR1 and NR2B subunit expression and increases
the sensitivity of residual pain behaviours to subsequently administered NMDA receptor antagonists. Pain 2005, 117, 421-432.
[CrossRef]

Camp, C.R;; Yuan, H. GRIN2D/GIluN2D NMDA receptor: Unique features and its contribution to pediatric developmental and
epileptic encephalopathy. Eur. |. Paediatr. Neurol. 2020, 24, 89-99. [CrossRef]

Bi, G.; Poo, M. Synaptic modification by correlated activity: Hebb’s postulate revisited. Annu. Rev. Neurosci. 2001, 24, 139-166.
[CrossRef]

Liischer, C.; Malenka, R.C. NMDA receptor-dependent long-term potentiation and long-term depression (LTP/LTD). Cold Spring
Harb. Perspect. Biol. 2012, 4, a005710. [CrossRef]

Hebb, D.O. The first stage of perception: Growth of the assembly. Organ. Behav. 1949, 4, 60-78.

Dosemeci, A.; Weinberg, R.]J.; Reese, T.S.; Tao-Cheng, ].H. The Postsynaptic Density: There Is More than Meets the Eye. Front.
Synaptic Neurosci. 2016, 8, 23. [CrossRef]

Yau, K.-W.; Hardie, R.C. Phototransduction motifs and variations. Cell 2009, 139, 246-264. [CrossRef]

Delmas, P.; Hao, J.; Rodat-Despoix, L. Molecular mechanisms of mechanotransduction in mammalian sensory neurons. Nat. Rev.
Neurosci. 2011, 12, 139-153. [CrossRef] [PubMed]

Fagiolini, M.; Pizzorusso, T.; Berardi, N.; Domenici, L.; Maffei, L. Functional postnatal development of the rat primary visual
cortex and the role of visual experience: Dark rearing and monocular deprivation. Vision Res. 1994, 34, 709-720. [CrossRef]
[PubMed]

Gianfranceschi, L.; Siciliano, R.; Walls, J.; Morales, B.; Kirkwood, A.; Huang, Z.].; Tonegawa, S.; Maffei, L. Visual cortex is rescued
from the effects of dark rearing by overexpression of BDNF. Proc. Natl. Acad. Sci. USA 2003, 100, 12486-12491. [CrossRef]
[PubMed]

Buchan, A.M,; Slivka, A.; Xue, D. The effect of the NMDA receptor antagonist MK-801 on cerebral blood flow and infarct volume
in experimental focal stroke. Brain Res. 1992, 574, 171-177. [CrossRef]

Choi, D.W.; Koh, ].Y,; Peters, S. Pharmacology of glutamate neurotoxicity in cortical cell culture: Attenuation by NMDA
antagonists. J. Neurosci. 1988, 8, 185-196. [CrossRef]

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

Lee, H.H.; Deeb, T.Z.; Walker, J.A.; Davies, P.A.; Moss, S.J. NMDA receptor activity downregulates KCC2 resulting in depolarizing
GABAA receptor-mediated currents. Nat. Neurosci. 2011, 14, 736-743. [CrossRef]

Miyamoto, Y.; Yamada, K.; Noda, Y.; Mori, H.; Mishina, M.; Nabeshima, T. Hyperfunction of dopaminergic and serotonergic
neuronal systems in mice lacking the NMDA receptor epsilonl subunit. J. Neurosci. 2001, 21, 750-757. [CrossRef]

Ali, F; Kwan, A.C. Interpreting in vivo calcium signals from neuronal cell bodies, axons, and dendrites: A review. Neurophotonics
2020, 7, 011402. [CrossRef]

Du, J.; Li, X.-H.; Li, Y.-J. Glutamate in peripheral organs: Biology and pharmacology. Eur. J. Pharmacol. 2016, 784, 42—48. [CrossRef]


https://doi.org/10.1038/s41593-017-0031-y
https://www.ncbi.nlm.nih.gov/pubmed/29230052
https://doi.org/10.5214/ans.0972-7531.1017309
https://doi.org/10.1113/jphysiol.1973.sp010273
https://doi.org/10.3389/fncel.2019.00066
https://doi.org/10.1038/nrn753
https://doi.org/10.1038/369486a0
https://doi.org/10.1016/S0896-6273(00)80510-3
https://doi.org/10.1523/JNEUROSCI.22-01-00021.2002
https://doi.org/10.1038/s41380-022-01661-0
https://www.ncbi.nlm.nih.gov/pubmed/35854107
https://doi.org/10.1155/2018/5093048
https://www.ncbi.nlm.nih.gov/pubmed/29706992
https://doi.org/10.1016/j.biopsych.2021.02.953
https://doi.org/10.1016/j.pain.2005.07.005
https://doi.org/10.1016/j.ejpn.2019.12.007
https://doi.org/10.1146/annurev.neuro.24.1.139
https://doi.org/10.1101/cshperspect.a005710
https://doi.org/10.3389/fnsyn.2016.00023
https://doi.org/10.1016/j.cell.2009.09.029
https://doi.org/10.1038/nrn2993
https://www.ncbi.nlm.nih.gov/pubmed/21304548
https://doi.org/10.1016/0042-6989(94)90210-0
https://www.ncbi.nlm.nih.gov/pubmed/8160387
https://doi.org/10.1073/pnas.1934836100
https://www.ncbi.nlm.nih.gov/pubmed/14514885
https://doi.org/10.1016/0006-8993(92)90814-P
https://doi.org/10.1523/JNEUROSCI.08-01-00185.1988
https://doi.org/10.1038/nrn2911
https://doi.org/10.1038/nn.2806
https://doi.org/10.1523/JNEUROSCI.21-02-00750.2001
https://doi.org/10.1117/1.NPh.7.1.011402
https://doi.org/10.1016/j.ejphar.2016.05.009

Pharmaceuticals 2024, 17, 1618 28 of 29

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Zanos, P.; Moaddel, R.; Morris, PJ.; Riggs, L.M.; Highland, ].N.; Georgiou, P; Pereira, E.ER.; Albuquerque, E.X.; Thomas, C.J.;
Zarate, C.A,, Jr; et al. Ketamine and Ketamine Metabolite Pharmacology: Insights into Therapeutic Mechanisms. Pharmacol. Rev.
2018, 70, 621-660. [CrossRef] [PubMed]

Susman, L.; Brenner, N.; Barak, O. Stable memory with unstable synapses. Nat. Commun. 2019, 10, 4441. [CrossRef] [PubMed]
Simons, J.S.; Ritchey, M.; Fernyhough, C. Brain Mechanisms Underlying the Subjective Experience of Remembering. Annu. Rev.
Psychol. 2022, 73, 159-186. [CrossRef] [PubMed]

Lutz, P--E.; Kieffer, B.L. Opioid receptors: Distinct roles in mood disorders. Trends Neurosci. 2013, 36, 195-206. [CrossRef]
Hegadoren, K.M.; O'Donnell, T.; Lanius, R.; Coupland, N.J.; Lacaze-Masmonteil, N. The role of beta-endorphin in the pathophysi-
ology of major depression. Neuropeptides 2009, 43, 341-353. [CrossRef]

Roth-Deri, I.; Green-Sadan, T.; Yadid, G. Beta-endorphin and drug-induced reward and reinforcement. Prog. Neurobiol. 2008, 86,
1-21. [CrossRef]

Narita, M.; Hashimoto, K.; Amano, T.; Narita, M.; Niikura, K.; Nakamura, A.; Suzuki, T. Post-synaptic action of morphine on
glutamatergic neuronal transmission related to the descending antinociceptive pathway in the rat thalamus. J. Neurochem. 2008,
104, 469-478. [CrossRef]

Rodriguez-Mufioz, M.; Sdnchez-Blazquez, P.; Vicente-Sanchez, A.; Berrocoso, E.; Garzon, J. The mu-opioid receptor and the
NMDA receptor associate in PAG neurons: Implications in pain control. Neuropsychopharmacology 2012, 37, 338-349. [CrossRef]
Trujillo, K.A. Are NMDA receptors involved in opiate-induced neural and behavioral plasticity? A review of preclinical studies.
Psychopharmacology 2000, 151, 121-141. [CrossRef]

Narita, M.; Nakamura, A.; Ozaki, M.; Imai, S.; Miyoshi, K.; Suzuki, M.; Suzuki, T. Comparative pharmacological profiles of
morphine and oxycodone under a neuropathic pain-like state in mice: Evidence for less sensitivity to morphine. Neuropsychophar-
macology 2008, 33, 1097-1112. [CrossRef]

Matuskey, D.; Dias, M.; Naganawa, M.; Pittman, B.; Henry, S.; Li, S.; Gao, H.; Ropchan, ].; Nabulsi, N.; Carson, R.E.; et al. Social
status and demographic effects of the kappa opioid receptor: A PET imaging study with a novel agonist radiotracer in healthy
volunteers. Neuropsychopharmacology 2019, 44, 1714-1719. [CrossRef] [PubMed]

Smith, A.P,; Lee, N.M. Pharmacology of dynorphin. Annu. Rev. Pharmacol. Toxicol. 1988, 28, 123-140. [CrossRef] [PubMed]

Le Rouzic, V.; Narayan, A.; Hunkle, A.; Marrone, G.F; Lu, Z.; Majumdar, S.; Xu, J.; Pan, Y.X,; Pasternak, G.W. Pharmacological
Characterization of Levorphanol, a G-Protein Biased Opioid Analgesic. Anesth. Analg. 2019, 128, 365-373. [CrossRef] [PubMed]
Browne, C.A.; Wulf, H.; Lucki, I. Kappa Opioid Receptors in the Pathology and Treatment of Major Depressive Disorder. Handb.
Exp. Pharmacol. 2022, 271, 493-524. [CrossRef] [PubMed]

Davis, A.M.; Inturrisi, C.E. d-Methadone blocks morphine tolerance and N-methyl-D-aspartate-induced hyperalgesia. J. Pharmacol.
Exp. Ther. 1999, 289, 1048-1053.

Ebert, B.; Andersen, S.; Krogsgaard-Larsen, P. Ketobemidone, methadone and pethidine are non-competitive N-methyl-D-
aspartate (NMDA) antagonists in the rat cortex and spinal cord. Neurosci. Lett. 1995, 187, 165-168. [CrossRef]

Ebert, B.; Thorkildsen, C.; Andersen, S.; Christrup, L.L.; Hjeds, H. Opioid analgesics as noncompetitive N-methyl-D-aspartate
(NMDA) antagonists. Biochem. Pharmacol. 1998, 56, 553-559. [CrossRef]

Gorman, A.L.; Elliott, K.J.; Inturrisi, C.E. The d- and l-isomers of methadone bind to the non-competitive site on the N-methyl-D-
aspartate (NMDA) receptor in rat forebrain and spinal cord. Neurosci. Lett. 1997, 223, 5-8. [CrossRef]

Trujillo, K.A.; Akil, H. Inhibition of morphine tolerance and dependence by the NMDA receptor antagonist MK-801. Science 1991,
251, 85-87. [CrossRef]

Popova, V.; Daly, EJ.; Trivedi, M.; Cooper, K.; Lane, R.; Lim, P.; Mazzucco, C.; Hough, D.; Thase, M.E.; Shelton, R.C.; et al.
Efficacy and Safety of Flexibly Dosed Esketamine Nasal Spray Combined With a Newly Initiated Oral Antidepressant in
Treatment-Resistant Depression: A Randomized Double-Blind Active-Controlled Study. Am. J. Psychiatry 2019, 176, 428—438.
[CrossRef]

Trullas, R.; Skolnick, P. Functional antagonists at the NMDA receptor complex exhibit antidepressant actions. Eur. J. Pharmacol.
1990, 185, 1-10. [CrossRef] [PubMed]

Hanson, E.; Armbruster, M.; Lau, L.A.; Sommer, M.E.; Klaft, Z.].; Swanger, S.A.; Traynelis, S.F.; Moss, S.J.; Noubary, E,;
Chadchankar, J.; et al. Tonic Activation of GluN2C/GluN2D-Containing NMDA Receptors by Ambient Glutamate Facilitates
Cortical Interneuron Maturation. J. Neurosci. 2019, 39, 3611-3626. [CrossRef]

Kotermanski, S.E.; Johnson, ].W. Mg?t imparts NMDA receptor subtype selectivity to the Alzheimer’s drug memantine.
J. Neurosci. 2009, 29, 2774-2779. [CrossRef] [PubMed]

de Carvalho, L.P; Bochet, P.; Rossier, ]. The endogenous agonist quinolinic acid and the non endogenous homoquinolinic acid
discriminate between NMDAR? receptor subunits. Neurochem. Int. 1996, 28, 445-452. [CrossRef] [PubMed]

Mealing, G.A.; Lanthorn, T.H.; Murray, C.L.; Small, D.L.; Morley, P. Differences in degree of trapping of low-affinity uncompetitive
N-methyl-D-aspartic acid receptor antagonists with similar kinetics of block. J. Pharmacol. Exp. Ther. 1999, 288, 204-210. [PubMed]
Barrett, E.S.; Carbonaro, T.M.; Hurwitz, E.; Johnson, M.W.; Griffiths, R.R. Double-blind comparison of the two hallucinogens
psilocybin and dextromethorphan: Effects on cognition. Psychopharmacology 2018, 235, 2915-2927. [CrossRef]

Shram, M.J.; Henningfield, J.E.; Apseloff, G.; Gorodetzky, C.W.; De Martin, S.; Vocci, EL.; Sapienza, F.L.; Kosten, T.R.; Huston, J.;
Buchhalter, A.; et al. The novel uncompetitive NMDA receptor antagonist esmethadone (REL-1017) has no meaningful abuse
potential in recreational drug users. Transl. Psychiatry 2023, 13, 192. [CrossRef]


https://doi.org/10.1124/pr.117.015198
https://www.ncbi.nlm.nih.gov/pubmed/29945898
https://doi.org/10.1038/s41467-019-12306-2
https://www.ncbi.nlm.nih.gov/pubmed/31570719
https://doi.org/10.1146/annurev-psych-030221-025439
https://www.ncbi.nlm.nih.gov/pubmed/34587777
https://doi.org/10.1016/j.tins.2012.11.002
https://doi.org/10.1016/j.npep.2009.06.004
https://doi.org/10.1016/j.pneurobio.2008.06.003
https://doi.org/10.1111/j.1471-4159.2007.05059.x
https://doi.org/10.1038/npp.2011.155
https://doi.org/10.1007/s002130000416
https://doi.org/10.1038/sj.npp.1301471
https://doi.org/10.1038/s41386-019-0379-7
https://www.ncbi.nlm.nih.gov/pubmed/30928993
https://doi.org/10.1146/annurev.pa.28.040188.001011
https://www.ncbi.nlm.nih.gov/pubmed/2898233
https://doi.org/10.1213/ANE.0000000000003360
https://www.ncbi.nlm.nih.gov/pubmed/29649035
https://doi.org/10.1007/164_2020_432
https://www.ncbi.nlm.nih.gov/pubmed/33580854
https://doi.org/10.1016/0304-3940(95)11364-3
https://doi.org/10.1016/S0006-2952(98)00088-4
https://doi.org/10.1016/S0304-3940(97)13391-2
https://doi.org/10.1126/science.1824728
https://doi.org/10.1176/appi.ajp.2019.19020172
https://doi.org/10.1016/0014-2999(90)90204-J
https://www.ncbi.nlm.nih.gov/pubmed/2171955
https://doi.org/10.1523/JNEUROSCI.1392-18.2019
https://doi.org/10.1523/JNEUROSCI.3703-08.2009
https://www.ncbi.nlm.nih.gov/pubmed/19261873
https://doi.org/10.1016/0197-0186(95)00091-7
https://www.ncbi.nlm.nih.gov/pubmed/8740453
https://www.ncbi.nlm.nih.gov/pubmed/9862772
https://doi.org/10.1007/s00213-018-4981-x
https://doi.org/10.1038/s41398-023-02473-8

Pharmaceuticals 2024, 17, 1618 29 of 29

123.

124.

125.

126.

127.

128.

129.

Bernstein, G.; Davis, K.; Mills, C.; Wang, L.; McDonnell, M.; Oldenhof, J.; Inturrisi, C.; Manfredi, PL.; Vitolo, O.V. Characterization
of the Safety and Pharmacokinetic Profile of D-Methadone, a Novel N-Methyl-D-Aspartate Receptor Antagonist in Healthy,
Opioid-Naive Subjects: Results of Two Phase 1 Studies. J. Clin. Psychopharmacol. 2019, 39, 226-237. [CrossRef]

Klein, M.E.; Chandra, J.; Sheriff, S.; Malinow, R. Opioid system is necessary but not sufficient for antidepressive actions of
ketamine in rodents. Proc. Natl. Acad. Sci. USA 2020, 117, 2656-2662. [CrossRef]

Williams, N.R.; Heifets, B.D.; Blasey, C.; Sudheimer, K.; Pannu, J.; Pankow, H.; Hawkins, J.; Birnbaum, J.; Lyons, D.M.; Rodriguez,
C.I. Attenuation of antidepressant effects of ketamine by opioid receptor antagonism. Am. |. Psychiatry 2018, 175, 1205-1215.
[CrossRef]

Henningfield, J.; Gauvin, D.; Bifari, F; Fant, R.; Shram, M.; Buchhalter, A.; Ashworth, J.; Lanier, R.; Pappagallo, M.; Inturrisi, C.
REL-1017 (esmethadone; D-methadone) does not cause reinforcing effect, physical dependence and withdrawal signs in Sprague
Dawley rats. Sci. Rep. 2022, 12, 11389. [CrossRef] [PubMed]

Lemberg, K.; Kontinen, V.K.; Viljakka, K.; Kylanlahti, I.; Yli-Kauhaluoma, J.; Kalso, E. Morphine, oxycodone, methadone and its
enantiomers in different models of nociception in the rat. Anesth. Analg. 2006, 102, 1768-1774. [CrossRef] [PubMed]

Ferri, F; Chiarelli, A.M.; Merla, A.; Gallese, V.; Costantini, M. The body beyond the body: Expectation of a sensory event is
enough to induce ownership over a fake hand. Proc. Biol. Sci. 2013, 280, 20131140. [CrossRef] [PubMed]

Suzuki, K.; Mariola, A.; Schwartzman, D.].; Seth, A K. Using extended reality to study the experience of presence. In Virtual
Reality in Behavioral Neuroscience: New Insights and Methods; Springer: Berlin/Heidelberg, Germany, 2023; pp. 255-285.

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.0000000000001035
https://doi.org/10.1073/pnas.1916570117
https://doi.org/10.1176/appi.ajp.2018.18020138
https://doi.org/10.1038/s41598-022-15055-3
https://www.ncbi.nlm.nih.gov/pubmed/35794162
https://doi.org/10.1213/01.ane.0000205751.88422.41
https://www.ncbi.nlm.nih.gov/pubmed/16717324
https://doi.org/10.1098/rspb.2013.1140
https://www.ncbi.nlm.nih.gov/pubmed/23804622

	Introduction 
	The Glutamatergic System 
	Neural Plasticity: Decoding and Integrating External Stimuli into Functional Afferent and Efferent Neural Circuits 
	NMDAR Psychopharmacology and the Epigenetic Code Hypothesis 
	Glutamate, NMDARs, Cognition and Mood Regulation 
	The Endorphin System, Mood Regulation and Neural Plasticity 
	Targeting NMDARs for the Treatment of Major Depression 
	Consciousness of Self and Individuality 
	Summary and Conclusions 
	References

