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Abstract

The efficacy of standard antidepressants is limited for many patients with mood disorders such as
major depressive disorder (MDD) and bipolar depression, underscoring the urgent need to develop
novel therapeutics. Both clinical and preclinical studies have implicated glutamatergic system
dysfunction in the pathophysiology of mood disorders. In particular, rapid reductions in depressive
symptoms have been observed in response to subanesthetic doses of the glutamatergic modulator
racemic (R,S)-ketamine in individuals with mood disorders. These results have prompted
investigation into other glutamatergic modulators for depression, both as monotherapy and
adjunctively. Several glutamate receptor-modulating agents have been tested in proof-of-concept
studies for mood disorders. This manuscript gives a brief overview of the glutamate system and its
relevance to rapid antidepressant response and discusses the existing clinical evidence for
glutamate receptor-modulating agents, including (1) broad glutamatergic modulators ((~,S)-
ketamine, esketamine, (/)-ketamine, (27,6 R)-hydroxynorketamine [HNK], dextromethorphan,
Nuedexta [a combination of dextromethorphan and quinidine], deudextromethorphan [AVP-786],
axsome [AXS-05], dextromethadone [REL-1017], nitrous oxide, AZD6765, CLE100,
AGN-241751); (2) glycine site modulators (p-cycloserine [DCS], NRX-101, rapastinel
[GLYX-13], apimostinel [NRX-1074], sarcosine, 4-chlorokynurenine [4-CI-KYN/AV-101]); (3)
subunit (NR2B)-specific A-methyl-p-aspartate (NMDA) receptor antagonists (eliprodil
[EVT-101], traxoprodil [CP-101,606], rislenemdaz [MK-0657/CERC-301]); (4) metabotropic
glutamate receptor (mGIuR) modulators (basimglurant, AZD2066, RG1578, TS-161); and (5)
mammalian target of rapamycin complex 1 (MTORC1) activators (NV-5138). Many of these
agents are still in the preliminary stages of development. Furthermore, to date, most have
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demonstrated relatively modest effects compared with (R, S)-ketamine and esketamine, though
some have shown more favorable characteristics. Of these novel agents, the most promising, and
the ones for which the most evidence exists, appear to be those targeting ionotropic glutamate
receptors.

1 Overview: The Glutamate Receptor and its Role in Mood Disorders

Mood disorders, including major depressive disorder (MDD) and bipolar disorder (BD), are
among the most common mental illnesses and, worldwide, cause enormous disability [1].
While the discovery and dissemination of first-generation (monoamine oxidase inhibitors
[MAQISs] and tricyclic antidepressants [TCAs]) and second-generation antidepressants
(selective serotonin reuptake inhibitors [SSRIs] and serotonin-norepinephrine reuptake
inhibitors [SNRIs], among others) initially revolutionized the treatment of depression, these
treatments are not effective for all individuals with MDD [2]. In addition, these compounds
often take weeks or months to reach full effectiveness, underscoring the critical need to
develop more effective and rapid-acting interventions for MDD [3].

Over the last two decades, clinical and preclinical evidence has demonstrated that the
glutamatergic system contributes to the pathophysiology of MDD as well as a number of
other psychiatric disorders, such as schizophrenia, Alzheimer’s disease, and bipolar disorder,
though these are not believed to share a common underlying mechanism [4]. The
glutamatergic system is also believed to be key to the mechanism of action underlying the
rapid antidepressant effects associated with a number of novel agents [5], most notably the
glutamatergic modulator racemic (R, S)-ketamine. Numerous controlled studies have
consistently described rapid, robust, and relatively sustained antidepressant effects in
response to a single, subanesthetic-dose (0.5 mg/kg) infusion of (R,S)-ketamine [6-9] as
well as repeated administration [10-12] (reviewed in greater detail below). These findings
fundamentally altered our underlying perceptions of the pathophysiology of depression and
refocused research interest on the glutamatergic system as a source for possible treatments
[13, 14] as well as new biomarkers for depression [15, 16]. The rapid antidepressant effects
associated with (R,S)-ketamine (within one day of administration) also altered our
expectation regarding the speed of antidepressant response and bolstered efforts to identify
more rapid-acting treatments. In contrast to standard antidepressant treatments whose
delayed effects may take weeks to manifest, rapid-acting antidepressants (RAADSs) such as
(R, S)-ketamine may demonstrate almost immediate effects with maximal improvement
observed within one day of initiating treatment [17].

Glutamate is the major excitatory neurotransmitter in the central nervous system. The two
main classes of glutamatergic receptors—ionotropic and metabotropic (mGIluR)—consist of
various subtype families based on structure, ion selectivity, and mechanism of action of
downstream effectors [18]. lonotropic receptors are fast-acting, ligand-gated ion channels
that open when an agonist binds to them. The ionotropic receptor subtypes are A-methyl-p-
aspartate (NMDA), a-amino-3-hydroxy- 5-methyl-4-isoxazolepropionic acid (AMPA), and
kainate. mGIuRs are G protein-coupled receptors located on presynaptic and postsynaptic
neurons as well as on glial cells and mediate slower glutamatergic activity via intracellular
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messenger systems. Glutamate appears to be reduced in the dorsolateral prefrontal cortex
(PFC) of individuals with MDD [19] as well as in other areas of the PFC, such as the
dorsomedial and dorsoanterolateral PFC [20] and the anterior cingulate cortex [21];
increased glutamate levels have also been observed in the occipital cortex [22]. One meta-
analysis and systematic review of H-proton magnetic resonance spectroscopy (MRS)
studies concluded that decreased levels of glutamatergic metabolites in the medial frontal
cortex were associated with the pathophysiology of depression [23].

Ketamine’s antidepressant effects are thought to be related to its glutamatergic activity. For
instance, one randomized, blinded, parallel design study of MDD participants treated with
intravenous (R, S)-ketamine found that GIx response (as assessed by 1H-MRS) in the
ventromedial prefrontal cortex was inversely correlated with (R, S)-ketamine dose and
antidepressant effect; that is, greater antidepressant response was associated with lower GIx
response [24]. In particular, (R,S)-ketamine is known to be a potent NMDA receptor
antagonist, and this quality is believed to underlie its rapid antidepressant effects [25].
Theories posited to explain (R,S)-ketamine’s mechanism of action include (i) inhibition of
NMDA receptor-mediated transmission at the synapse; (ii) direct inhibition of extrasynaptic
NMDA receptors; (iii) inhibition of NMDA receptor-dependent bursting activity in the
lateral habenula; and (iv) inhibition of NMDA receptors on gamma aminobutyric acid
(GABA)-ergic interneurons [26]. The greatest attention has been paid to the last of these
hypotheses—the inhibition of NMDA receptors on GABAergic interneurons; indeed, a
recent preclinical study found that inhibition of cortical GABAergic interneurons was
necessary as well as sufficient to engender a rapid antidepressant-like response in mice [27].
In this process, referred to as the disinhibition hypothesis of antidepressant response, (R, S)-
ketamine’s effect on GABAergic interneurons would be to decrease inhibitory tone on
pyramidal neurons, leading to increased synaptic glutamate release. Disinhibition of the
pyramidal neuron would thus result in a transient, but significant, increase of extracellular
glutamate—sometimes referred to as a ‘glutamate burst’—which is thought to be critical for
antidepressant response [28], though it remains unclear how the glutamate burst leads to
antidepressant effects. One theory proposes that (R, S)-ketamine blocks synaptic NMDA
receptors involved in spontaneous synaptic transmission. This, in turn, deactivates calcium/
calmodulin-dependent kinase and eukaryotic elongation factor 2 (eEF2). The end result is
dephosphorylation of eEF2, which leads to hippocampal de-suppression of brain-derived
neurotrophic factor (BDNF) synthesis [29]. Other research suggests that AMPA receptor
modulation may play a role in antidepressant response, independent of NMDA receptor
inhibition. In animal models, AMPA agonists exerted antidepressant-like properties that
were extinguished with the administration of AMPA antagonists [30]. AMPA activation is
also known to modulate BDNF, tropomyosin receptor kinase B (TrkB), glycogen synthase
kinase 3 (GSK3), eEF2 [31], and mammalian target of rapamycin complex 1 (MTORC1) to
increase neuroplastic processes [32]. In addition, two recent studies suggest other theories
that may underlie the mechanism of action of RAADSs. One study found that 4E-BP1 and
4E-BP2 are key effectors of the antidepressant activity of both (R,S5)-ketamine and its
metabolite (2,6 R)-hydroxynorketamine (HNK) [33]. The other study reported that direct
binding of both conventional antidepressants and RAADSs to the BDNF receptor TrkB
accounted for the behavioral and cell-related actions of antidepressants [34].
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Thus, the prevailing hypotheses suggest direct and indirect antagonism at the NMDA
receptor as well as AMPA throughput modulation [5, 35, 36] as the neurochemical substrate
of antidepressant effects. These converging mechanisms appear to induce rapid and
sustained changes in synaptic plasticity that result in synaptic spine remodeling that, in turn,
propagate (R, S)-ketamine’s antidepressant-like effects over time [37]. However, it should
also be acknowledged that other targets implicated in (~,S)-ketamine’s mechanism of action
are also currently being studied. For example, the opioid system has been suggested as a
potential target [38], though not all studies are in agreement. We refer the interested reader
to a recent detailed review of relevant mechanisms [39].

This review discusses novel glutamatergic compounds with clinical antidepressant efficacy
in mood disorders. Rather than systematically review the evidence, this review seeks to
summarize and update published clinical studies and ongoing clinical trials investigating the
antidepressant efficacy of multiple glutamatergic agents. It should also be noted that this
review emphasizes clinical results rather than preclinical work. Notably, a fundamental
assumption of the recent clinical evidence reviewed below is that rapid antidepressant effects
are indeed achievable in humans, a paradigm shift that lends additional urgency to the
development of novel treatments for mood disorders, particularly for individuals with
treatment-resistant depression (TRD) who have not responded to currently available
therapies.

Any grouping of glutamate-modulating agents is by necessity fairly broad as, in some cases,
the full extent of the mechanism of action of these compounds is not known and subject to
reclassification with further discoveries, and the involvement of additional neurotransmitter
systems and downstream mechanisms is likely. For instance, as described above, one
plausible theory for (R,S)-ketamine’s mechanism of action is that NMDA receptor blockade
by (R,S)-ketamine leads to a glutamate burst after which AMPA activation is required,
underscoring the complex and nuanced interplay of glutamatergic mechanisms involved. The
glutamate receptor-modulating agents reviewed here include: (1) broad glutamatergic
modulators ((R,S)-ketamine, esketamine, (R)-ketamine, (2R,6 R)-HNK, dextromethorphan,
Nuedexta [a combination of dextromethorphan and quinidine], deudextromethorphan
[AVP-786], axsome [AXS-05], dextromethadone [REL-1017], nitrous oxide, AZD6765,
CLE100, AGN-241751); (2) glycine site modulators (p-cycloserine [DCS], NRX-101,
rapastinel [GLY X-13], apimostinel [NRX-1074], sarcosine, 4-Chlorokynurenine [4-ClI-
KYN/AV-101)); (3) subunit (NR2B)-specific NMDA receptor antagonists (eliprodil
[EVT-101], traxoprodil [CP-101,606], rislenemdaz [MK-0657/CERC-301]); (4) mGIuR
modulators (basimglurant, AZD2066, RG1578, TS-161); and (5) mTORC1 activators
(NV-5138). These agents are listed in Table 1 and presented in Fig. 1.

2 (R,S)-Ketamine, the Prototypical Glutamatergic Rapid-Acting

Antidepressant, and Its Derivates: Esketamine, R-Ketamine, and

Hydroxynorketamine (HNK)

Building on preclinical work [25], Berman and colleagues conducted a small, controlled trial
in humans demonstrating that a single, subanesthetic-dose (0.5 mg/kg) infusion of the
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NMDA receptor antagonist (/,S)-ketamine given as monotherapy exerted antidepressant
effects that began within 4 h of infusion and peaked at 72 h in a group of seven participants
with major depression (seven with MDD and one with bipolar depression) [7]. A subsequent
series of randomized controlled studies corroborated and extended these findings and
identified a 24-hour response rate of > 70% to a single, monotherapeutic (R, S)-ketamine
infusion in 18 participants with TRD; this response lasted one week or longer in some
patients [8]. Since then, most of the placebo-controlled, double-blind, randomized trials
examining this agent have demonstrated the antidepressant efficacy of subanesthetic-dose
(R,S)-ketamine in individuals with TRD [8, 40] as well as bipolar depression [41, 42]. One
meta-analysis of nine randomized, placebo-controlled studies found that (/,S)-ketamine’s
antidepressant effects after a single administration typically begin 40 min post-infusion,
peak approximately 24 h later, and lose superiority to placebo 10-12 days post-infusion
[43]. Other meta-analyses have corroborated these findings [44—47]. In addition to these
robust antidepressant effects, a single subanesthetic-dose (~,S)-ketamine infusion has also
been found to have significant and rapid (1-4 h) anti-suicidal ideation effects [48-53], anti-
anhedonic properties [54, 55], and therapeutic potential in other disorders such as post-
traumatic stress disorder (PTSD) [56, 57] and obsessive compulsive disorder (OCD) [58].
Researchers have also been able to successfully prolong (R,S)-ketamine’s otherwise
transient antidepressant effects via repeated infusions [10-12]. These groundbreaking
findings culminated in the successful development of [59-61] and 2019 FDA approval of
[62] intranasal esketamine (Spravato™)—the (S +) enantiomer of ketamine—for adults with
TRD or major depression with acute suicidal ideation or behavior; this agent has also been
approved for the same indications by the European Union. Additional clinical trials with
esketamine are ongoing, including phase I trials for treatment-resistant bipolar depression
(Clinical Trials.gov identifier NCT03965871), pediatric depression with imminent risk for
suicide (NCT03185819), and perioperative depression (ClinicalTrials.gov identifier
NCT04425473) as well as phase 111 (NCT02782104; NCT03434041; NCT04338321) and
phase IV (NCT04476446) monotherapy and adjunctive-use trials in TRD.

It should be noted that (~R,S)-ketamine is associated with psychotomimetic effects that peak
at about 40 min post-infusion, and it requires medical supervision during administration
[63]. In addition to these psychotomimetic/dissociative effects, (~,S)-ketamine also carries
abuse liability and is associated with clinical side effects that include blood pressure
changes, cognitive effects, risk of cystitis and other chronic bladder issues, and
hepatotoxicity (though the latter two are less common at the lower sub-anesthetic doses used
to treat depression) [64]. As a result, Spravato™ can only be dispensed and administered to
individuals in medically supervised healthcare settings that provide monitoring (Risk
Evaluation and Mitigation Strategies [REMS]). These issues remain a concern, particularly
in the context of long-term (R, S)-ketamine/esketamine use, and suggest that the side effect,
safety, and addiction profile of these agents should be explored in larger studies designed to
better identify the limitations associated with long-term use [65, 66]. Current research is
examining these concerns in an attempt to separate them from (R, S)-ketamine and
esketamine’s broader efficacy profile.

To date, only one study has examined the differences between esketamine (0.25 mg/kg) and
(R,S)-ketamine (0.5 mg/kg); though underpowered, it found no differences in efficacy,
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tolerability, or psychotomimetic profile between the two agents [67]. A recent meta-analysis
suggests the need to compare these two agents head-to-head [68]. In addition, though these
agents are comparatively new, consensus-building guideline documents are beginning to
emerge that describe where to employ (R, S)-ketamine and esketamine in the treatment
algorithm (for instance, for TRD, or for individuals who cannot tolerate standard treatments)
[65, 69-71].

Another related agent under preliminary investigation is (R)-ketamine (arketamine), the R
enantiomer of ketamine. While (R)-ketamine is a less potent NMDA receptor inhibitor [30,
72], initial animal studies found that it had greater and longer-lasting antidepressant-like
properties than esketamine [30, 73-75]. Building on this work, an open-label trial in seven
human participants with TRD (several of whom were taking concomitant antidepressant and
antipsychotic medications) found that a single (R)-ketamine infusion (0.5 mg/kg) had rapid
and significant antidepressant effects, leading to a 20-point reduction in Montgomery-
Asberg Depression Rating Scale (MADRS) score at 24 h; the investigators noted only mild
dissociative side effects after (R)-ketamine infusion [76]. Nevertheless, larger, randomized
controlled studies are needed to definitively establish (/)-ketamine’s effects, and a phase I,
randomized, placebo-controlled study (NCT04108234) is currently ongoing.

Finally, although this manuscript focuses almost entirely on clinical findings, the paradigm-
shifting nature of one recent line of inquiry leads us to present more preliminary evidence. In
particular, a recent series of studies called into question whether NMDA receptor inhibition
is indeed the primary mechanism of (R,S)-ketamine’s antidepressant action. In preclinical
studies, researchers found that the antidepressant effects of (~,S)-ketamine appear to be
produced not by (R,S)-ketamine itself but by one of its metabolites: (27,6 /)-HNK.
Specifically, (2R,6 R)-HNK exerts antidepressant-like properties via indirect early and
sustained activation of AMPA receptors, likely resulting from a mechanism converging with
mGIuR2 signaling [30, 77-79]. These findings are particularly intriguing given that many of
(R,S)-ketamine’s side effects appear to be related to NMDA receptor-dependent inhibition.
Phase | safety and tolerability studies investigating the potential antidepressant efficacy and
side effect profile of (2R,6R)-HNK in humans are underway (NCT03977675), and a phase Il
clinical trial is planned. The work underscores the current rapid pace of research in
glutamatergic drug development and further highlights the critical role of (R, S5)-ketamine as
a proof-of-concept agent for exploring new RAADs.

As noted above, despite the established body of evidence for (R, S)-ketamine’s
antidepressant efficacy, its underlying mechanisms of action have yet to be conclusively
established. However, as our theoretical understanding of (R, S)-ketamine’s mechanisms of
action grow, researchers have sought to establish whether other glutamatergic modulators
might exert antidepressant effects similar to those of (R, S)-ketamine. Several candidate
drugs whose mechanistic processes overlap with those of (R, S)-ketamine have been explored
to see whether they could mimic its rapid and robust antidepressant properties while
avoiding its dissociative and psychotomimetic side effects. As reviewed in the following
section and in Table 1, these compounds are in varying stages of development and testing.
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3 The Antidepressant Efficacy of Novel Glutamatergic Modulators

3.1 Broad Glutamatergic Modulators

3.1.1 Dextromethorphan, Nuedexta, Deudextromethorphan (AVP 786), and
AXS-05 (Axsome)—The non-selective, non-competitive NMDA receptor antagonist
dextromethorphan is a cough suppressant with sedative and dissociative properties; this
agent also acts on opioid receptors and, at higher doses, is an antagonist at the sigma-1
receptor. Dextromethorphan and its enantiomers have been considered as potential RAADs
[80, 81], and various formulations are currently under investigation for MDD. To date, there
have been no positive phase 11 results.

With regard to bipolar depression, dextromethorphan was studied adjunctively with valproic
acid in a 12-week, randomized, placebo-controlled trial of 250 individuals. That study found
that dextromethorphan had no significant antidepressant effects, as assessed by mean
Hamilton Depression Rating Scale (HAM-D) and Young Mania Rating Scale (YMRS)
scores [82]. A phase 11, open-label pilot study is currently exploring three dosing regimens
of dextromethorphan in MDD and TRD (NCT04226352).

Nuedexta is a related drug comprising dextromethorphan 20 mg and quinidine 10 mg and is
FDA approved for the treatment of pseudobulbar affect. The rationale for combining
dextromethorphan with quinidine is that quinidine is a potent inhibitor of the cytochrome
P450 2D6 isoform, which is the predominant metabolic pathway for dextromethorphan. Co-
administration yields significantly greater dextromethorphan plasma concentrations and
CNS bioavailability [83]. Nuedexta was also found to have antidepressant effects in a case
report describing a depressed patient with emotional lability [84]. In a retrospective chart
review of 77 participants with BD-11 or BD not otherwise specified (BD-NOS), adding
Nuedexta once or twice daily to a current medication regimen over 90 days significantly
improved Clinical Global Impression (CGI) scale scores [85]. Finally, a prospective, open-
label, 10-week, phase I1A clinical trial examined the tolerability and efficacy of Nuedexta in
20 participants with TRD, half of whom were receiving concomitant medications; the
investigators found that response and remission rates were 45% and 35%, respectively, as
measured by pre- and post-administration MADRS and Quick Inventory of Depressive
Symptomatology-Self Report (QIDS-SR) scores [86]. No active clinical trials are underway.

Another related agent is deudextromethorphan (AVP-786), an orally administered compound
formed by combining deuterated (d6)-dextromethorphan hydrobromide (to reduce first-pass
metabolism) and ultra-low-dose quinidine sulfate; it is a weak NMDA receptor antagonist. A
phase 11, 10-week, multi-center, randomized, double-blind, placebo-controlled, clinical trial
(NCT02153502) evaluated the efficacy, safety, and tolerability of AVP-786 as adjunctive
therapy in patients with TRD. The study was completed in 2016, but no results have been
posted. No additional studies for mood disorders are currently underway, and it appears that
AVP-786 is largely being pursued as a therapeutic option for the negative symptoms of
schizophrenia and for agitation in Alzheimer’s disease; it has received FDA Fast-Track
designation for the latter, and four phase Il trials are underway (NCT02446132;
NCT03393520; NCT02442765; NCT02442778).
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Finally, another related compound is AXS-05 (Axsome), a combination of
dextromethorphan and bupropion. The antidepressant efficacy of AXS-05, which has
received FDA Fast-Track designation for both TRD and agitation in Alzheimer’s disease, is
currently being explored in ongoing phase 11 clinical trials in TRD (NCT04019704;
NCT04039022; NCT02741791; NCT03495579). Initial results of a 6-week, double-blind,
bupropion-controlled, multi-center study in 80 participants with depression designed to
assess a primary safety endpoint found that oral AXS-05 as monotherapy was associated
with statistically significant mean reductions in MADRS total score [87]. At study endpoint
(Week 6), 47% of MDD participants taking AXS-05 had achieved remission compared with
16% taking bupropion. Statistically significant antidepressant effects were observed within 2
weeks of treatment. In addition, AXS-05 was not associated with serious adverse events,
including psychotomimetic symptoms. A subsequent phase 111 randomized, double-blind,
bupropion-controlled study of 312 adult TRD patients found no significant improvement at
the primary 6-week endpoint, though it did demonstrate significant improvement at earlier
time points (Week 1) [88]. Based on these results, a second phase 111 trial is being planned,
though no active efficacy trials are currently listed in ClinicalTrials.gov.

3.1.2 Dextromethadone (REL-1017)—REL-1017, an isomer of racemic methadone
(&-methadone), is a non-competitive NMDA receptor antagonist [89, 90]. The d-isomer of
methadone demonstrates primary activity at the NMDA receptor. It should be noted that
although it demonstrates much lower affinity to the mu and delta opioid receptors than the I-
isomer, abuse and dependence concerns persist. REL-1017 has demonstrated antidepressant
activity in animal models [90]. In human trials, after a small, phase I, open-label study found
that adjunctive use of REL-1017 effectively reduced pain in eight chronic pain sufferers
[91], REL-1017 was subsequently developed as a rapid-acting oral agent for the treatment of
depression as well as neuropathic pain; it subsequently received FDA Fast-Track designation
as an adjunctive treatment for MDD. A phase Il1A, multicenter, randomized, double-blind,
placebo-controlled clinical trial assessed the safety and efficacy of adjunctive-dose (either 25
mg or 50 mg daily for 2 weeks) REL-1017 in 62 participants with TRD. Within the first 4
days, participants in both the 25-mg and 50-mg treatment groups experienced statistically
significant and clinically meaningful improvements in depressive symptoms, as assessed via
the MADRS, CGlI-Severity (CGI-S), and CGI-Improvement (CGI-1) scales. These
improvements continued for the remainder of the 7-day treatment period and, interestingly,
improvements were sustained for an additional 7 days after participants were no longer
taking REL-1017 [92, 93]. While REL-1017 was well tolerated, and participants
experienced no psychotomimetic symptoms, as an enantiomer of the opioid methadone,
concerns persist about its abuse and dependence potential. A phase 111 trial is now underway
(NCT04688164).

3.1.3 Nitrous Oxide—Nitrous oxide is a non-competitive NMDA receptor antagonist
and an inhaled general anesthetic most often used in obstetrics or dentistry. In a placebo-
controlled, double-blind, crossover pilot study, 20 individuals with TRD received an hour of
adjunctive-use inhaled nitrous oxide (50% nitrous oxide and 50% oxygen) or placebo (50%
nitrogen and 50% oxygen) during two treatment sessions separated by 1 week [94]. As
assessed via the HAM-D, depressive symptoms improved within 2 h in response to nitrous
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oxide versus placebo, an effect that remained for 24 h; a median reduction of 5.5 points was
observed on the HAM-D. Transient side effects included anxiety, headache, and nausea/
vomiting. Several additional phase I and Il double-blind clinical trials are actively assessing
the efficacy and safety of nitrous oxide in MDD (NCT03283670; NCT03869736;
NCT03932825) as well as bipolar depression (NCT02757521) and suicide ideation
(NCT03736538), though none have yet posted results. Such studies should provide more
information regarding the rapidity of nitrous oxide’s antidepressant effects and its overall
feasibility as an RAAD, especially given that no studies have yet determined the safety and
efficacy of repeated doses of this agent.

3.1.4 AZD6765—The non-selective NMDA receptor channel blocker AZD6765
(lanicemine) is thought to have a mechanism of action similar to that of (/,S)-ketamine. It
was found to have promising, though modest, antidepressant effects in early clinical studies
[95]. A 3-week, placebo-controlled, phase Ilb trial of repeated-dose adjunctive lanicemine
(at daily doses of either 200 mg or 150 mg) in 34 participants with TRD then found that this
agent’s antidepressant effects were not rapid [96]. A larger (7= 302), 6-week, phase I1b
study of adjunctive repeated-dose lanicemine (50 mg and 100 mg) then found no separation
from placebo on primary endpoint measures [97], though this may have been due to a large
placebo effect (39%). As a result, clinical development was halted due to lack of efficacy
[97], and no active trials are underway. However, Bio-Haven Pharmaceuticals recently
licensed an orally available compound (BHV-5000) whose active metabolite is lanicemine.
The planned study intends to explore the efficacy of BHV-5000 for TRD, but these trials are
not yet underway [98].

3.2 Glycine Site Modulators

3.2.1 D-Cycloserine (DCS) and NRX-101—D-cycloserine (DCS) is a broad-spectrum
antibiotic that, at doses > 100 mg/day, also acts as a functional NMDA glycine site
modulator [99]. Like (R,S)-ketamine, DCS administration (1000 mg) in healthy volunteers
has been associated with acute (35 and 79-90 min) increases in Glx as measured by 1H-
MRS [100]. A small (= 22), 6-week, placebo-controlled, crossover study of adjunctive
DCS (250 mg/day) in individuals with TRD found that DCS reduced depressive symptoms,
but the high placebo response rate precluded separation from placebo [101]. A subsequent
double-blind, placebo-controlled, 6-week parallel group study enrolled 26 participants with
TRD and assessed the efficacy of escalating dose-adjunctive DCS, up to 1000 mg/day [102].
The investigators found that higher-dose DCS had significant antidepressant effects.
Specifically, DCS treatment significantly improved depressive symptoms as assessed by the
HAM-D (p = 0.005) and the Beck Depression Inventory (BDI) (p = 0.046), which were the
primary outcome measures. Fifty-four percent of the participants randomized to receive
high-dose DCS had > 50% reductions in their HAM-D scores by the end of the trial, though
this antidepressant response was not rapid.

An 8-week, open-label study then investigated adjunctive DCS (1000 mg/day) as a relapse
prevention strategy after six intravenous (~,S)-ketamine infusions in 12 individuals with
bipolar depression, only seven of whom completed the study [103]. With the exception of
the 2-week time point, depressive symptoms improved from baseline through Week 8, and a
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large effect size was seen at Day 1, comparable to the magnitude of improvement observed
24 h after administration of (R,S)-ketamine. Furthermore, four of the seven study completers
remained in remission after 8 weeks. Finally, a recent meta-analysis that included data
drawn from the studies described above found that high-dose (1000 mg/day), but not low-
dose (250 mg/day), DCS had acute antidepressant effects [46]. One ongoing placebo-
controlled study is also investigating the use of adjunctive DCS as an augmentation strategy
for repetitive transcranial magnetic stimulation (rTMS) (NCT03937596).

NRX-101 (DCS and the antipsychotic lurasidone, which has D2/5-HT2A receptor antagonist
activity) is a related compound used in a sequential treatment regimen comprising a single
dose of intravenous (R, S)-ketamine followed by an oral formulation of NRX-101. A recent
phase I1/111 trial in 22 individuals with BD and recent suicidal ideation randomized
participants to receive a single dose of (R,S)-ketamine; those who achieved response were
randomized to receive NRX-101 or lurasidone alone (NCT02974010). Participants in the
NRX-101 group had statistically significant reductions in both depression and suicidal
ideation scores and, furthermore, maintained stable remission from depressive symptoms
without recurrence of suicidality [104]. These promising preliminary results led the FDA to
award both Breakthrough Therapy and Fast-Track Therapy designation to NRX-101 for
suicide in bipolar depression. One ongoing investigation in participants with bipolar
depression is examining whether NRX-101 increases GlIx in the anterior cingulate cortex and
whether changes in Glx correlate with clinical treatment effects (NCT03402152). The
antidepressant efficacy of NRX-101 is also being investigated in phase Il trials of patients
with bipolar depression and suicidal ideation (NCT03396068; NCT03396601;
NCT03395392).

3.2.2 GLYX-13 (Rapastinel) and NRX-1074 (Apimostinel)—GLY X-13 (rapastinel)
is an NMDA glycine site partial agonist that is administered intravenously. A phase Ilb study
randomized 116 unmedicated inpatients with TRD to receive a single intravenous
administration of saline placebo or GLYX-13 as monotherapy (1 mg/kg, 5 mg/kg, 10 mg/kg,
or 30 mg/kg) over 3-15 min. One week post-administration, participants who received the 5
and 10 mg/kg doses of GLY X-13 had a significant antidepressant response, as assessed by
the HAM-D, compared with placebo [105]; antidepressant effects manifested within 2 h.
GLYX-13 infusion was not associated with psychotomimetic properties at any dose, nor
were any serious adverse events reported. GLY X-13 subsequently received both Fast-Track
and Breakthrough Therapy designations from the FDA for adjunctive treatment of MDD but,
disappointingly, did not meet primary or secondary endpoints in three large phase I1I trials
[106]. No active studies with this agent are presently underway.

NRX-1074 (apimostinel) is an orally available derivative of GLY X-13; although the
mechanism of action of these two agents is similar, NRX-1074 is orally active and appears
to be several thousand-fold more potent than GLY X-13 at the glycine site. It was developed
as an adjunctive therapy for TRD, appeared to be well tolerated, and did not cause
psychotomimetic symptoms [107]. An intravenous formulation of apimostinel has been
investigated in phase Il trials for MDD (NCT02067793), and an oral formulation has been
investigated in phase | trials of healthy volunteers (NCT02366364); however, while the
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studies have been completed, results have not yet been posted. No active studies with this
agent are presently listed on Clinical Trials.gov.

3.2.3 Sarcosine—Sarcosine is a glycine site modulator whose mechanism of action is
thought to depend on NMDA receptor modulation. A 6-week, double-blind, randomized,
citalopram-controlled phase 11 clinical trial examined the efficacy of sarcosine as
monotherapy in 40 individuals with MDD; the HAM-D, CGl, and global assessment of
functioning (GAF) rating scales were the primary outcome measures. Compared with those
treated with the SSRI citalopram, participants who received sarcosine had greater
improvements in depressive symptoms, as measured by all of the rating scales, and better
remission (65% vs 5% for sarcosine vs citalopram, respectively) and response rates (70% vs
20% for sarcosine vs citalopram, respectively) [108]. Sarcosine-treated patients were also
less likely to drop out of the study (30% vs 45% for sarcosine vs citalopram, respectively)
[108]. No significant side effects were reported. Presently, no active studies are investigating
sarcosine for the treatment of mood disorders.

3.2.4 4-Chlorokynurenine (AV-101)—4-Chlorokynurenine (4-CI-KYN), also known
as AV-101, is a novel prodrug that crosses the blood-brain barrier, where it is converted to 7-
chlorokynurenic acid (7-CI-KYNA), a potent and highly selective glycine site modulator.
This agent received FDA Fast-Track designation in 2018 for the adjunctive treatment of
MDD. However, a recent phase |1, double-blind, 2-week, placebo-controlled, crossover
study of 19 participants with TRD found that AV-101 monotherapy (either 1080 mg/day or
1440 mg/day) did not improve participants’ overall depressive symptoms (as assessed by
HAM-D total score) [109]. This study, which obtained CSF drug levels, found very low
levels of 7-CI-KYNA, suggesting that 4-CI-KYN did not convert to 7-CI-KYNA. Another
recent study explored potential mechanisms for this lack of conversion and found that co-
administration of probenecid with 4-CI-KYN led to dose-dependent increases in 7-Cl-
KYNA concentrations by as much as ~ 800-fold in the prefrontal cortex of rats, suggesting a
path forward for humans with depression [110]. In the aforementioned phase 11 trial, no
differences in any of the peripheral or central biological indices or in frequency of adverse
effects were observed at any time between groups [109]. A larger, multicenter, randomized,
placebo-controlled phase Il study recently examined the efficacy and safety of adjunctive
oral AV-101 in 180 participants with TRD concomitantly treated with either an SSRI or an
SNRI, with change in MADRS score as the primary outcome measure (NCT03078322); no
results have yet been posted.

3.3 Subunit (NR2B)-Specific NMDA Receptor Antagonists

3.3.1 CP-101,606 (Traxoprodil)—Traxoprodil (CP-101,606) acts as an NR2B subunit-
selective NMDA receptor antagonist. One placebo-controlled, double-blind, randomized
study investigated 30 individuals with TRD [111] who received 6 weeks of open-label
paroxetine followed by a single CP-101,606 infusion plus paroxetine 40 mg/day for 30 days.
Despite initially promising results, significant dissociative side effects were noted and
development of the compound was ultimately halted. No replication studies were conducted.
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3.3.2 Rislenemdaz (CERC-301/MK-0657)—Rislenemdaz (also known as CERC-301
and MK-0657) is an NR2B antagonist. The efficacy of orally administered rislenemdaz (4-8
mg/day for 12 days) monotherapy for TRD was assessed in a small, placebo-controlled,
double-blind, randomized, crossover pilot study [112]. Only five of the planned 21
participants completed the study, and no antidepressant efficacy over placebo was observed
on the primary outcome measure (MADRS score); however, improvement was observed
using other depression rating scales. A subsequent phase 11, 5-week trial explored the
antidepressant efficacy of adjunctive rislenemdaz 8 mg/day in 137 participants with TRD
and recent suicidal ideation. Although well tolerated, this agent had no significant
antidepressant effects compared with placebo, as assessed by the HAM-D [113]. No active
clinical trials are currently exploring the antidepressant efficacy of this agent.

3.4 mGIluR Modulators

3.4.1 Basimglurant—Basimglurant is an mGIuR5 negative allosteric modulator; while
they are not NMDA receptor modulators, mGIluRs can modulate glutamatergic function
outside of the NMDA receptor and AMPA receptor pathways. A phase Il, placebo-
controlled, randomized, multi-center trial investigated the antidepressant efficacy of
adjunctive, modified-release basimglurant (0.5 or 1.5 mg) versus adjunctive placebo in 333
individuals with TRD. The 9-week study included 6 weeks of double-blind treatment and 3
weeks of follow-up [114]. No significant difference was observed between the three groups
(adjunctive basimglurant 0.5 mg, adjunctive basimglurant 1.5 mg, or placebo) on change in
MADRS score (the primary endpoint), although potentially promising results were observed
on several of the exploratory secondary endpoints at 1.5 mg. No active studies are presently
investigating use of this agent for depression.

3.4.2 AZD2066—AZD2066 is an mGIuR5 negative allosteric modulator that has most
recently been investigated for pain-related conditions. A 6-week, randomized, phase |1 study
of 131 participants with MDD compared the efficacy of 12-18 mg/day of AZD2066
monotherapy with both placebo and the SNRI duloxetine (NCT01145755; results available
on ClinicalTrials.gov). No statistically significant differences were observed between the
three treatment arms with regard to the primary outcome measure (MADRS score),
antidepressant response, or remission. No active studies with AZD2066 for the treatment of
mood disorders are currently underway.

3.4.3 RG1578 (decoglurant) and TS-161—In preclinical studies, mGlu2/3 receptor
inhibition elicits rapid antidepressant effects that resemble (R, S)-ketamine’s effects in
rodents [115]. A recent phase |1, 6-week clinical trial of adjunctive-use RG1578
(decoglurant), a negative allosteric modulator of the mGlu2/3 receptor, in 357 MDD
individuals with partial TRD found no antidepressant response compared with placebo;
however, no measure of target engagement was included in this trial, so it cannot be
definitively concluded that the target was engaged [116]. Although both orthosteric and
allosteric mGlu2/3 receptor modulators have been shown to exert antidepressant effects, the
potency of allosteric modulators was found to be weaker than that of orthosteric antagonists
[117]. Currently, the potent and selective mGlu2/3 receptor orthosteric antagonist TS-161
has completed phase 1 (NCT03919409) trials in 70 healthy volunteers to evaluate its safety
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profile, tolerability, and pharmacokinetics. This agent is presently in phase 11 studies for
TRD at the NIMH.

3.5 Drugs in Early Development: CLE100, AGN-241751, EVT-101, and NV-5138

Other agents currently being explored for rapid-acting antidepressant efficacy in MDD are in
various stages of exploration. They include two NMDA receptor modulators—CLE100 and
AGN-241751—as well as the selective NMDA receptor NR2B antagonist EVT-101 and the
MTORC1 activator NV-5138.

In 2011, a phase 1l clinical trial for MDD of EVT-101 was terminated early due to a clinical
hold issued by the FDA (NCT01128452), and no results have been posted; no further
clinical trials for this agent are underway.

A randomized, double-blind, placebo-controlled phase 1A trial is currently exploring an oral
formulation of the NMDA receptor modulator CLE100 for adjunctive use in individuals with
TRD (NCT04103892), but no results have yet been posted.

The rapid-acting antidepressant efficacy of AGN-241751, believed to function as an orally
bioavailable small molecule NMDA receptor modulator and positive allosteric modulator
[118], is currently being studied in a double-blind, placebo-controlled, phase Il trial
(NCTO03726658) examining single-dose versus multiple-dose AGN-241751 as well as twice-
daily dosing, but results from the trial have not been posted. Another double-blind, placebo-
controlled, fixed-dose study in TRD (NCT03486427) was also recently completed, but
results are not yet available. Based on promising preliminary data, AGN-241751 received
FDA Fast-Track designation for TRD in July 2018.

Finally, although they do not technically encompass glutamate modulation, strategies are
also being developed to directly activate the intercellular mTORCL signaling cascade. As
noted above, mMTORCL has been implicated as a downstream pathway connecting glutamate
modulation with the induction of neuroplastic processes [32]. NV-5138, an analog of the
amino acid leucine, was developed as an mTORC1 activator and potential antidepressant
[119]. Animal models subsequently found that NV-5138 had rapid antidepressant effects
[120, 121]. In light of these promising preliminary results, human studies are currently under
consideration.

4 Challenges and Future Directions

As the evidence reviewed here demonstrates, the clinical pipeline for novel glutamatergic
treatments for mood disorders, though varied, is encouraging [98]. Nevertheless, it should
also be cautioned that despite the number of agents currently in the clinical pipeline, no
other glutamatergic modulators tested to date have shown the same rapid, robust, and
sustained antidepressant effects as (R, S)-ketamine and esketamine. Furthermore, none
appear to possess the breadth of (R, S)-ketamine’s therapeutic effects including its
antisuicidal properties, anti-anhedonic effects, and therapeutic potential in other disorders,
though certainly not all novel compounds have yet been investigated for these indications.
The failure to expand glutamatergic treatment strategies past (~,S)-ketamine underscores the
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complexity of the biological substrate of depression. It also bears noting that while this
manuscript has focused on glutamatergic mechanisms of antidepressant response, advances
in depression treatment are occurring with other molecular targets.

For instance, GABA modulation strategies, specifically GABA type A (GABA,) receptor-
positive allosteric modulators, have also yielded positive results. Brexanolone (Zulresso), a
neurosteroid derivative of allopregnanolone, acts as a positive allosteric modulator of
GABA receptor function [122]; in contrast to benzodiazepines, positive allosteric
modulators bind and trigger the GABA receptor to open more frequently or for longer
periods, but they do not work independently, requiring the presence of either GABA or a
GABA agonist [123]. Brexanolone’s mechanism of rapid antidepressant action is presently
unclear, but is thought to bind to both synaptic and extrasynaptic GABAp receptors, thus
increasing receptor functionality [124]. This agent, which is administered intravenously over
a period of 60 h, received FDA approval as the first drug specifically indicated for
postpartum depression (PPD) and was found to exert rapid (within 2.5 days) antidepressant
properties in a number of placebo-controlled, double-blind, randomized trials [125, 126].
Zuranolone (SAGE-217) is a next-generation GABA receptor enhancer with a
pharmacokinetic profile similar to that of brexanolone but intended for once-daily oral
dosing. Zuranolone has shown positive results in phase 1l [127] and phase 111 [128] trials.
Additional phase Il trials are underway for both MDD and PPD (NCT03864614;
NCT04442490; NCT04442503). Though contemporaneous findings of effective glutamate
and GABA modulating agents for depression may be coincidental, it is notable that the
interaction and balance between excitatory glutamate and inhibitory GABA in corticolimbic
systems has been implicated in the pathophysiology and treatment of depression [129, 130].

Overall, challenges remain for developing novel potential therapies. The recent failure of
several novel agents for MDD reviewed here (GLYX-13 is a particularly striking example)
deserves careful scrutiny by the scientific community as a whole, particularly with regard to
the overall importance of bench-to-bedside translational paradigms that lead from basic
science research to clinical trials. The fact that many of the agents reviewed above focused
on eliminating (R, S)-ketamine’s side effects and observed decreased antidepressant efficacy
as a result may help the field reconceptualize the challenging and complex processes
involved with drug discovery in psychiatry.

Furthermore, questions remain about the ideal outcome measures used in clinical trials to
evaluate RAADs [98], particularly as regards the best way to assess the rapid changes
observed in response to a variety of these compounds. Many outcome measures currently in
use—including the HAM-D and MADRS—were designed to measure change in symptoms
that occur over weeks to months rather than hours to days. For instance, changes in insomnia
or appetite cannot reasonably be assessed over a period of hours. Yet, most trials of RAADs
use these scales, suggesting that more accurate ways to capture the clinical effects of these
agents are needed. It is possible that identifying unidimensional constructs that can help
parse the heterogeneity of depressive symptoms will ultimately create more refined rating
scale scores to more successfully illuminate connections between specific symptoms and
underlying pathophysiology [131].

CNS Drugs. Author manuscript; available in PMC 2021 June 14.


https://clinicaltrials.gov/ct2/show/NCT03864614
https://clinicaltrials.gov/ct2/show/NCT04442490
https://clinicaltrials.gov/ct2/show/NCT04442503

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Henter et al. Page 15

Additional concerns include the broad heterogeneity of mood disorders and the fact that our
understanding of their pathophysiology remains incomplete. In this context, recruiting a
relatively homogeneous sample of participants for clinical trials may prove challenging. In
addition, placebo response rates are highly variable [132], difficult to predict, and can hinder
drug development. Wilkinson and Sanacora (2019) note that studies have attempted to
constrain the heterogeneity of participant samples in order to limit placebo response, often
by limiting participants to those with TRD [98]. As they point out, however, it is not clear
whether this strategy consistently limits placebo response, and little consensus exists on the
type of trial design that might limit placebo response rate. Finally, given that there may be
some sex-related differences in antidepressant efficacy and treatment response [133],
including with (R,S)-ketamine and other NMDA modulators, clinical trials exploring sex
differences are critical to establishing the potential therapeutic implications of this variable
and to developing novel therapeutics.

5 Conclusions

Significant challenges and low rates of success have historically been associated with drug
development in this area. In this context, we remain encouraged by this area of research
despite the sometimes mixed results described herein. Most fundamentally, the discovery of
(R,S5)-ketamine’s rapid and robust antidepressant effects ushered in a new era of paradigm-
shifting research focused on developing or repurposing older agents as new antidepressant
therapies that may be capable of working within hours or days versus weeks or months.
Notably, the FDA’s 2019 approval of esketamine for TRD and of brexanolone for PPD
marks the first time in 50 years that two antidepressants with distinct, novel mechanisms of
action have reached the market. Furthermore, as reviewed here, the current pipeline of
potential glutamatergic compounds for use in mood disorders is strong. Exploration of these
agents has shed valuable light on novel treatment avenues and advanced the ultimate goal of
developing much-needed, novel, rapid-acting, safe, and effective treatment options for the
millions of individuals worldwide suffering from mood disorders.
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Key Points

Many individuals with mood disorders do not respond to currently available
antidepressants.

Rapid reductions in depressive symptoms have been observed in response to
subanesthetic doses of the glutamatergic modulator (R, S)-ketamine in individuals with
mood disorders, which has prompted the investigation of other glutamatergic modulators.

This article reviews these novel glutamatergic agents, which are in various stages of
development.
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Proposed mechanisms of action of glutamatergic modulators and other putative rapid-acting
antidepressants. Disinhibition hypothesis: Racemic (R,S)-ketamine and esketamine
selectively block N-methyl-D-aspartate receptors (NMDARS). These are expressed on -
aminobutyric acid (GABA)-ergic inhibitory interneurons, and their blockade decreases
interneuron activity that, in turn, leads to disinhibition of pyramidal neurons and enhanced
glutamatergic firing. Glutamate then binds to and activates post-synaptic a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARS). /nhibition of
spontaneous NMDAR- mediated transmission. Alternatively, (R,S)-ketamine may induce
rapid brain-derived neurotrophic factor (BDNF) translation in the hippocampus, reduce
phosphorylation, and activate eukaryotic elongation factor 2 (eEF2). Ketamine may also
preferentially bind to NMDARs and affect neuronal NMDAR-mediating spontaneous
excitatory transmission, which at rest keeps eEF2 phosphorylated and inhibits BDNF
synaptic translation. De-suppression of BDNF translation then contributes to changes in
synaptic plasticity that mediate (R,S)-ketamine’s antidepressant effects. AMPAR activation
is also necessary for these effects. /nhibition of extra-synaptic NMDARs: Ketamine
selectively blocks extra-synaptic GluN2B-containing NMDARs, which are tonically
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activated by low levels of ambient glutamate regulated by the excitatory amino acid
transporter 2 (EAAT2) located on astrocytes. Inhibition of the extra-synaptic GIUN2B-
NMDARs de-suppresses mammalian target of rapamycin complex 1 (mTORC1) function,
which in turn induces protein synthesis. Blockade of spontaneous NMDAR activation
inhibits eEF2 kinase (eEF2K) activity, thus preventing phosphorylation of its eEF2 substrate.
This effect subsequently enhances BDNF translation and, ultimately, protein synthesis. 7he
role of ketamine metabolites: (2R,6 R)-hydroxynorketamine (HNK) exerts NMDAR
inhibition-independent antidepressant actions by activating AMPAR-mediated synaptic
potentiation. Other glutamatergic moadulators: Metabotropic glutamate receptor (mGIuR) 2/3
antagonists are thought to enhance synaptic glutamate levels, thereby boosting AMPAR
transmission and firing rates and extracellular monoamine levels. GLYX-13, which has
partial agonist properties at NMDARs, is hypothesized to activate mTORC and subsequently
induce protein synthesis. GLY X-13 requires AMPA and activity-dependent BDNF release
but, unlike (R,S)-ketamine, it does not produce glutamate bursts. AMPAR activation
enhances BDNF release, activates the tropomyosin receptor kinase B (TrkB) receptor, and
subsequently promotes protein synthesis by activating the mTORC complex. GABAsR
GABA type A receptor, GAD glutamate decarboxylase, G/u glutamate, SNARE soluble N-
ethylmaleimide-sensitive factor attachment protein receptor Adapted with permission from
Kadriu et al. [5]

CNS Drugs. Author manuscript; available in PMC 2021 June 14.



Page 27

Henter et al.

AdIA J0 Juswieal) aandun(pe oy suorjeubisap
(9707 Atenuer) Adelay] ybnolypeaig
pue (¥70Z YoJeIN) Yoell-1sed vad

uoissaidap Jejodiqg Ui apIoIns 1oy suoreubisap
(2707 Jaquimrdas) Adetay ) xoel] -1sed pue
(8102 JequienoN) Adessy L ybnosypiesig vad

(stoz
AInc) QY.L 4oy uoeubisap xoel L -ise4 a4

(2102 11dy) QAN 10y JudLIeas
announipe se uoneubisap oel] -1se4 a4

(2102 Arenigad) aseasip s, Jawiayz|y ui uonelbe
1o} pue @y Joy uorreuBisap soel] -1sed Va4

(STOZ J8qWaNON) 8SeasIp S, JaWIByz|y
ur uonenBe 1oy uoneubisap ol -1sed a4

(£T0Z 3unr) 108y Jeqingopnasd JO Juswiesly
10} jenoudde 03T {(0T0OZ 18G0100) 10844e
Jeqingopnasd 4o juawiealy 4oy panoidde a4

SUOITRDIPUI BWIES 3Y} J0j UoIUN
ueadoin3 ayy Aq panoidde osje {(6T0Z YoIeIN)
J01ABYSG/UOIIESPI [EPIJINS 8JNJE YNM Uolssaidap
Jofew Jo @Y1 ynum synpe 1oy panoidde a4

S[eLl) 8Aoe ON

111 pue | 8seyd

11 8seyd

111 pue || aseyd
11 8seyd

s[eLl aAnoe ON

11 pUe | aseyd

111 8seyd

111 8seyd

uoissaidap 10} sfeLs sAnoe
ou ‘s, Jawiayz|y 1o} ||| 8seyd

s[eLl aAnoe ON
11 3seyd
| aseyd
| aseyd

(A1 'pue ‘111 ‘11 8seyd) Butobuo

(A1 pue ‘11 ‘11 8seyd) _ButoBuo

111 pue || aseyd

saiprs paystjand oN

I PUE || 8seyd

sa1pms pa1ajdwiod oN
sa1pms pa1a|dwod oN

11 8seyd

11 8seyd

11 8seyd

sa1pms pa1ajdwiod oN

(pa1sod
10U S)Nsal) || pue | aseyd

11 8seyd
|1 pue | aseyd
sa1pms pa1ajdwos oN

11 pue | aseyd

panoidde-va4

91UIJO 3y} Ul Pasny

[¥€T ‘90T ‘s0T]

26E€S6EE0LON ‘T0996EE0.LON
‘89096€E0.LON 0TO¥.620.LON

SNLI
yum 965.£6€0.L0N [€0T-TOT]

L2¥98YE0.LON ‘85992/E01ON
Z68€0TY0LON
[26-56]

8£59€/E0LON ‘T25/G/20LON
‘G282E650.LON ‘9€/698E0LON
:029£8Z€0.LON :[v6]

9G¢TS0E0.LON

6/.G56V€0LON -T6/.T¥.20LON
:2206€0¥0LON 70L6TOV0.LON

¢0SESTCOLON

[98-v8]
26€92270.LON :[e8]
G/91/6€010N
7€280T70LON :[9/]

97¥9.¥70.LON ‘TZESEEYOLON
‘TYOYEYE0LON ¥0TZ8.Z0LON
‘€/¥SZPY0LON ‘6T8S8TE0.LON

‘T/8596€0.L0N ‘[19-66]

*>om.m_m:._._8_c__o
988 ‘[Ly—gv] Ul pamainey

(ET-XA1D) [sunsedey

TOT-XUN

(s2Q) suniasojoka-a

s1018InpOW YIS SUIIAID

TSLTYZ-NOV
007310

59,947V

9PIXO0 SNOJUN

(LT0T-13Y) suopeylswonxsq
(S0-SX V) awosxy

(98/-dAV) ueydioylawonxapnag
BIXapanN

ueyd.ioyawonxaq

(MINH) auiwelayouAxolpAH

(auiwrelaxe) aulwela-()

(suiweiaysa) auiwelad-(s)

auIweIaY-(Sy)
S1018/NPOLW 10308231 YYGWIN Peolg

S310N

$81pNn]s ualInd

sa1pn1s pajejdwio)

1N 40 80uaiajey

punodwo)

CNS Drugs. Author manuscript; available in PMC 2021 June 14.

uoissaidap 10} salpnis uewny ul siolejnpow d1bisreweIn|b |sAON

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript


http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT03965871
https://clinicaltrials.gov/ct2/show/NCT03185819
https://clinicaltrials.gov/ct2/show/NCT04425473
https://clinicaltrials.gov/ct2/show/NCT02782104
https://clinicaltrials.gov/ct2/show/NCT03434041
https://clinicaltrials.gov/ct2/show/NCT04338321
https://clinicaltrials.gov/ct2/show/NCT04476446
https://clinicaltrials.gov/ct2/show/NCT04108234
https://clinicaltrials.gov/ct2/show/NCT03977675
https://clinicaltrials.gov/ct2/show/NCT04226352
https://clinicaltrials.gov/ct2/show/NCT02153502
https://clinicaltrials.gov/ct2/show/NCT04019704
https://clinicaltrials.gov/ct2/show/NCT04039022
https://clinicaltrials.gov/ct2/show/NCT02741791
https://clinicaltrials.gov/ct2/show/NCT03495579
https://clinicaltrials.gov/ct2/show/NCT03051256
https://clinicaltrials.gov/ct2/show/NCT03283670
https://clinicaltrials.gov/ct2/show/NCT03869736
https://clinicaltrials.gov/ct2/show/NCT03932825
https://clinicaltrials.gov/ct2/show/NCT02757521
https://clinicaltrials.gov/ct2/show/NCT03736538
https://clinicaltrials.gov/ct2/show/NCT04103892
https://clinicaltrials.gov/ct2/show/NCT03726658
https://clinicaltrials.gov/ct2/show/NCT03486427
https://clinicaltrials.gov/ct2/show/NCT03937596
https://clinicaltrials.gov/ct2/show/NCT02974010
https://clinicaltrials.gov/ct2/show/NCT03396068
https://clinicaltrials.gov/ct2/show/NCT03396601
https://clinicaltrials.gov/ct2/show/NCT03395392

Page 28

Henter et al.

uoissaidap Juelsisal

-JusWIeal) 7/ ‘uoneInwWnsS oisubew [eluelosuRl) aAnnedal S/ ‘Brenedse-g-1AyIsW-N YGMN ‘[eUL [BO1UID [RUOIIBN DN ‘18pJosip aAissaldap Jofew gagpy ‘uonensiuiwpy Bniq pue pood SN v+

Bunsi

Ny e 10§ AOB'S|eLIL [BOI1UID 89S ‘BJ3Y 1S1| 0} SNOJSLINU 00} 3Je SUIWEY-(S &) 10} S1ON Butobuo

S193)48 Je|nasenolpled
Jenualod 01 anp paljey Juswdojaneqg

ploy [ealul|d
panssi-yad Ue 0} anp Af1ea payeulwa) [er |

(8102 Atenuer) A Joy Juawiessn
announipe se uoieubisap yoel] -1seq4 a4

dd.l 104 |1 8seyd
s[eLl} 8ANoe ON
s[eLi) 8Aoe ON

s[eLl} aAnoe ON

s[eLl} aAnoe ON

S[eLl) aAoe ON

s[eLl} 8Anoe ON

11 8seyd

S[eLl) aAoe ON

s[eLl} 8Anoe ON

(pa1sod 10U synsal) | aseyd
11 9seyd
11 8seyd
11 8seyd

11 8seyd

11 8seyd

sa1pms pa1a|dwos oN

11 8seyd
11 8seyd

(parsod
10U Synsal) || pue | aseyd

60¥6T6E0LON
[ot7]
GG/GPTTOLON
[y1]

[eTT ‘ZTT]

[tt1]

¢S¥8¢TT0LON

T9T-SL
(3ueun|Bo2sp) 8.5TOY
9902AzV

weinjbwiseg

sloje[npouwl §niow
(Tog-0430

12G90-MIN)) Zepwisudjsty
(909'T01-dD) I1poudoxel

(TOT-LA3) 11poudi|3

SisiuoBelue 10108231 VYAWN I1412305-(GZ8N) 1ungns

22€8.0€0.LON ‘[60T]
[sot]

79€99€Z0LON :€62.9020.LON

(T0T-V
INAM-1D-¥) auiuainuAMoiojyd-y

8UIS00JES

(720T-XHN) [8unsowidy

Sal10N

S$alpnjls uaiind

saipnis paje|dwio)

1N 40 30uaiayey

punodwo)

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

CNS Drugs. Author manuscript; available in PMC 2021 June 14.


https://clinicaltrials.gov/ct2/show/NCT02067793
https://clinicaltrials.gov/ct2/show/NCT02366364
https://clinicaltrials.gov/ct2/show/NCT03078322
https://clinicaltrials.gov/ct2/show/NCT01128452
https://clinicaltrials.gov/ct2/show/NCT01145755
https://clinicaltrials.gov/ct2/show/NCT03919409
http://ClinicalTrials.gov

	Abstract
	Overview: The Glutamate Receptor and its Role in Mood Disorders
	(R,S)-Ketamine, the Prototypical Glutamatergic Rapid-Acting Antidepressant, and Its Derivates: Esketamine, R-Ketamine, and Hydroxynorketamine (HNK)
	The Antidepressant Efficacy of Novel Glutamatergic Modulators
	Broad Glutamatergic Modulators
	Dextromethorphan, Nuedexta, Deudextromethorphan (AVP 786), and AXS-05 (Axsome)
	Dextromethadone (REL-1017)
	Nitrous Oxide
	AZD6765

	Glycine Site Modulators
	D-Cycloserine (DCS) and NRX-101
	GLYX-13 (Rapastinel) and NRX-1074 (Apimostinel)
	Sarcosine
	4-Chlorokynurenine (AV-101)

	Subunit (NR2B)-Specific NMDA Receptor Antagonists
	CP-101,606 (Traxoprodil)
	Rislenemdaz (CERC-301/MK-0657)

	mGluR Modulators
	Basimglurant
	AZD2066
	RG1578 (decoglurant) and TS-161

	Drugs in Early Development: CLE100, AGN-241751, EVT-101, and NV-5138

	Challenges and Future Directions
	Conclusions
	References
	Fig. 1
	Table 1

