
Vol.:(0123456789)

CNS Drugs 
https://doi.org/10.1007/s40263-024-01114-y

REVIEW ARTICLE

Glutamatergic Modulators for Major Depression from Theory 
to Clinical Use

Roger S. McIntyre1,2,3   · Rakesh Jain4,5 

Accepted: 22 July 2024 
© The Author(s) 2024

Abstract 
Major depressive disorder (MDD) is a chronic, burdensome, highly prevalent disease that is characterized by depressed 
mood and anhedonia. MDD is especially burdensome as approved monoamine antidepressant treatments have weeks-long 
delays before clinical benefit and low remission rates. In the past 2 decades, a promising target emerged to improve patient 
outcomes in depression treatment: glutamatergic signaling. This narrative review provides a high-level overview of glutamate 
signaling in synaptogenesis and neural plasticity and the implications of glutamate dysregulation in depression. Based on this 
preclinical evidence implicating glutamate in depression and the rapid improvement of depression with ketamine treatment 
in a proof-of-concept trial, a range of N-methyl-d-aspartate (NMDA)-targeted therapies have been investigated. While an 
array of treatments has been investigated in registered phase 2 or 3 clinical trials, the development of most of these agents 
has been discontinued. Multiple glutamate-targeted antidepressants are actively in development, and two are approved. Nasal 
administration of esketamine (Spravato®) was approved by the US Food and Drug Administration (FDA) in 2019 to treat 
adults with treatment-resistant depression and in 2020 for adults with MDD with acute suicidal ideation or behavior. Oral 
combination dextromethorphan–bupropion (AXS-05, Auvelity® extended-release tablet) was FDA approved in 2022 for the 
treatment of MDD in adults. These approvals bolster the importance of glutamate in depression and represent an exciting 
breakthrough in contemporary psychiatry, providing new avenues of treatment for patients as first-line therapy or with either 
poor response or unacceptable side effects to monoaminergic antidepressants.
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Glutamatergic Modulators for Major Depression

Plain Language Summary
Major depressive disorder (MDD) is a common disease 
defined by sadness and a loss of interest or pleasure in 
activities. Depression treatments include therapy and 
antidepressant medication. Most available antidepressants 
affect the same types of chemicals that communicate in the 
brain (neurotransmitters) called monoamines. Unfortunately, 
these medicines can take weeks to work for some people 
and many still have depression symptoms with treatment. 
To provide more treatment options, new medicines have 
been studied that impact a different neurotransmitter in 
the brain, that is, glutamate. Glutamate, the most abundant 
neurotransmitter, is important for the growth of new brain 
cell connections, and there are changes in glutamate in 
people with depression versus people without depression. 
In 2000, the first small study in people showed that 
ketamine, a medicine targeting glutamate, quickly improved 
depression symptoms. Safety risks, including dissociation 
and sedation, require supervised administration and 
management guidance. Since 2000, about 20 glutamate-
targeted medicines have been tested in human clinical trials. 
Two of these are approved as antidepressants. The medicine 
esketamine, which is inhaled up the nose at a clinic under 
medical supervision, is approved for the adjunctive treatment 
of people with MDD whose symptoms do not improve with 
other treatments or who have suicidal thoughts or actions 
(brand name Spravato®). The combination medicine 
dextromethorphan–bupropion is a swallowed tablet taken 
twice daily that is an approved monotherapy to treat adults 
with MDD (brand name Auvelity®). The approval of these 
drugs helps show the importance of glutamate in depression 
and provides more options for people with depression.

Key Points 

Most antidepressants that are currently available target 
monoamine neurotransmitters in the brain but take 
weeks to see clinical benefits, and many patients do not 
respond to these treatments

Since 2000, clinical trials have investigated 
antidepressants targeting a different neurotransmitter, 
glutamate

Two glutamate-targeted antidepressants, esketamine 
nasal spray and dextromethorphan–bupropion tablet, 
have now been approved to treat depression and 
have potential efficacy and safety advantages over 
monoamine-targeted antidepressants

1  Introduction

Major depressive disorder (MDD) is a highly prevalent 
disease, and depressive disorders have been a leading cause 
of chronic disease burden worldwide for the past 3 decades 
[1, 2]. MDD is characterized by core symptoms of frequent 
depressed mood and/or loss of interest or pleasure 
in activities (anhedonia), which causes meaningful 
distress or impairment [3]. Anhedonia is experienced 
by approximately 75% of people with depression and is 
reported to be one of the most bothersome symptoms [4, 
5]. MDD is accompanied by a range of other symptoms, is 
associated with comorbidities, and is a risk factor for both 
development and worsening of cardiovascular disease, 
metabolic disorders, diabetes, and substance use disorders 
[3, 6]. People with MDD are at a 20 times higher risk for 
suicide than the general population, with a higher suicide 
risk than most mental disorders, including schizophrenia 
and bipolar disorder [7, 8].

A principal goal in MDD treatment is to reach full 
remission and return to normal functioning, in which 
functional impairment at work and/or in the home has 
also resolved [9]. To this aim, treatment guidelines 
recommend shared decision-making with patients to select 
psychotherapy and/or pharmacotherapy, with a tailored 
approach for severe, recurrent, or persistent MDD [10–12].

The majority of currently approved antidepressants 
directly modulate monoamine pathways [13, 14]. 
Depression is especially burdensome due to the low 
rates of remission associated with current monoamine 
antidepressant treatments [15, 16]. Unfortunately, while 
mechanistically distinct treatment options are available, 
including monoamine oxidase inhibitors (MAOIs), tricyclic 
antidepressants (TCAs), selective serotonin reuptake 
inhibitors (SSRIs), serotonin–norepinephrine reuptake 
inhibitors (SNRIs), and atypical antidepressants (e.g., 
bupropion, mirtazapine), inadequate or partial response is 
still common in MDD treatment [13, 14, 17]. In a recent 
reanalysis of the pivotal STAR*D trial, 41% (1261/3110 
patients) of patients with MDD treated with a first-line SSRI 
responded and 70% (2172/3110) did not achieve remission 
[18]. In patients who underwent multiple rounds of therapy, 
the probability of response or remission decreased with 
subsequent treatments, with only 21% response (22/106) 
and 10% remission (11/106) by the fourth therapy option 
[18]. This incomplete response reflects the neurobiological 
heterogeneity of depression, inviting the need for alternative 
therapeutics that target non-monoaminergic systems. While 
a variety of peripheral biomarkers, such as C-reactive protein 
and inflammatory markers, are under investigation to assist 
in treatment selection, they are not yet validated or used in 
widespread clinical practice [19, 20].
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The burden of depression is compounded, as current 
monoamine-targeted agents have weeks-long to months-
long delays between the increase in monoamine levels and 
the onset of therapeutic benefits [15, 21]. In patients who 
do achieve relief of depression symptoms, between 25 and 
60% experience recurrence of depression [22, 23]. High 
relapse rates correlate with increased public health burden, 
hospitalization, and costs [24]. Additionally, patients 
treated with antidepressants often do not have significant 
improvements in quality of life, which does not return 
to normal for most people, even in those experiencing 
improvements in depression symptoms [25–27]. These 
efficacy limitations with monoamine antidepressants 
may also demoralize patients and contribute to the 
increased risk of suicide in people with depression [8]. 
Demoralization increases the risk of suicidal ideation or 
behavior, which may be associated with dysregulation in 
the hypothalamic–pituitary–adrenal axis that regulates the 
stress response [28, 29].

The unmet need with monoamine therapies is further 
highlighted as approximately 30% of patients undergoing 
pharmacotherapy for MDD have treatment-resistant 
depression (TRD) [17, 30]. A universal definition for 
TRD is not accepted, but TRD is commonly defined as a 
failure to respond or achieve remission after two or more 
mechanistically dissimilar antidepressants [9, 17]. In clinical 
practice, these mechanistically dissimilar antidepressants 
likely both target monoamine pathways, as most available 
antidepressants target monoamines [21]. The central nervous 
system can adapt to sequential monoamine antidepressant 
exposure via acquired or oppositional tolerance, which 
may contribute to resistance [31, 32]. This population 
has substantially lower quality of life and more activity 
impairment than people with MDD who respond to 
treatment [30, 33].

Real-world long-term use of current monoaminergic 
treatments for depression is complicated by low 
adherence rates: approximately half of people prescribed 
antidepressants discontinue treatment within 3 months [34]. 
This low adherence may be impacted not only by slow or 
incomplete response but also by adverse side effect profiles. 
Common side effects with SSRIs or SNRIs include increased 
risk of hyponatremia, gastrointestinal side effects, and sexual 
side effects, while TCAs are associated with weight gain, 
sedation, orthostatic hypotension, sexual dysfunction, 
and anticholinergic effects [35]. Additionally, adherence 
to antidepressants may be negatively impacted by high 
medication costs, as evidenced by improved adherence with 
generic antidepressants with lower out-of-pocket cost [36].

In an effort to overcome slow or inadequate response 
and tolerability issues and improve patient outcomes, new 
antidepressant targets have been under investigation, with a 
heavy emphasis on receptors and downstream antidepressant 

effects [21]. One promising target investigated for the past 2 
decades for depression treatment is glutamatergic signaling, 
which plays a vital role in the release of neurotrophic factors 
and neuroplasticity [14, 21]. Neuroplasticity allows for 
learning and memory and is essential for neuronal systems 
to adapt to environmental stimuli and tailor appropriate 
responses [37].

This narrative review aims to summarize the current 
theory of glutamate in MDD and its validity as a therapeutic 
target. It then provides a historical perspective on glutamate-
targeted agents investigated for MDD or TRD thus far, with 
an emphasis on AXS-05 [dextromethorphan–bupropion 
(Auvelity® extended-release tablet)], the only oral approved 
N-methyl-d-aspartate (NMDA) receptor antagonist and 
monoamine modulator for the treatment of MDD in adults.

2 � Glutamate Signaling

Glutamate signaling plays a complex role in synaptogenesis 
and neural plasticity and is reviewed briefly here (Niciu 
et al. [38] provides an in-depth review of glutamatergic 
neurotransmission). While glutamate was known to 
be present in the central nervous system, it was not 
acknowledged as a true neurotransmitter until 1984 [38, 
39]. Since then, glutamate has been established as the major 
excitatory neurotransmitter of the nervous system, mediating 
fast excitatory transmission in the brain [40, 41]. Glutamate 
is both the most common amino acid in the brain [39] and 
the most abundant neurochemical agonist in the central 
nervous system [38]. Glutamate signaling involves not only 
traditional presynaptic to postsynaptic transmission but 
also recycling and regulation of glutamate by glial cells via 
excitatory amino acid transporters (Fig. 1) [38]. Vesicular 
glutamate transporters package presynaptic glutamate into 
vesicles within the neuron prior to release into the synaptic 
cleft [38].

Receptors in the glutamate signaling cascade include 
ionotropic receptors (which act quickly, opening upon 
agonist binding and enable ion flow) and metabotropic 
receptors (which are G-protein-coupled receptors that help 
modulate synaptic activity and plasticity over a longer 
timescale) (Fig.  1) [14, 38]. These receptor types are 
complex with a broad range of effects and downstream 
targets [13].

The ionotropic multi-subunit NMDA receptor has the 
highest affinity for glutamate [38] (Hanson et  al. [42] 
provide a review of the therapeutic implications of the 
NMDA receptor’s structure, functional diversity, and 
expression). The NMDA receptor is tightly regulated, 
requiring glutamate and glycine co-agonists for activation 
[13, 38]. Upon activation, the NMDA receptor ion channel 
is no longer blocked by the voltage-dependent pore blocker 
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Mg2+, allowing for the influx of Ca2+ and Na+ cations 
into the postsynaptic neuron [38]. This influx of calcium 
can trigger multiple signaling cascades that promote cell 
survival and growth, including the phosphoinositide 3 
kinase–protein kinase B (PI3K-AkT) pathway, mammalian 
target of rapamycin (mTOR) pathway, and brain-derived 
neurotrophic factor (BDNF) release (Fig. 1) [43, 44].

The mTOR pathway regulates protein translation and 
synaptic plasticity. mTOR is inhibited by tuberous sclerosis 
complexes and may be activated when PI3K–AkT or 
extracellular signal-regulated kinases (ERK) inhibit these 
complexes [45]. mTOR interacts downstream with ribosomal 
protein S6 kinases, which regulate protein biosynthesis by 
inhibiting phosphorylation of eukaryotic elongation factor 
2 (eEF2), allowing for protein translation [45]. mTOR 
activation thus increases the expression of synaptic proteins 
vital for the formation, maturation, and function of synaptic 
spines and can lead to increases in the density of dendritic 
spines [44–47]. Additionally, mTOR processes impact 
behavioral plasticity, cognition, and neuronal excitability and 
survival [48]. BDNF is particularly important in the survival 
of neurons in adult brains and in synaptic plasticity [37]. 

Binding of BDNF to tropomyosin receptor kinase B (TrkB) 
receptors enhances neuronal survival, synaptogenesis, and 
plasticity and further activates kinase pathways to increase 
mTOR signaling [44, 49].

The α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) receptor (AMPAR) is also a multi-unit 
ionotropic receptor that is widely expressed in the central 
nervous system [38]. Glutamate has a lower affinity for 
ionotropic AMPARs than for NMDA receptors, which 
results in quicker inactivation of AMPARs than of NMDA 
receptors [38]. Activation of the AMPAR results in changes 
in AMPAR trafficking and localization within the cell, 
which can lead to long-term potentiation [40]. Additionally, 
activation of AMPAR by glutamate activates calcium 
channels and triggers the mTOR pathway (Fig. 1) [46].

Metabotropic glutamate receptors (mGluRs) trigger 
downstream effects by recruiting and activating G-proteins 
[38]. Glial cells can express mGluRs, in addition to 
metabolizing glutamate to glutamine and releasing the 
NMDA receptor co-agonist d-serine [50]. mGluRs are often 
located outside of the synapses on neurons and glia, but 
they can still modulate synaptic activity and plasticity [38]. 

Glial cell

Presynaptic 
neuron

Postsynaptic 
neuron

GluGln
Glutamine
synthase

Gln

Glu
Glutaminase

vGlut

AMPARNMDARTrkB

mTOR

NMDAR

P

eEF2P

Gln
transporter

ERK Akt

EAAT

X

Fig. 1   Glutamate signaling in neuroplasticity and synaptogenesis. 
Akt protein kinase B, AMPAR α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor, BDNF brain-derived neurotrophic 
factor, EAAT​ excitatory amino acid transporter, EF2 eukaryotic 
elongation factor 2, ERK extracellular signal-regulated kinases, Gln 
glutamine, Glu glutamate, mGluR metabotropic glutamate receptor, 
mTOR mammalian target of rapamycin, NMDAR N-methyl-d-

aspartate receptor, P phosphorylated, TrkB tropomyosin receptor 
kinase B, vGLUT vesicular glutamate transporter.  Modified 
from Lener et  al. 2017 [162] and Henter et  al. 2021 [14]. Figure 
illustration elements modified from Servier Medical Art (2022) by 
Servier (https://​smart.​servi​er.​com, used under a Creative Commons 
Attribution 4.0 License)

https://smart.servier.com
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Both ionotropic and metabotropic receptors interact with 
postsynaptic scaffolding proteins, including postsynaptic 
density protein of 95 kDA (PSD-95), which mechanically 
stabilizes synapses [38]. γ-Aminobutyric acid (GABA) 
is the major inhibitory neurotransmitter and is essential 
to balance excitatory glutamate neurotransmission [51]. 
Excessive glycine, which can be released by both glial cells 
and glutamatergic neurons, can induce NMDA receptor 
endocytosis and depress NMDA receptor response [52].

3 � Glutamate Dysregulation in Depression

A preclinical study in 1990 first indicated that NMDA 
receptor antagonists mimicked the clinical effects of 
antidepressants in murine models, leading to the glutamate 
hypothesis of depression [53]. Subsequent animal models 
have further supported that glutamatergic dysfunction plays 
a role in the mechanism of depression [54–56].

Chronic stress models in rodents are used to understand 
how the brain translates stress into depressive-like symptoms 
and physical changes in brain structure [51, 57]. Under 
chronic stress, neurons have impaired synaptic number and 
function as well as diminished plasticity, which increases 
susceptibility to depression [44]. The synaptic alterations 
from chronic stress may include loss of mature spines and 
synaptic connections [57]. Altered synaptic structure has 
been observed in people with depression [44]. In a rodent 
model, upon treatment with the NMDA receptor antagonist 
ketamine, synaptic protein expression was rapidly restored, 
reversing structural and functional deficits within 24 h [57]. 
Stress and depression can also dysregulate GABA function, 
which causes imbalances between excitatory and inhibitory 
activity [51].

BDNF signaling, downstream of glutamate activation 
of AMPAR, is decreased in the brains of people with 
depression [14, 37]. Traditional antidepressants slowly 
induce BDNF expression, which enhances synaptic 
plasticity and subsequent symptom response [37]. Rodent 
models support the importance of AMPAR activation and 
increased BDNF as essential for depression improvement 
with ketamine, as antidepressant effects are not observed 
if BDNF is neutralized or AMPAR inhibited [58, 59]. 
BDNF also plays a role in anxiety, schizophrenia, and other 
neurodegenerative disorders; a detailed summary of BDNF 
in antidepressant treatments is reviewed elsewhere [49].

Human imaging and tissue studies confirm there 
are changes in the glutamatergic system in people with 
depression. Positron emission tomography (PET) imaging 
studies and postmortem tissue analyses have revealed 
abnormalities in NMDA receptor and mGluR subunit/protein 
expression in the prefrontal cortex in patients with MDD 
[60, 61]. Additionally, a meta-analysis of proton magnetic 

resonance spectroscopy neuroimaging studies found 
decreased glutamatergic metabolite concentrations in the 
medial frontal cortex of people with depression compared 
with healthy people [62]. Glutamatergic dysregulation in 
MDD is also reflected by a significant (P = 8.5 × 10−5) 
elevation in blood glutamate levels in people with MDD 
[63].

The fundamental role of glutamatergic signaling in 
depression in humans was clinically supported in 2000 in the 
first small (N = 7), placebo-controlled, double-blind clinical 
trial of ketamine that demonstrated significant (P ≤ 0.001 
at 72 h), rapid improvement in major depression symptoms 
compared with placebo [64]. The mechanism underlying 
this rapid action has been heavily investigated in preclinical 
models [65]. As a high-affinity NMDA receptor antagonist, 
it is theorized that ketamine treatment creates a surge of 
presynaptic glutamate release that then activates AMPARs; 
activation of AMPARs starts an intracellular signaling 
cascade that increases BDNF and mTOR activation, 
promoting neuronal recovery (Fig. 1) [66]. Clinically, a 
wide range of imaging studies, predominantly functional 
magnetic resonance imaging, have confirmed that ketamine 
treatment is associated with alterations within and between 
intrinsic connectivity networks implicated in depression, as 
reviewed in detail in Demchenko et al. [67]. The discovery of 
ketamine’s antidepressant activity led to further investigation 
of glutamatergic compounds that act via NMDA receptor 
antagonism or agonism.

4 � Glutamatergic‑Targeted Therapies

Here, we provide a brief historical perspective of NMDA-
targeted therapies for depression, focusing on treatments 
that progressed into phase 3 clinical trials (Fig.  2). 
While a systematic literature search was not conducted, 
a methodical search was conducted of registered clinical 
trials on clinicaltrials.gov to document phase 2 and 3 
trials for glutamate-targeted agents in MDD or TRD 
(except ketamine, which has been reviewed elsewhere). 
Subsequently, each NCT number was used as a search term 
for peer-reviewed study results using PubMed and Google 
Scholar. In the absence of peer-reviewed literature, study 
results were compiled from clinicaltrials.gov or any relevant 
industry press releases, where available. All trials included 
are documented in Online Resource 1, Supplementary 
Table 1.

4.1 � Historical Perspective

The first and perhaps most widely investigated NMDA 
antagonist for depression is ketamine; the historical 
perspective of ketamine in depression treatment is reviewed 
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elsewhere [68–70]. Currently, off-label intravenous ketamine 
may provide rapid relief of symptoms in TRD and has been 
shown to be noninferior to electroconvulsive therapy; 
however, safety concerns require supervised administration 
[66, 71]. The most notable adverse events with ketamine 
are psychiatric events of dissociation, derealization, 
depersonalization, and perceptual disturbances [66]. Other 
adverse events with ketamine include dizziness, drowsiness, 
increased heart rate and blood pressure, and lower-urinary-
tract symptoms [66]. In TRD, the effectiveness of ketamine 
does not decline with repeated treatment, although 
effectiveness varies in clinical practice [72, 73], and there 
is insufficient evidence on its long-term efficacy and 
tolerability [66]. The bioavailability of ketamine is highest 

with intravenous administration, and it is the most widely 
researched formulation for the acute treatment of depression 
[66]. While there have been fewer studies investigating 
intramuscular, oral, or subcutaneous ketamine formulations, 
initial evidence is suggestive of efficacy and safety when 
used under close medical supervision [74–77]. Ketamine, a 
dissociative anesthetic, is a Schedule III non-narcotic agent 
in the United States under the Controlled Substances Act, 
creating an additional burden to accessing it for treatment 
of depression [66]. Criticisms of the current clinical use of 
ketamine include limited and mixed data on repeated long-
term ketamine administration, including how to maintain 
long-term response or remission, potential adverse events 
over time (e.g., changes in cognition or memory, urinary 
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Fig. 2   Timeline of registered trials of glutamate-targeted drugs for 
treatment of depressiona. aFigure includes phase 2, 3, and 4 trials 
registered on ClinicalTrials.gov for the treatment of MDD or TRD 
as detailed in Online Resource 1, Supplementary Table  1. bThe 
first placebo-controlled, double-blind trial of ketamine in seven 
people with depression, conducted in 2000, was not registered on 
ClinicalTrials.gov [64]. cIntranasal esketamine is approved by the 
FDA, TPD, EMA, and TGA as an adjunctive treatment for TRD 

and/or for MDD with suicidal ideation/behavior or psychiatric 
emergency. dAXS-05 is approved to treat MDD in adults by the 
FDA. EMA European Medicines Agency, FDA US Food and Drug 
Administration, MDD major depressive disorder, NMDA N-methyl 
d-aspartate, TGA​ Australia’s Therapeutic Goods Administration, TPD 
Canada’s Therapeutic Products Directorate, TRD treatment-resistant 
depression
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tract symptoms), and strategies to successfully transition 
off treatment [78, 79]. Additionally, unregulated off-label 
clinics administering ketamine may not abide by clinical 
recommendations [80].

The efficacy of ketamine was foundational to the 
glutamate hypothesis of depression and began a wave of 
investigations into NMDA-targeted therapies (Fig. 2) [69]. 
In the 2 years after the publication of proof of principle 
with ketamine, registered clinical trials were initiated 
investigating the oral therapies riluzole and memantine, 
which were initially developed for other indications (Fig. 2). 
Riluzole was US Food and Drug Administration (FDA) 
approved to treat amyotrophic lateral sclerosis in 1994 
and is approved for this indication by multiple regulatory 
agencies [Canada’s Therapeutic Products Directorate 
(TPD), European Medicines Agency (EMA), Australia’s 
Therapeutic Goods Administration (TGA)] [81–83]. 
Riluzole can inhibit the release of presynaptic glutamate 
and interact with ionotropic receptors [84]. While initial 
studies indicated preliminary antidepressant effects, 
double-blind trials in MDD had inconsistent findings [84]. 
A 2020 systematic review and meta-analysis found no 
significant antidepressant activity with riluzole compared 
with placebo [85]. Memantine is a low- to moderate-affinity 
uncompetitive NMDA receptor antagonist that is approved as 
a symptomatic treatment for Alzheimer’s disease dementia 
by the FDA, TPD, EMA, TGA, and Japan’s Pharmaceuticals 
and Medical Devices Agency (PMDA) [86–88]. In a meta-
analysis of 11 double-blind, randomized controlled trials 
(RCTs) investigating memantine for depression treatment, 
memantine improved depression symptoms; however, 
the effect size was small, and there was no significant 
improvement in response or remission [89]. It has been 
theorized that the inconsistent antidepressant effects with 
memantine may be due to its low trapping within NMDA 
receptors [90]. Neither riluzole nor memantine has ongoing 
clinical trials for depression treatment.

Despite these early failures, several unique glutamate-
targeting antidepressant agents were subsequently 
investigated (Fig. 2); unfortunately, many did not progress 
past phase 2 clinical development. A single phase 2 RCT 
conducted from 2004 to 2005 (NCT00163059) investigated 
the efficacy of traxoprodil (an NMDA receptor NR2B 
subunit antagonist) to treat treatment-refractory MDD, but 
results were not reported, and no subsequent studies were 
conducted [91]. Another NMDA receptor N2B subunit 
antagonist, EVT 101 [92], was investigated in one phase 
2 RCT (NCT01128452) that was terminated early due to a 
clinical hold issued by the FDA, with no results reported. 
An initial phase 2 trial (NCT00809562) indicated that 
basimglurant (an mGlu5-negative allosteric modulator) was 
well tolerated in people with TRD, but formal results were 
not published. In a phase 2 study, adjunctive basimglurant 

to treat MDD (NCT01437657) did not meet its primary 
efficacy endpoint, and development was discontinued [93].

Efficacy results were mixed in four phase 2 trials 
investigating the efficacy of lanicemine, a low-trapping 
NMDA channel blocker, to treat MDD [94]. Two phase 
2 trials demonstrated rapid, significant improvement 
with lanicemine compared with placebo in people with 
treatment-resistant MDD [NCT00986479, P < 0.001 150 
mg lanicemine versus placebo (N = 22 crossover design)] 
[95] or moderate to severe MDD with a history of poor 
response [NCT00781742, P < 0.01 for 100 mg lanicemine 
(n = 51) versus placebo (n = 50), P < 0.05 for 150 mg 
lanicemine (n = 51) versus placebo] [94]. However, in the 
other two studies, there was not significant improvement 
with lanicemine compared with placebo at 24 h in people 
with treatment-resistant MDD (NCT00491686) [94] nor 
at week 6 in people with MDD and inadequate response 
(NCT01482221).

Multiple clinical trial programs of NMDA receptor-
targeted antidepressants have also been initiated and 
eventually discontinued in the past decade (Fig.  2). 
Adjunctive rislenemdaz (an NMDA receptor subunit 2B 
antagonist) did not demonstrate efficacy on the primary 
efficacy endpoint in two phase 2 RCTs in people with 
severe depression and recent active suicidal ideation 
(NCT01941043) [96] or MDD with a history of inadequate 
response (NCT02459236) [97]. Similarly, in two phase 2 
trials, AV-101 (an NMDA receptor antagonist at the glycine 
site) did not meet the primary efficacy endpoint, with no 
differentiation versus placebo as adjunctive treatment 
in MDD (NCT03078322) [98] or monotherapy in TRD 
(NCT02484456) [99]. The oral NMDA receptor positive 
allosteric modulator zelquistinel (AGN-241751, GATE-251) 
[100] was investigated in a phase 1/2 trial (NCT03726658) 
and a phase 2 trial (NCT03586427) for the treatment of 
MDD, but the studies did not meet their primary efficacy 
endpoints.

Rapastinel (GLYX-13), an intravenously administered 
partial agonist of the NMDA receptor glycine binding 
site, reached phase 3 clinical studies for depression [101]. 
An early proof-of-concept study indicated there was a 
significant antidepressant response in people with TRD, 
within 2 h with rapastinel treatment [P < 0.05 at day 7 for 
5 mg/kg (n = 20) and 10 mg/kg (n = 17) versus placebo (n 
= 33)] [101]. However, in three subsequent large phase 3 
clinical trials, while adjunctive rapastinel was well tolerated, 
it did not reach the primary or key secondary endpoints 
[102]. A derivative of rapastinel, apimostinel (NRX-1074, 
AGN-241660), which has more potent binding at the 
NMDA receptor glycine site, was investigated for depression 
treatment in phase 1 and 2 clinical trials from 2014 to 2015 
[14]. Results of these studies have not been published; 
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however, a recent phase 1 trial (NCT05597241) indicates 
apimostinel development may be resuming.

Dextromethorphan, an approved over-the-counter 
antitussive, is an uncompetitive NMDA receptor antagonist 
and sigma-1 receptor agonist that has been evaluated 
in several formulations as an antidepressant [103, 104]. 
Additionally, dextromethorphan inhibits serotonin reuptake, 
which may also contribute to antidepressant effects [104]. 
Preclinical mouse models established a statistically 
significant improvement in depressive-like behavior with 
dextromethorphan treatment, prompting further investigation 
[104]. Dextromethorphan has activity at similar receptors as 
ketamine, and in vitro assays indicate that dextromethorphan 
has higher NMDA receptor antagonist activity and higher 
potency for sigma-1 than ketamine [21]. Unfortunately, 
dextromethorphan is metabolized quickly by the cytochrome 
P450 liver enzyme CYP2D6, which precludes therapeutic 
plasma levels with oral administration [21, 105].

To improve the bioavailability of dextromethorphan, 
it has been investigated in conjunction with quinidine, a 
potent inhibitor of cytochrome P450 2D6 that prevents the 
metabolic degradation of dextromethorphan into dextrorphan 
[105]. Nuedexta® is a commercially available combination 
of dextromethorphan (20 mg) and quinidine (10 mg) that 
is FDA approved to treat pseudobulbar affect [106]. In a 
small, open-label phase 2A study in 20 patients with TRD, 
oral dextromethorphan (45 mg)–quinidine (10 mg) improved 
depression symptoms from baseline, with 45% response and 
35% remission rates, although the open-label design and lack 
of a control arm limit interpretation of the results [107]. 
Subsequently, no registered clinical trials have investigated 
Nuedexta® or any other dextromethorphan-quinidine 
combination in MDD or TRD. Deudextromethorphan 
(AVP-786), a similar weak NMDA receptor antagonist 
combination of deuterated dextromethorphan and quinidine, 
was investigated in a 2016 phase 2 study for treatment of 
MDD (NCT02153502); however, the sponsor reported that 
it halted development of this agent in depression because 
results of the phase 2 trial did not provide sufficient evidence 
of efficacy to justify continued development [142]. The only 
FDA-approved oral NMDA-targeted drug for depression is 
combination dextromethorphan–bupropion, discussed in 
more detail below [103].

In light of the negative trials with many glutamate-
targeted agents, criticisms have arisen indicating that 
complementary or alternative pathways may be responsible 
for the antidepressant effects of NMDA-targeted agents 
[108]. Mechanistic studies to understand the therapeutic 
effects of glutamate-targeted agents currently in use will 
inform development of future antidepressant agents. For 
example, a 2018 small (N = 12) double-blind, crossover 
study in patients with TRD suggested that ketamine’s acute 

antidepressant effects require opioid system activation [109], 
highlighting another consideration in drug development.

4.2 � Ongoing Clinical Candidates

Clinical trials are ongoing for two new potential NMDA 
receptor-antagonist antidepressants, esmethadone and 
MIJ821 (Table 1). Esmethadone (REL-1017, d-methadone), 
the opioid inactive (S)-enantiomer of methadone, is an 
uncompetitive NMDA receptor antagonist oral treatment 
that is currently in phase 3 clinical trials [90]. Esmethadone 
has low NMDA receptor affinity, demonstrates ketamine-
like trapping in the NMDA receptor channel pore, and can 
undock from the NMDA receptor in the open conformation 
[90]. In phase 1 and 2 trials establishing preliminary safety 
and efficacy, esmethadone did not induce ketamine-like 
dissociation or opioid-like euphoria [90]. Additionally, there 
was no evidence of withdrawal upon abrupt discontinuation 
of 10 days of esmethadone treatment in a multiple ascending 
dose trial [90]. In two RCTs evaluating abuse potential in 
recreational drug users, esmethadone had no meaningful 
abuse potential, with significantly lower (P < 0.001) drug-
liking scores than oxycodone or ketamine at up to six times 
the therapeutic dose [90].

A phase 2 randomized, double-blind, placebo-controlled 
7-day trial (NCT03051256) showed a favorable safety and 
tolerability profile of esmethadone in adults with MDD and 
inadequate response. While the study was not powered for 
efficacy detection, there were improvements in depression 
symptoms with esmethadone 25 mg or 50 mg compared 
with placebo by day 4, which continued through day 
14 follow-up (Table 1) [110]. Preliminary results from a 
1-year open-label study of adjunctive esmethadone to treat 
MDD (NCT04855760, RELIANCE-OLS) were publicized 
via press release, reporting favorable tolerability, a 77.2% 
response rate (44/57 patients), and a 54.4% remission 
rate (31/57 patients) at month 12 in previously untreated 
participants (Table 1) [111]. However, two phase 3 double-
blind placebo-controlled clinical trials investigating 
esmethadone as monotherapy (NCT05081167; RELIANCE-
III) or adjunctive therapy (NCT04688164; RELIANCE-I) 
completed in 2022 did not meet their primary efficacy 
endpoints (Table 1) [112, 113]. In 2022, esmethadone as 
monotherapy for MDD was granted Fast Track designation 
by the FDA [114]; clinical development is ongoing, with 
two double-blind phase 3 RCTs of adjunctive esmethadone 
in MDD recruiting (NCT04855747; NCT06011577).

The other NMDA receptor antagonist in ongoing clinical 
development is MIJ821 (onfasprodil), which is being 
investigated for administration via intravenous infusion or 
subcutaneous injection [115]. MIJ821 is a potent, selective, 
reversible NR2B-NMDA negative allosteric modulator 
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[116]. While earlier in development than other compounds 
discussed, the first trial in healthy volunteers indicated 
favorable safety and tolerability, with mild dissociative 
adverse events that were transient and dose dependent [116]. 
In an initial proof-of-concept RCT (NCT03756129), MIJ821 
significantly improved (P < 0.05) depression symptoms 
within 24 h in adults with TRD compared with placebo (P 
< 0.05) within 24 h and was generally tolerable (Table 1) 
[115]. Three clinical trials are ongoing to investigate MIJ821 
receptor occupancy in the brain (NCT05666687) and safety 
and efficacy in people with TRD (NCT05454410) or MDD 
with suicidal ideation with intent (NCT04722666).

An AMPA receptor positive allosteric modulator, 
TAK-653 (NBI-1065845) [117], is in phase 2 clinical 
trials for depression. In a phase 1 trial (NCT03792672) 
in healthy volunteers, TAK-653 was well tolerated, with 
no serious adverse events [118]. A phase 2 study in TRD 
(NCT03312894) was planned but withdrawn, and a phase 2 
RCT is recruiting to investigate TAK-653 for treatment of 
adults with MDD (NCT05203341) (Table 1). In addition, an 
mGlu 2/3 receptor antagonist, TS-161, is in development. 
The first-in-human trial investigating TS-161 in 54 healthy 
subjects indicated it was orally bioavailable and has a 
good safety and tolerability profile [119]; a phase 2 RCT is 
recruiting to investigate TS-161 for TRD (NCT04821271) 
(Table 1).

4.3 � Approved Glutamate‑Targeted Treatments

Frequent failures in the glutamate space may have cast 
doubt on the glutamate theory of depression; however, 
the approvals of intranasal esketamine [120] and oral 
combination dextromethorphan–bupropion [103] have 
reinforced the importance of glutamate in depression. It 
has not been mechanistically established why esketamine 
and dextromethorphan–bupropion have significant, rapid 
antidepressant efficacy while other NMDA receptor-targeted 
drugs have struggled to show clinical improvement. Note 
that, while ketamine is used off label to treat depression, it 
is only approved as an anesthetic (by FDA, TPD, TGA) and, 
as such, is not discussed here [68, 121, 122].

4.3.1 � Esketamine (Spravato® nasal spray)

Intranasal administration of the (S)-enantiomer of ketamine, 
esketamine (Spravato®), was initially approved by the FDA 
in 2019 for the treatment of adults with TRD and in 2020 
for depression symptoms in adults with MDD with acute 
suicidal ideation or behavior (but not for treatment of the 
actual suicidality) [66, 120]. Intranasal esketamine has 
subsequently been approved as an adjunctive treatment for 
TRD by the TPD, EMA, and TGA and to treat MDD with 

psychiatric emergency by the TPD and EMA [123–125]. In 
a meta-analysis of eight double-blind RCTs investigating 
intranasal esketamine (placebo N = 661, esketamine N 
= 827), there were rapid, significant improvements in 
depression symptoms compared with placebo within 2–4 
h of administration in people with TRD (P < 0.01) or 
MDD (P < 0.00001)[126]. These improvements were 
maintained until the end of the 28-day study period (TRD 
P < 0.001, MDD P < 0.00001) [126]. In the pivotal 
TRANSFORM-2 double-blind active-controlled trial of 
flexibly dosed intranasal esketamine versus placebo to 
treat TRD (Table 2), both adjunctive to a newly initiated 
oral SNRI or SSRI antidepressant, there was significantly 
greater improvement in the esketamine group at day 28 [P < 
0.05 for adjunctive esketamine (n = 114) versus adjunctive 
placebo (n = 109)] [127]. There was also numerically 
higher response and remission with esketamine versus 
placebo at day 28 (Fig. 3) and numerically improved patient-
reported function on the Sheehan Disability Scale (SDS). 
Additionally, in a recent phase 3 RCT, esketamine nasal 
spray adjunctive to a continuing SSRI or SNRI was superior 
to adjunctive extended-release quetiapine for the acute and 
continuation treatment of adults with TRD [remission 
at week 8; esketamine 27.1% (91/336) versus quetiapine 
17.6% (60/340), adjusted P < 0.01] (Table  2) [128]. 
Adverse reactions with esketamine are similar to those seen 
with ketamine, with a risk for dissociation, abuse/misuse, 
increased blood pressure, sedation, and other adverse events 
[66, 120].

In addition to acting as an NMDA receptor antagonist, 
esketamine is a sigma-1 agonist, with a weaker affinity for 
sigma-1 than the (R)-ketamine enantiomer [129]. While 
originally classified as an opioid receptor subtype, sigma-1 
receptors are chaperonins located on the endoplasmic 
reticulum and expressed mainly in the central nervous 
system in neurons and glial cells in the brain [130, 131]. 
These receptors are implicated in the development of not 
only depression but also other psychiatric and neurological 
diseases, including schizophrenia, anxiety, cognitive 
disorders, Alzheimer’s disease, ischemic stroke, and 
Parkinson’s disease [130]. Sigma-1 receptors may directly 
impact glutamatergic signaling by translocating to interact 
with NMDA receptors on the plasma membrane and 
modulating calcium influx (Fig. 4) [130]. High calcium 
then activates the calcium calmodulin-dependent protein 
kinase/ERK/mTOR pathways, which results in BDNF 
synthesis and PSD-95 scaffold synthesis [130]. Sigma-1 
receptors can also exert antidepressant effects through 
modulating serotonin 5-HT1A function or modulation of 
the endoplasmic reticulum stress response, thus facilitating 
BDNF expression [130]. Additionally, sigma-1 may 
directly and indirectly balance dysregulated glutamate 
excitation and GABA inhibition [130]. Several treatments 



	 R. S. McIntyre, R. Jain 

Ta
bl

e 
2  

C
om

pl
et

ed
 re

gi
ste

re
d 

cl
in

ic
al

 tr
ia

ls
 o

f i
nt

ra
na

sa
l e

sk
et

am
in

e

Ad
j a

dj
un

ct
iv

e,
 C

FB
 c

ha
ng

e 
fro

m
 b

as
el

in
e,

 c
trl

 c
on

tro
lle

d,
 H

R 
ha

za
rd

 ra
tio

, L
SM

D
 le

as
t s

qu
ar

es
 m

ea
n 

di
ffe

re
nc

e,
 M

AD
RS

 M
on

tg
om

er
y-

Å
sb

er
g 

D
ep

re
ss

io
n 

R
at

in
g 

Sc
al

e,
 M

D
D

 m
aj

or
 d

ep
re

ss
iv

e 
di

so
rd

er
, P

BO
 p

la
ce

bo
, P

h 
ph

as
e,

 P
op

 p
op

ul
at

io
n,

 S
I s

ui
ci

da
l i

de
at

io
n,

 T
R-

M
D

D
 tr

ea
tm

en
t-r

es
ist

an
t m

aj
or

 d
ep

re
ss

iv
e 

di
so

rd
er

, T
RD

 tr
ea

tm
en

t-r
es

ist
an

t d
ep

re
ss

io
n

In
cl

ud
ed

 p
ha

se
 2

, 3
, o

r 4
 st

ud
ie

s f
or

 M
D

D
 o

r T
R

D
. E

xc
lu

de
d 

stu
di

es
 in

 a
 p

ed
ia

tri
c 

or
 g

er
ia

tri
c 

po
pu

la
tio

n,
 in

ve
sti

ga
tin

g 
im

pa
ct

 o
f c

on
cu

rr
en

t p
sy

ch
ot

he
ra

py
, i

m
ag

in
g-

on
ly

 st
ud

ie
s, 

or
 re

gi
str

ie
s

a  Th
e 

pr
im

ar
y 

stu
dy

 o
ut

co
m

e 
fo

r t
hi

s t
ria

l w
as

 sa
fe

ty
 a

nd
 to

le
ra

bi
lit

y,
 n

ot
 e

ffi
ca

cy

N
C

T 
re

gi
str

at
io

n
Ph

St
ud

y 
de

si
gn

Po
p

En
ro

llm
en

t
Pr

im
ar

y 
effi

ca
cy

 o
ut

co
m

e

N
C

T0
21

33
00

1 
[1

52
]

2
4-

w
ee

k,
 m

ul
tic

en
te

r, 
ra

nd
om

iz
ed

, d
ou

bl
e-

bl
in

d,
 P

BO
-c

trl
M

D
D

 (S
I)

A
dj

 P
BO

: 3
1

A
dj

 e
sk

et
am

in
e 

84
 m

g:
 3

5
M

A
D

R
S 

C
FB

 to
 4

 h
: L

SM
D

 v
er

su
s a

dj
 P

BO
, −

5.
3 

(P
 =

 0
.0

15
)

N
C

T0
29

18
31

8 
[1

53
]

2b
10

-w
ee

k,
 ra

nd
om

iz
ed

, d
ou

bl
e-

bl
in

d,
 P

BO
-

ct
rl

TR
D

A
dj

 P
BO

: 8
0

A
dj

 e
sk

et
am

in
e 

28
 m

g:
 4

1
A

dj
 e

sk
et

am
in

e 
56

 m
g:

 4
0

A
dj

 e
sk

et
am

in
e 

84
 m

g:
 4

1

M
A

D
R

S 
C

FB
 to

 d
ay

 2
8 

of
 d

ou
bl

e-
bl

in
d 

tre
at

m
en

t: 
LS

M
D

 v
er

su
s a

dj
 P

BO
A

dj
 e

sk
et

am
in

e 
28

 m
g:

 −
1.

0 
(P

 =
 0

.4
75

)
A

dj
 e

sk
et

am
in

e 
56

 m
g:

 0
.6

 (P
 =

 0
.5

04
)

A
dj

 e
sk

et
am

in
e 

84
 m

g:
 −

0.
9 

(P
 =

 0
.4

82
)

N
C

T0
19

98
95

8 
[1

54
]

2
15

-d
ay

 tr
ea

tm
en

t, 
m

ul
tic

en
te

r, 
ra

nd
om

iz
ed

, 
do

ub
le

-b
lin

d,
 d

el
ay

ed
 st

ar
t, 

PB
O

-c
trl

 
(o

pt
io

na
l 6

0-
da

y 
op

en
-la

be
l p

er
io

d)

TR
D

A
dj

 P
BO

: p
er

io
d 

1 
33

/p
er

io
d 

2 
6

A
dj

 e
sk

et
am

in
e 

28
 m

g:
 1

1/
8

A
dj

 e
sk

et
am

in
e 

56
 m

g:
 1

1/
9

A
dj

 e
sk

et
am

in
e 

84
 m

g:
 1

2/
5

M
A

D
R

S 
C

FB
 to

 d
ay

 8
: L

SM
D

 v
er

su
s a

dj
 P

BO
 fo

r 
co

m
bi

ne
d 

pe
rio

d 
1 

an
d 

2:
 A

dj
 e

sk
et

am
in

e 
28

 m
g:

 
−

4.
2 

(P
 =

 0
.0

2)
A

dj
 e

sk
et

am
in

e 
56

 m
g:

 −
6.

3 
(P

 =
 0

.0
01

)
A

dj
 e

sk
et

am
in

e 
84

 m
g:

 −
9.

0 
(P

 <
 0

.0
01

)
N

C
T0

24
97

28
7,

 S
U

ST
A

IN
-2

 
[1

55
]

3
1-

ye
ar

, m
ul

tic
en

te
r, 

op
en

-la
be

l
TR

D
A

dj
 e

sk
et

am
in

e 
28

, 5
6,

 o
r 8

4 
m

g:
 8

02
M

A
D

R
S 

C
FB

 (i
nd

uc
tio

n)
 to

 e
nd

po
in

t (
N

 =
 7

56
) 

−
16

.4
a

N
C

T0
27

82
10

4,
 S

U
ST

A
IN

-3
3

Lo
ng

-te
rm

 (4
-w

ee
k 

in
du

ct
io

n,
 7

8-
m

on
th

 
op

tim
iz

at
io

n-
m

ai
nt

en
an

ce
), 

op
en

-la
be

l 
ex

te
ns

io
n 

stu
dy

TR
D

Fl
ex

ib
ly

 d
os

ed
 e

sk
et

am
in

e 
28

, 5
6,

 o
r 8

4 
m

g:
 1

14
8

M
A

D
R

S 
C

FB
 to

 in
du

ct
io

n 
en

dp
oi

nt
 (≤

 4
 w

ee
ks

, N
 

=
 4

55
): 

−
12

.8
M

A
D

R
S 

C
FB

 to
 e

nd
po

in
t (

≤
 7

8 
m

on
th

s, 
N

 =
 

11
10

): 
0.

2a

N
C

T0
30

39
19

2,
 A

SP
IR

E 
I [

15
6]

3
4-

w
ee

k,
 m

ul
tic

en
te

r, 
ra

nd
om

iz
ed

, d
ou

bl
e-

bl
in

d,
 P

BO
-c

trl
M

D
D

 (S
I)

A
dj

 P
BO

: 1
12

A
dj

 e
sk

et
am

in
e 

84
 m

g:
 1

14
M

A
D

R
S 

C
FB

 to
 2

4 
h:

 L
SM

D
 a

dj
 e

sk
et

am
in

e 
84

 
m

g 
ve

rs
us

 a
dj

 P
BO

 −
3.

8 
(P

 =
 0

.0
06

)
N

C
T0

30
97

13
3,

 A
SP

IR
E 

II
 

[1
57

]
3

4-
w

ee
k,

 m
ul

tic
en

te
r, 

ra
nd

om
iz

ed
, d

ou
bl

e-
bl

in
d,

 P
BO

-c
trl

M
D

D
 (S

I)
A

dj
 P

BO
: 1

13
A

dj
 e

sk
et

am
in

e 
84

 m
g:

 1
14

M
A

D
R

S 
C

FB
 to

 2
4 

h:
 L

SM
D

 a
dj

 e
sk

et
am

in
e 

84
 

m
g 

ve
rs

us
 a

dj
 P

BO
 −

3.
9 

(P
 =

 0
.0

06
)

N
C

T0
43

38
32

1,
 E

SC
A

PE
-T

R
D

 
[1

28
]

3b
8-

w
ee

k,
 m

ul
tic

en
te

r, 
op

en
-la

be
l, 

ra
te

r 
bl

in
de

d,
 ra

nd
om

iz
ed

, a
ct

iv
e-

ct
rl

TR
-M

D
D

A
dj

 q
ue

tia
pi

ne
: 3

40
A

dj
 e

sk
et

am
in

e:
 3

36
M

A
D

R
S 

re
m

is
si

on
 (s

co
re

 ≤
 1

0)
: a

dj
 q

ue
tia

pi
ne

 
17

.6
%

, a
dj

 e
sk

et
am

in
e 

27
.1

%
 (P

 =
 0

.0
03

)
N

C
T0

34
34

04
1 

[1
58

]
3

28
-d

ay
, m

ul
tic

en
te

r, 
ra

nd
om

iz
ed

, d
ou

bl
e-

bl
in

d,
 a

ct
iv

e-
ct

rl
TR

D
A

dj
 P

BO
: 1

26
A

dj
 e

sk
et

am
in

e 
56

 o
r 8

4 
m

g:
 1

26
M

A
D

R
S 

C
FB

 to
 d

ay
 2

8 
LS

M
D

 a
dj

 e
sk

et
am

in
e 

ve
rs

us
 a

dj
 P

BO
: −

2.
0 

(P
 =

 0
.1

23
)

N
C

T0
24

17
06

4,
 

TR
A

N
SF

O
R

M
-1

 [1
59

]
3

4-
w

ee
k,

 m
ul

tic
en

te
r, 

ra
nd

om
iz

ed
, d

ou
bl

e-
bl

in
d,

 a
ct

iv
e-

ct
rl

TR
D

A
dj

 P
BO

: 1
13

A
dj

 e
sk

et
am

in
e 

56
 m

g:
 1

17
A

dj
 e

sk
et

am
in

e 
84

 m
g:

 1
16

M
A

D
R

S 
C

FB
 to

 d
ay

 2
8 

LS
M

D
 v

er
su

s a
dj

 P
BO

:
A

dj
 e

sk
et

am
in

e 
56

 m
g:

 −
4.

1 
(n

om
in

al
 P

 =
 0

.0
27

)
A

dj
 e

sk
et

am
in

e 
84

 m
g:

 −
3.

2 
(P

 =
 0

.0
88

)
N

C
T0

24
93

86
8 

[1
60

]
3

16
-w

ee
k 

tre
at

m
en

t t
he

n 
m

ai
nt

en
an

ce
 

ph
as

e,
 m

ul
tic

en
te

r, 
ra

nd
om

iz
ed

, d
ou

bl
e-

bl
in

d,
 w

ith
dr

aw
al

 st
ud

y

TR
D

St
ab

le
 re

m
is

si
on

 a
dj

 e
sk

et
am

in
e 

(5
6 

or
 8

4 
m

g)
: 9

0
St

ab
le

 re
m

is
si

on
 a

dj
 P

BO
: 8

6
St

ab
le

 re
sp

on
se

 a
dj

 e
sk

et
am

in
e 

(5
6 

or
 8

4 
m

g)
: 6

2
St

ab
le

 re
sp

on
se

 a
dj

 P
BO

: 5
9

Re
la

ps
e 

in
 p

at
ie

nt
s w

ho
 a

ch
ie

ve
 st

ab
le

 re
m

is
si

on
: 

ad
j e

sk
et

am
in

e 
26

.7
%

 re
la

ps
e,

 a
dj

 P
BO

 4
5.

3%
 

re
la

ps
e,

 H
R

 (9
5%

 C
I)

 0
.4

9 
(0

.2
9–

0.
84

), 
P 

=
 

0.
00

3

N
C

T0
24

18
58

5 
[1

27
]

3
28

-d
ay

, m
ul

tic
en

te
r, 

ra
nd

om
iz

ed
, d

ou
bl

e-
bl

in
d,

 a
ct

iv
e-

ct
rl

TR
D

A
dj

 P
BO

: 1
09

A
dj

 e
sk

et
am

in
e 

(5
6 

or
 8

4 
m

g)
: 1

14
M

A
D

R
S 

C
FB

 to
 d

ay
 2

8 
LS

M
D

 a
dj

 e
sk

et
am

in
e 

ve
rs

us
 a

dj
 P

BO
: −

4.
0 

(P
 =

 0
.0

2)



Glutamatergic Modulators for Major Depression

in clinical practice with antidepressant activity modulate 
sigma-1 as agonists (quetiapine, venlafaxine, bupropion, 
dextromethorphan–bupropion, desipramine, fluoxetine, 
ketamine, esketamine) or antagonists (sertraline) [131].

Intranasal esketamine must be administered at an 
approved facility, under the direct supervision of a 
healthcare provider, with at least a 2-h postdose observation 
period to monitor for adverse effects, such as dissociation, 
sedation, and blood pressure elevation [120]. A variety 
of RCTs are further investigating esketamine in people 
with TRD, MDD, bipolar disorder, and schizophrenia 
(Online Resource 1, Supplementary Table 1). Esketamine 
plays an important role as an FDA-approved, rapid-acting 
antidepressant. However, the administration and monitoring 
requirement may be burdensome on patients as multiple 
treatments are required each month during the maintenance 
phase [120]. Additionally, the activity of esketamine at 
opioid receptors may worsen abuse potential and some urge 
for caution in prescribing esketamine until its long-term 
effects are known, including relapse and suicide risk upon 
discontinuation [132]. As such, a more easily accessible 
treatment option with fewer safety concerns that still retains 
the rapid antidepressant effects is warranted. Adjunctive oral 
esketamine was investigated in a phase 2 (NCT04103892) 
trial in people with MDD but is not approved, and results of 
the study are not published.

Several recent studies indicate that real-world efficacy 
of esketamine treatment for TRD is consistent with clinical 
trials, reporting significant (P < 0.001) reductions in 
depression symptom scores for patients at a US clinic (N = 
171) [133], 31.6% remission at week 4 in a French cohort (N 
= 66) [134], and 40.6% remission at month 3 in an Italian 
multicenter study (N = 116) [135]. No unexpected safety 
signals were identified in these studies [133–135].

4.3.2 � Dextromethorphan–bupropion (AXS‑05, Auvelity® 
extended‑release tablet)

AXS-05 is an extended-release tablet of 45 mg 
dextromethorphan hydrobromide and 105 mg bupropion 
hydrochloride that was FDA approved in 2022 for 
the treatment of MDD in adults. As described earlier, 
dextromethorphan is an uncompetitive NMDA receptor 
antagonist and sigma-1 receptor agonist that is quickly 
metabolized [21]. As with quinidine, bupropion inhibits 
cytochrome P450 2D6, preventing the biotransformation 
of dextromethorphan and increasing dextromethorphan 
exposure [21]. In addition to serving as metabolic inhibitor 
of cytochrome P450 2D6 [21], bupropion enhances 
monoaminergic function as a norepinephrine–dopamine 
reuptake inhibitor and is approved to treat MDD (target 
dose 300 mg/day, maximum dose 450 mg/day) [136, 137]. 
While the main mechanism behind antidepressant effects 

with this combination is thought to be via NMDA receptor 
antagonism by dextromethorphan, bupropion inhibition of 
the neuronal reuptake of norepinephrine and dopamine may 
contribute [21]. Dextromethorphan inhibition of serotonin 
reuptake may also play a role in the antidepressant effects of 
AXS-05 [104]. Both dextromethorphan and bupropion are 
sigma-1 receptor agonists that can modulate glutamate and 
monoamine signaling (Fig. 4) [131].

When administered as AXS-05, the accumulation ratios of 
dextromethorphan based on maximum plasma concentration 
(Cmax) and area under the concentration–time curve (AUC​
0–12) are 20 and 32, respectively, compared with 1.3 based 
on Cmax and 1.4 based on AUC​0–12 for dextromethorphan 
alone [103]. Of note, this pharmacokinetic profile has been 
established for the AXS-05 extended-release tablet, in which 
bupropion synergistically increases dextromethorphan 
exposure. This consistent pharmacokinetic profile may 
not be achieved with individual dextromethorphan and 
bupropion treatments of similar dosages, especially if 
bupropion concentration was too low to adequately inhibit 
cytochrome P450 2D6. As such, safety and efficacy results 
with individually administered dextromethorphan and 
bupropion would also vary. The single-pill formulation of 
AXS-05 (recommended dosage, twice daily) is likely to be 
advantageous for adherence, as single-pill regimens have 
demonstrated substantially better adherence and persistence 
in other chronic diseases than multi-treatment regimens 
[138–140].

Pivotal efficacy studies in MDD leading to approval of 
AXS-05 included two 6-week RCTs (Table 3). In the phase 
3 placebo-controlled GEMINI study (NCT04019704), AXS-
05 (n = 156) significantly improved symptoms of depression 
in adults with MDD compared with placebo (n = 162) at all 
timepoints, starting as early as week 1 (P < 0.01 weeks 1 
and 6; P < 0.001 weeks 2–4) [141]. At week 6, significantly 
(P < 0.001) more participants treated with AXS-05 achieved 
remission (39.5%, 49/156 patients) and clinical response 
(54.0%, 67/156) compared with placebo [17.3% (26/162) and 
34.0% (51/162), respectively] (Fig. 5) [141]. Additionally, 
at week 6, AXS-05 treatment improved patient reported 
outcomes of function and quality of life compared with 
placebo (SDS nominal P < 0.05; Quality of Life Enjoyment 
and Satisfaction Questionnaire – Short Form nominal P < 
0.05) [141]. In the phase 2 parallel-group ASCEND study 
(NCT03595579), AXS-05 was compared with bupropion 
105 mg alone in 97 adults with MDD (Table 3) [142]. There 
was significant improvement in depression symptoms with 
AXS-05 compared with bupropion by week 2, continuing 
throughout the study (P < 0.05 weeks 2 and 6; P < 0.01 
weeks 3 and 4) [142]. Remission rates were also significantly 
(P < 0.01) better with AXS-05 compared with bupropion 
beginning at week 2, with 46.5% (20/43) and 16.2% (6/37) 
remission, respectively, at week 6 [142]. A pooled analysis 
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of the GEMINI and ASCEND studies (N = 397) indicated 
that AXS-05 significantly improved depression compared 
with controls regardless of prior antidepressant treatment 
in the current MDE (P < 0.01 none, P < 0.05 ≥ 1 MDE), 
race (P < 0.01 white, P < 0.05 non-white), or sex (P < 
0.01 female and male) [143]. In both studies, AXS-05 was 
well tolerated and was not associated with psychotomimetic 

effects, weight gain, or sexual dysfunction [141, 142]. The 
most common adverse events with AXS-05 across the two 
trials were dizziness, nausea, headache, somnolence, dry 
mouth, decreased appetite, and anxiety [141, 142].

The long-term safety and efficacy of AXS-05 was 
also investigated in two open-label trials, EVOLVE 
(NCT04634669) and COMET (NCT04039022) (Table 3). 
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Fig. 3   Response and remission rates with adjunctive intranasal 
esketamine in TRANSFORM-2 triala,b. aTRANSFORM-2 
(NCT02418585) investigated adjunctive flexibly dosed intranasal 
esketamine versus adjunctive placebo with a newly initiated oral 
SNRI or SSRI antidepressant, in patients with TRD in a 28-day 
double-blind treatment phase. bPercentages shown are the proportion 

of patients remaining at visit [127]. ADT antidepressant, IN 
intranasal, MADRS Montgomery-Åsberg Depression Rating Scale, 
SNRI serotonin-norepinephrine reuptake inhibitor, SSRI selective 
serotonin reuptake inhibitor, TRD treatment-resistant depression, NR 
not reported
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Fig. 4   Antidepressant mechanisms of sigma-1 receptorsa. aActivated 
sigma-1 receptors may: translocate from the ER to ion channels, 
GPCR, or NMDAR at the cell membrane to modulate receptor 
activity; stabilize IP3R to maintain Ca2+ flow and ATP production; 
and modulate ER stress to enable downstream BDNF expression. 
ASIC1a acid-sensing ion channel, ATP adenosine triphosphate, 
BDNF brain-derived neurotrophic factor, CaMKII calmodulin-
dependent protein kinase II, ER endoplasmic reticulum, ERK 

extracellular signal-regulated kinase, GPCR G-protein coupled 
receptor, IP3R inositol 1,4,5-trisphosphate receptor, IRE1 inositol-
requiring enzyme 1, mTOR mammalian target of rapamycin, NMDAR 
N-methyl-d-aspartate receptor, P phosphorylated, XBP1 X-box-
binding protein 1.  Figure illustration elements modified from Servier 
Medical Art (2022) by Servier (https://​smart.​servi​er.​com, under a 
Creative Commons Attribution 4.0 License)
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The EVOLVE study evaluated AXS-05 twice daily in 186 
people with MDD who had at least one prior treatment for 
the current major depressive episode [144]. Improvements in 
depression symptoms from baseline were observed as soon 
as week 1 and continued at month 12 [144]. At week 6, 
remission was achieved by 46.0% of patients [144]. Long-
term treatment was generally well tolerated, and the most 
common adverse events were similar to those seen in the 
short-term trials, with COVID-19 infection (8.9%) and 
insomnia (5.5%) also reported [144].

Long-term dosing was also well tolerated, with no new 
safety signals in the 1-year COMET study in 876 people with 
MDD, including TRD, as reported in a congress presentation 
[145]. Patients previously untreated with AXS-05 (n = 611) 
experienced rapid and durable improvements in depression 
symptoms, with 83% response and 69% remission at month 
12 [145]. Improvements in function were also observed, 
with 76% SDS response at month 12 [145]. Additional 
analyses of the COMET study indicated that AXS-05 also 
improved depression symptoms and functioning in a subset 
of 70 participants with TRD [146] and rapidly resolved 
suicidal ideation in 37 participants with suicidal ideation 
at baseline [147]. AXS-05 development is ongoing for the 
treatment of Alzheimer’s disease-related agitation and for 
smoking cessation. To date, no RCTs have investigated long-
term treatment outcomes or relapse prevention with AXS-
05. Additionally, data on response in specific population 
subgroups have not been reported. As with all clinical 
trials, the conditions were tightly controlled, which may 
limit the generalizability of the results to real-world clinical 
conditions.

5 � Conclusion

Current monoamine-targeted therapies do not rapidly 
improve depression symptoms, representing an unmet need 
for antidepressants with other mechanistic targets. The 
antidepressant effects of glutamatergic interventions were 

established by preclinical animal models and in clinical 
trials of ketamine. While a variety of other glutamate-
targeting compounds have been investigated in clinical trials 
for depression since the proof of principle was established, 
few agents have demonstrated consistent efficacy. Off-label 
ketamine and FDA-approved intranasal esketamine provide 
rapid relief of depression symptoms with monitoring by 
a healthcare professional. AXS-05 (Auvelity), a recently 
approved oral NMDA receptor antagonist, sigma-1 receptor 
agonist, CYP2D6 inhibitor, and monoamine modulator, 
represents an important new treatment option for people with 
MDD, as it provides quick symptom relief without requiring 
intensive monitoring. Glutamate-targeted antidepressants 
provide potential advantages over classic SSRIs and SNRIs, 
including greater improvements in functional outcomes and 
rapid response and remission. The approval and clinical 
use of NMDA receptor antagonists support the importance 
of glutamate in depression and an advancement  in 
contemporary psychiatry. However, as was the case with 
SSRIs and SNRIs, post-approval real-world data will be 
essential to confirm the safety profiles of the drugs and 
document potential adverse events or withdrawal syndrome 
that may arise with long-term use [148, 149]. After over 50 
years of monoaminergic-targeted antidepressants, approval 
of glutamate-targeted therapies represents an important 
new mechanism for depression treatment. As such, these 
therapies provide another avenue of treatment for patients 
as first-line therapy or for those with poor response and/
or issues of tolerability with monoaminergic antidepressant 
therapies.
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