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Abstract: Background/Objectives: Non-response to initial treatment options for major de-
pressive disorder (MDD) is a common clinical challenge with profound deleterious impacts
for affected patients. Few treatments have received regulatory approval for treatment-
resistant depression (TRD). Methods: A systematic search of United States and European
Union clinical trials registries was conducted to identify Phase II, III, or IV clinical trials,
with a last update posted on or after 1 January 2020, that were evaluating medications
for TRD. For both the US and EU registries, the condition term “treatment resistant de-
pression” and associated lower-level terms (per registry search protocol) were used. For
the US registry, a secondary search using the condition term “depressive disorders” and
the modifying term “inadequate” was also performed to capture registrations not tagged
as TRD. Two additional searches were also conducted in the US registry for the terms
“suicide” and “anhedonia” as transdiagnostic targets of investigational medications. Trials
were categorized based on the primary mechanism of action of the trial’s investigational
medication. Results: Fifty clinical trials for TRD, 20 for anhedonia, and 25 for suicide were
identified. Glutamate system modulation was the mechanism currently with the most
compounds in development, including antagonists and allosteric modulators of NMDA
receptors, AMPA receptors, metabotropic type 2/3 glutamate receptors, and intracellu-
lar effector molecules downstream of glutamate signaling. Psychedelics have seen the
greatest surge among mechanistic targets in the past 5 years, however, with psilocybin in
particular garnering significant attention. Other mechanisms included GABA modulators,
monoamine modulators, anti-inflammatory/immune-modulating agents, and an orexin
type 2 receptor antagonist. Conclusions: These investigations offer substantial promise
for more efficacious and potentially personalized medication approaches for TRD. Chal-
lenges for detecting efficacy in TRD include the heterogeneity within the TRD population
stemming from the presumed variety of biological dysfunctions underlying the disorder, co-
morbid disorders, chronic psychosocial stressors, and enduring effects of prior serotonergic
antidepressant medication treatments.

Keywords: antidepressants; major depression; clinical trials; glutamate; biogenic
monoamines; psychedelic; suicide; anhedonia; inflammation; TRD

1. Introduction
The emergence of selective serotonin reuptake inhibitors (SSRIs) and serotonin nore-

pinephrine reuptake inhibitors (SNRIs) for major depressive disorder (MDD) in the late
1980s–90s offered greater safety, ease of use, and possibly efficacy for comorbid condi-
tions compared to the older tricyclic (TCA) and monoamine oxidase inhibitor (MAOI)
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antidepressant medications (ADMs). With extensive industry marketing and the subse-
quent availability of generic formulations, SSRIs and SNRIs became ensconced, along with
bupropion, as the “first-line” medications for MDD. In high-income countries, the previous
12-month use of ADMs by adults is currently estimated to be 4.7% [1]; in the USA, the
past 30-day usage rate is 13.7%, which also includes those taking them for conditions other
than MDD [2]. Over 80% of patients with MDD taking an ADM are receiving an SSRI
or SNRI, and the proportion of patients receiving them as first-line treatments is likely
even higher [3], consistent with numerous clinical practice guidelines that endorse this
approach [4].

Monoamines such as serotonin modulate activity within neurocircuits and other sig-
naling systems, but a primary dysfunction of monoamines is unlikely to underlie the
etiology of most forms of MDD [5]. Nevertheless, monoaminergic ADMs are effective
at reducing depressive symptoms, underscoring the important distinction between the
etiology of MDD versus the mechanisms of action of its current treatments, which may
be better conceptualized as biological “work arounds” to the core pathophysiology of the
syndrome. Unfortunately, 40–50% of MDD patients fail to respond to serotonin-reuptake-
inhibiting medications (SRIs) in clinical trials [6]. Although the concept of “treatment
resistant depression” (TRD) has been discussed since the 1970s [7], the last decade has seen
a substantial increase in drug development specifically targeting patients with TRD. Cur-
rently, the only medications that have US Food and Drug Administration (FDA) marketing
indications specifically for TRD are esketamine (in conjunction with an oral ADM and, as
of January 2025, as monotherapy) and an olanzapine–fluoxetine combination. Aripiprazole,
brexpiprazole, quetiapine extended release (XR), and cariprazine have indications for use
as adjunctive treatment for MDD [8–11], though it is only for aripiprazole and quetiapine
XR that the indication specifies “with inadequate response to antidepressant therapy”.
This paucity of approved treatments underscores a clear need to address the increased
morbidity, health care utilization, and costs stemming from TRD [12].

Progress in developing new treatments has been hampered by the failure of the field
to reach a standardized definition of TRD. There is an emerging consensus definition of
TRD centered upon failure to achieve a response (≥50% symptomatic improvement from
baseline) after two ADM trials at the minimum effective dose or higher during the current
major depressive episode (MDE) [13,14]. The minimum duration of each medication
trial has been proposed to be four weeks, based on the rapidly declining probability of
subsequent response among non-responders at four weeks, though some have argued
for 6–8 week trial minimums based in part on the finding that one-third of citalopram
responders in the STAR-D trial first achieved response after week 6 [15]. Another issue of
debate is whether the failed ADMs can be from the same class or must be from different
classes, with evidence available to support both positions [16]. Notably, despite randomized
controlled trials (RCTs) demonstrating similar efficacy of evidence-based psychotherapy
and ADMs among outpatients with MDD [17], most current TRD definitions exclude the
consideration of evidence-based psychotherapy failures [13,18], a notable deviation from
the definition of treatment-resistant post-traumatic stress disorder (PTSD) [19] and the
evidence that psychotherapy comprises a distinct mechanism of action for depression
treatment [20].

With this definition and current practice patterns, the overwhelming proportion of
patients classified as having TRD are more precisely characterized as non-responsive to
serotonin reuptake inhibition. However, even this subset of patients possesses complexities
as SSRI/SNRI resistance can result from three different response profiles: (1) failure to
respond to initial SRI treatment(s), (2) tachyphylaxis (“poop-out”) during continuation or
maintenance treatment, and (3) failure to respond in a recurrent episode after a drug-free
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period subsequent to successful treatment with an SRI in a prior episode (Figure 1A). It is
unknown whether the biological features of SRI resistance differ between the aforemen-
tioned response profiles or whether there are contributory iatrogenic effects resulting from
long-term or repeated courses of ADM treatment [21–23]. It is remarkable that, given
the widespread adoption of maintenance ADM treatment for MDD, so little research has
explored these factors.
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Figure 1. “Resistance” to drugs with a primary mechanism of serotonin reuptake inhibition (SRI)
can result from three different treatment profiles: (1) failure to respond to initial serotonin reuptake
inhibitor (SRI) medication trial, (2) loss of benefit during continuation or maintenance treatment
(“tachyphylaxis”), or (3) failure to respond to re-initiated SRI treatment for a recurrent episode after
prior successful SRI treatment (A). Part (B) of the figure is a schematic that uses M as an abbreviation
for “mechanism of action”. M1 represents the MDD patients who are responsive to the SRI mechanism;
M2–M5 stand for other subsets of the population that could respond to other (unnamed) mechanisms
of action. After removal of SRI-responsive (M1) patients from an MDD population (approximately
50% of patients), the remaining TRD sample may be comprised of relatively small subsets of patients
who can respond to specific drug mechanisms of action (M2–M5) and a proportion of pseudo-resistant
(PR) patients, thereby increasing the difficulty of detecting statistically significant efficacy in clinical
trials (B).

In terms of clinical care, the primary utility of designating a patient as having TRD
is to inform the clinician to either (1) augment SRI treatments with a second treatment
(medication or psychotherapy) or (2) switch from an SRI to an alternative mechanism of
treatment, such as a medication with a different mechanism of action, psychotherapy, or
a form of neuromodulatory/somatic treatment. Unfortunately, the categorical definition
of TRD as two ADM failures does not provide information about which of the numerous
next step options is likely to be helpful for a given individual patient, nor the array of
mechanisms already tried and failed for a given patient. Several staging models of TRD
have been proposed to address this issue [24], with only the Maudsley Staging Method
establishing predictive utility [25]. To the extent that a TRD classification fails to inform
clinical decision-making at the individual level, the TRD diagnosis suffers from similar
limitations as the diagnosis of MDD: the broad heterogeneity (and presumed biological
responsiveness) of individual patients is masked by group-level effects [23].

Conducting clinical trials targeting TRD faces many challenges [26]. Intuitively, it may
seem that focusing on TRD would reduce the heterogeneity of a clinical trial sample to
be evaluated; by excluding patients who are responsive to serotonin modulation, it may
follow that a smaller number of pathological processes/biological response mechanisms
remain, thereby increasing the probability of an alternative mechanism-of-action drug
proving successful. However, because the response rate to SRI treatment for MDD is
roughly 50–60% [17], sample heterogeneity may increase when moving from the global
MDD population to the TRD population. Specifically, by removing the half of the MDD
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population with the capacity to respond to SRI treatment, TRD samples are enriched with
patients whose depression may stem from an assortment of less common pathophysiologic
processes, thereby resulting in a sample with even greater variability in treatment respon-
siveness (Figure 1B). Hence, clinical trials limited to a TRD population may face greater
challenges in demonstrating efficacy than those targeting the MDD population as a whole,
particularly if it is the case that SRI-responsive patients also possess the capacity to respond
to non-SRI forms of intervention.

Another concern for TRD trials is so-called “pseudo-resistance”, which refers to
patients failing to improve with ADM treatment due to reasons other than biological non-
response [27]. Drivers of pseudo-resistance include, though are not limited to, a psychiatric
misdiagnosis of MDD (e.g., bipolar disorder or post-traumatic stress disorder), undiag-
nosed comorbidities (e.g., substance use disorder or neurocognitive disorder), overlooked
medical comorbidities (e.g., obstructive sleep apnea), or simply poor medication adherence.
Structured clinical interviews and assessments can help to alleviate some of these concerns,
but it remains challenging to establish the adherence and quality of prior ADM treatment
trials, which are crucial elements of the convergent definition of TRD described above.
Secondary gain motivations of participants remain a significant concern in psychiatric
clinical trials as well, as revealed by pharmacokinetic analyses [28] and survey evaluations
of individuals enrolled in multiple trials [29]. Furthermore, although placebo response
rates are lower in TRD studies than MDD, the response rates to active treatment are also
typically lower [30]. Even among treatments showing promise in Phase 2, scaling into
Phase 3 with multiple trial sites led by less-experienced or less-specialized investigators
can introduce additional concerns for data validity [31]. Finally, novel TRD agents may
be developed as monotherapy or augmentation treatments. Augmentation approaches
may face the particular challenge of overcoming any deleterious effects of ongoing ADM
(particularly SRI) treatment. For example, the efficacy of aripiprazole and brexpiprazole
as augmenting (but not monotherapy) treatments may stem in part from their activity in
overcoming the anti-dopaminergic effects of these agents in some patients [32]. Taken
together, these factors present significant hurdles for establishing the efficacy of novel
TRD-targeted medications.

An alternative approach to address treatment resistance or difficult-to-treat conditions
is to focus on the transdiagnostic elements of disease, offering a way to cut through the
heterogeneity that plagues our current classification system by targeting shared underlying
processes in the development and maintenance of pathology [33]. The initial successes
of this approach are most evident in the field of psychotherapy, where both universal
(e.g., Unified Protocol for Transdiagnostic Treatment of Emotional Disorders) and modular
(e.g., Modular Approach to Therapy for Anxiety, Depression, Trauma, or Conduct Problems
[MATCH-ADTC]) interventions have demonstrated comparatively equivalent or superior
efficacy in the treatment of varied mental health conditions to their disease-specific coun-
terparts [34]. From a pharmacological perspective, the broad use of SRI medications may
be viewed through a transdiagnostic lens; however, considerable effort continues to go
toward a better understanding of the neurobiological substrate driving the phenotypic
presentations observed in clinical practice, such as anhedonia or suicidal ideas and behavior.
By harnessing these advancements, a more nuanced approach toward managing symptom
clusters, such as changes to non-social interests, empathy, and cognitive focus [35], may be
feasible. Despite this promise, though, there remains significantly more empirical support
necessary to bolster this approach as a paradigm shift with real clinical utility [36].

This narrative review focuses on pharmacological agents currently in Phase 2, Phase 3,
or Phase 4 trials for TRD, anhedonia, or suicidality. To contain the scope of the review, we
do not report on other modalities of treatment for TRD, such as psychotherapies [37] or
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neuromodulation methods (including repetitive transcranial magnetic stimulation, elec-
troconvulsive therapy, vagus nerve stimulation, and deep brain stimulation), which have
been reviewed extensively elsewhere [38–42].

2. Materials and Methods
A systematic search of the US (https://clinicaltrials.gov/; accessed on 30 April

2022 and repeated on 15 December 2024) and EU clinical trials registries (https://www.
clinicaltrialsregister.eu/, accessed on 30 April 2022 and repeated on 15 December 2024 ) was
performed initially in April 2022 and repeated in December 2024. For both the US and EU
registries, the condition term “treatment resistant depression” and associated lower-level
terms (per registry search protocol) were used. For the US registry, a secondary search
using the condition term “depressive disorders” and the modifying term “inadequate”
was also performed to capture registrations not tagged as TRD. The search results from
each were filtered to identify registrations with the last update posted on or after 1 January
2020. The results were saved and parsed to identify clinical trials utilizing a pharmacologic
agent. Inclusion criteria included the following: trial inclusion criteria of unipolar TRD (as
defined in the registered trial) or inadequate response to standard antidepressant treatment
in MDD; Phase 2, 3, or 4 randomized controlled trial, open-label trial, or drug continu-
ation trial using a pharmacologic agent as a monotherapy or add-on to standard ADM
therapy; and trial was active after 1 January 2020. To be as inclusive as possible, we did not
limit trial inclusion based on any specific definition of TRD or by requiring a minimum
number of treatment failures; rather, we included any trial that indicated it was recruiting
patients with unipolar TRD or MDD patients with an inadequate response to standard
treatment. Exclusion criteria included the following: trial had been suspended, withdrawn,
or terminated; trial had been completed; pharmacologic agent already FDA-approved
or widely accepted for use in TRD; and non-pharmacologic trials (e.g., neuromodulation
or psychotherapy without medication assistance). A subsequent search was conducted
in December 2024 in the US registry using the terms “suicide” and “anhedonia” with
the same filters to identify trials targeting these transdiagnostic elements. These initial
results were filtered based on trial type (i.e., experimental/observational; phase) and status
(i.e., suspended, terminated, or withdrawn), and the information for the remaining records
was extracted manually and organized in a standardized format for screening and review.

3. Results
Flowcharts for the results of the registry search terms are presented in Figure 2 (TRD),

Figure 3 (anhedonia), and Figure 4 (suicide). Fifty clinical trials for TRD, 20 for anhedonia,
and 25 for suicide were identified. The pharmacological mechanisms and characteristics of
active clinical trials are summarized in Tables 1–3, grouped by pharmacological mechanism
and agent for clarity. Given the scope of this review, trials marked as completed were also
parsed to identify novel agents and provide a more nuanced view of what may emerge in
the years ahead.

Enhancing neuroplasticity has emerged as a common, convergent effect of depres-
sion interventions, including multiple classes of ADMs [43–45], psychotherapy [46], and
electroconvulsive therapy [47,48]. The neurotrophic hypothesis of depression posits that
reduced neurotrophic support results in neuronal atrophy, diminished neurogenesis in
the hippocampus, and glial cell loss (particularly in glutamate-rich regions including the
prefrontal cortex and hippocampus) [49–52], which together contribute to some, but not all,
aspects of the depressed state [53]. ADMs oppose these effects [54] and in rodents their be-
havioral impact in many depression models is blocked when neurogenesis is prevented [55].
Neurogenesis has thus been adopted as a preclinical marker for antidepressant efficacy and

https://clinicaltrials.gov/
https://www.clinicaltrialsregister.eu/
https://www.clinicaltrialsregister.eu/
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as a potential target for novel ADMs [56]; however, it is notable that this is an area of debate
with several lines of evidence suggesting that there is an absence or otherwise very low
level of neurogenesis in the adult human [57–59]. Perhaps lending credence to the opposing
view, drugs specifically developed through this pathway have yet to achieve marketing
approval for MDD, and the rapid antidepressant effects of ketamine occur prior to the
drug’s impact on neuroplasticity. However, while it is possible that the mood elevating
effects of ketamine result from effects unrelated to neuroplastic change, such as via opioid
signaling [60], the maintenance of mood improvement does appear to be mediated by the
neuroplastic effects [45]. Although serotonergic, gamma-aminobutyric acid (GABA)-ergic,
glucocorticoid, and inflammatory disease processes all impact neuroplasticity, to date, it is
glutamate signaling and, more recently, psychedelic agents that have received the greatest
focus for TRD drug development.

Table 1. Phase 2 or 3 clinical trials of glutamatergic signaling modulators for TRD or MDD with
inadequate response to antidepressant medication that are ongoing or recently completed.

Drug/Compound Proposed
Mechanism

Clinical Trial
Identifier(s) Phase Notes

Arketamine (PCN-101) AMPAR agonist, sigma-1
agonist NCT05414422 2 Adjunctive therapy;Failed to

separate from placebo

AXS-05 (bupropion-
dextromethorphan)

Uncompetitive NMDAR
antagonist, sigma-1 agonist

NCT04634669,
NCT04971291,
NCT04039022,
NCT02741791

3
Monotherapy; Approved as
monotherapy for MDD in

August 2022

Esketamine (CLE-100) NMDAR antagonist NCT04103892 2 Oral formulation; adjunctive
therapy

Esmethadone
(REL-1017) NMDAR antagonist NCT04855747,

NCT03051256 3

RELIANCE studies; adjunctive
therapy; unlikely to reach

primary endpoint based on
interim analysis Also

evaluated as monotherapy or
adjunctive for MDD

(NCT05081167, NCT04855760)

(2R,6R)-
hydroxynorketamine

Weak NMDAR antagonist,
opioid receptor positive

allosteric modulator
NCT06511908 2 Augmentation

MIJ821 NMDAR GluN2B negative
allosteric modulator

NCT03756129,
NCT05454410,
NCT04722666

2 Adjunctive therapy

Nitrous oxide
NMDAR antagonist, iNOS

inducer, cerebral
vasodilator

NCT03283670,
NCT05007028,
NCT04957368

2

Monotherapy/adjunctive
therapy; Also evaluated as

monotherapy (NCT02139540,
NCT03869736, NCT05357040)

NV-5138
Sestrin2 modulator,
mTORC1 pathway

activator
NCT05066672 2 Monotherapy

TS-161 mGluR2/3 antagonist NCT04821271 2 Monotherapy

AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor; iNOS, inducible nitric oxide synthase;
MDD, major depressive disorder; mTORC1, mechanistic target of rapamycin complex 1; NMDAR, N-methyl-D-
aspartate receptor; TRD, treatment-resistant depression.
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medicine (e.g., acupuncture), or in cases in which the intervention was a diagnostic test.

Table 2. Phase 2 or 3 clinical trials of non-glutamatergic drugs for TRD or MDD with inadequate
response to antidepressant medication that are ongoing or recently completed.

Drug/Compound Proposed
Mechanism

Clinical Trial
Identifier(s) Phase Notes

GABAergic Modulators

Propofol GABAA receptor positive
allosteric modulator NCT03684447 2/3 Not clearly defined as monotherapy

vs. adjunctive therapy

Monoaminergic Modulators

Ayahuasca 5-HT2 agonist, MAOI NCT02914769 1/2 Response and remission rates
significant at 7 days

DMT 5-HT2 agonist NCT06524830 2 Monotherapy; administered as
buccal film
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Table 2. Cont.

Drug/Compound Proposed
Mechanism

Clinical Trial
Identifier(s) Phase Notes

5-MeO-DMT 5-HT2 agonist

NCT04698603,
NCT05800860,
NCT05660642,
NCT05870540

2 Monotherapy; primarily open
label studies

Liafensine DAT, NET, SERT antagonist NCT05113771 2

Monotherapy; FDA fast-track
designation granted based on success
of Phase 2 trial; currently in trial using

a proprietary pharmacogenomic
biomarker, DGM4

Lumateperone 5-HT2 antagonist, D2
antagonist

NCT05850689,
NCT05061706,
NCT04985942

3 Adjunctive therapy

OSU-6162 D2 and 5-HT2 partial agonist NCT05641623 2 Adjunctive therapy

Psilocybin 5-HT2 agonist

NCT05220410,
NCT05029466,
NCT04519957,
NCT06512220,
NCT04670081,
NCT05624268,
NCT05711940,
NCT06518720,
NCT06132178,
NCT06341426,
NCT05383313,
NCT05710237

2/3

Monotherapy or in conjunction with
psychotherapy or neuromodulation;

also evaluated as for monotherapy for
non-TRD MDD (NCT03429075,

NCT03866174)

Anti-inflammatory and Immune Modulators

Eicosapentaenoic acid
(EPA)

Anti-inflammatory omega-3
fatty acid NCT05774665 2

Adjunctive therapy; 4 g of
EPA-enriched omega-3 fatty

acid supplement

Ixekizumab IL-17A neutralizing antibody NCT04979910 2 Adjunctive therapy; CRP > 2 mg/L as
part of inclusion criteria

Tofacitinib JAK1/3 inhibitor NCT04141904 2

Adjunctive therapy; CRP > 1 mg/L as
part of inclusion criteria. Trial

terminated due to COVID with no
new studies registered

Fecal microbiota
transplant Microbiome seeding NCT04805879 3 Adjunctive therapy

Additional Mechanisms

Seltorexant Orexin type 2 receptor
antagonist

NCT04951609,
NCT04532749,
NCT04513912,
NCT04533529,
NCT06559306

3 Adjunctive therapy

5-HT2, serotonin receptor type 2; GABAA, gamma-aminobutyric acid type A receptor; IL-17A, interleukin 17A;
JAK1/3, Janus Kinase type 1 and 3; MDD, major depressive disorder; TRD, treatment-resistant depression.
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Table 3. Active or recently completed clinical trials targeting anhedonia or suicidal ideation/suicidality.

Drug/Compound Proposed
Mechanism

Clinical Trial
Identifier(s) Phase Notes

Transdiagnostic Approach—Anhedonia

Aticaprant K-opioid receptor
antagonist

NCT05455684,
NCT05455684,
NCT05550532,
NCT06514742

3 MDD + moderate to severe anhedonia with
inadequate response to SSRI or SNRI

ALTO-203 H3 inverse agonist NCT06391593 2 MDD + anhedonia; monotherapy

Ansofaxine DAT, NET, SERT
antagonist NCT06270433 NR MDD + anhedonia; using desvenlafaxine as an

active comparator

Baricitinib JAK1/2 inhibitor NCT05849038 2 HIV with MDD + anhedonia

Buspirone 5-HT1A agonist NCT05357547 2 Reward processing in healthy controls; trial
completed in 2023 with no results posted to date
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Table 3. Cont.

Drug/Compound Proposed
Mechanism

Clinical Trial
Identifier(s) Phase Notes

Estradiol Estrogen receptor
agonist

NCT05282277,
NCT06610305 4

First study investigating anhedonia and/or
psychosis in perimenopausal women; second study
investigating effect of estradiol vs. progesterone vs.

placebo on MDD with perimenstrual symptom
worsening + anhedonia

Insulin Glucose regulation NCT03915613 1/2
Proof of concept study establishing a role for
insulin/insulin resistance in anhedonia and

behavioral deficits in MDD

NBI-1065846
(TAK-041) GPR139 agonist NCT05165394 2

MDD + anhedonia; no separation from placebo on
measures of anhedonia or overall depression. Also
evaluated in schizophrenia + anhedonia (negative

results; NCT03319953); no further trials listed

Pitolisant H3 agonist, sigma1
agonist NCT05849675 NR Healthy volunteers; assessing effect on

functional connectivity.

Pramipexole D3 receptor agonist NCT05355337,
NCT05825235 4 MDD + anhedonia

Psilocybin 5-HT2 agonist NCT06230757 2 TRD + anhedonia

Sinemet (car-
bidopa/levodopa) Dopamine agonist

NCT06075771,
NCT03243552,
NCT05909267

2/4

MDD + anhedonia; CRP > 2 mg/L as inclusion
criteria; second study investigating ASD with social
anhedonia and the impact of levodopa vs. placebo
and social skills training third study investigating
impact in MDD + anhedonia, no CRP cutoff listed

XEN1101 KCNQ2/3 agonist NCT04827901 2 MDD + anhedonia completed in 2024 with no
results posted to date

Transdiagnostic Approach—Suicidal Ideation

Buprenorphine Partial mu agonist NCT04116528,
NCT03646058 3

First study investigating ketamine followed by
buprenorphine for sustained anti-suicidal effect;

second study investigating analgesic
buprenorphine dosing as augmentation to

antidepressant treatment in acute suicidality

Estradiol Estrogen receptor
agonist

NCT04112368,
NCT03498313,
NCT06191289

2/4 Treatment of peri-menstrual suicidal ideation

D-cycloserine NMDAR glycine site
partial agonist NCT06121284 2 Augmentation of intermittent theta burst rTMS

Ketamine NMDAR antagonist
NCT04669665,
NCT06366334,
NCT05468840

2/3/4

MDD + current suicidal ideation;
active suicidal ideation in the emergency

room setting;
suicidality in opiate-use disorder;

Ten additional active studies

Nitrous oxide
NMDAR antagonist,

iNOS inducer, cerebral
vasodilator

NCT05710887,
NCT06430489,
NCT06636357

2 Non-psychotic MDD + acute suicidality in
ED setting

NRX-101
(D-cycloserine +

lurasidone)

NMDAR glycine site
partial agonist +

antipsychotic

NCT03395392,
NCT03396068 2 Bipolar depression + sub-acute suicidal

ideation/behavior

Psilocybin 5-HT2 agonist NCT05220410 2 TRD + chronic suicidal ideation; open label

Tetrahydrocannabinol CB receptor agonist NCT06381180 1/2 PTSD with chronic risk for suicidality

5-HT1A, serotonin receptor type 1A; CB, cannabinoid; CRP, C-reactive protein; D3: dopamine type 3 receptor;
GPR139, G-protein coupled receptor 139; MDD, major depressive disorder; rTMS, repetitive transcranial magnetic
stimulation; TRD, treatment-resistant depression; NR, not reported.
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3.1. Glutamatergic Signaling Modulators

The successes of racemic (R,S)-ketamine and esketamine in treating TRD and acute
suicidal ideation and behavior have invigorated a large investment into glutamate-targeted
therapeutics for these clinical conditions [61,62]. As the primary excitatory neurotransmitter
in humans, glutamate plays a vital role in neurodevelopment and a variety of neurobio-
logical processes, including the mediation of cognition and emotion [63]. The abnormal
regulation of glutamate and glutamatergic synapses in patients with MDD, particularly in
corticolimbic neurocircuitry [64,65], supports a pathophysiological model of depression in
which glutamatergic signaling is central. At the cellular/molecular level, reductions in glu-
tamate transporter expression have been observed in preclinical models of depression [66]
and clinical cohorts [67], implicating reduced glutamate turnover and subsequent increased
extrasynaptic glutamate activity as a key component of the pathological state [68,69]. By
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enhancing glutamate-mediated increases in the release of neurotrophic factors, ketamine
treatment increases synaptic density in key corticolimbic circuits [70].

Although extensive animal studies have revealed key components and time courses
of ketamine’s antidepressant effects, a complete understanding of its antidepressant ac-
tion remains to be elucidated. Ketamine’s best-established action is its uncompetitive
N-methyl-D-aspartate receptor (NMDAR) antagonism. NMDARs are usually blocked by
a magnesium or zinc ion in the receptor channel. With the neuronal depolarization and
extracellular binding of its endogenous ligands (glutamate, aspartate, and glycine), the NM-
DAR channel opens and the magnesium or zinc ion leaves, thereby permitting sodium and
calcium to enter the neuron. Thus, the activation of NMDARs is voltage (or use)-dependent.
Ketamine blocks the receptor channel when it is open, causing a use-dependent inhibition
of the receptor. The degree to which an antagonist remains in the receptor channel after
it closes is referred to as “trapping”. High trapping NMDAR blockers, such as ketamine
and phencyclidine, are those with slower release from the channel and are associated
with greater cognitive and psychotomimetic side effects [71]. Partial trapping (or low
affinity) antagonists include memantine, amantadine, dextromethorphan, and lanicemine
(AZD6765). Theoretically, lower levels of trapping may enable a more selective blockade
of neurons with high levels of tonic activity, such as GABAergic interneurons, preserving
physiologic activity elsewhere [72] and reducing the cognitive and psychotomimetic effects
of high trapping blockers like ketamine [73], which underlie its use as a drug of abuse.

Elucidating the mechanism(s) by which ketamine’s NMDAR blockade contributes to
its antidepressant effect is crucial to advancing glutamate-targeted drug development. Sev-
eral theories have been proposed, including the hypothesis that the selective antagonism
of NMDARs on GABA-ergic interneurons by ketamine disinhibits glutamatergic neurons,
thereby increasing glutamatergic firing and consequent α-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid receptor (AMPAR) activation [74]. An alternative hypothesis
posits that reduced NMDA-burst firing in the lateral habenula (which may be considered as
an “anti-reward center”) disinhibits the release of monoamines from brainstem nuclei [75].
What does appear clear is that the sustained antidepressant action of ketamine depends
upon BDNF, the expression of which is modulated via AMPA-receptor activation, as is the
expression of the BDNF receptor (tropomyosin receptor kinase B, TrkB) and eukaryotic
elongation factor 2 (eEF2), and the formation of the mechanistic target of rapamycin com-
plex 1 (mTORC1)—all of which play roles in synaptogenesis and neural plasticity [76]. In
the context of these vital roles the AMPAR plays in fostering the aforementioned processes,
it appears that AMPAR activation may be a key mediator of the antidepressant efficacy
observed with medications such as ketamine [77].

Despite their efficacy, the limitations of ketamine/esketamine (i.e., a typically short
duration of benefit without repeat dosing, dissociation and cognitive impairments requiring
transport home after treatment, and hypertensive and abuse risks) have spurred the search
to develop molecules with improved risk/benefit profiles for TRD patients (Table 1).

AXS-05 (a combination drug comprised of dextromethorphan HBr 45 mg and bupro-
pion HCl 105 mg extended release) received FDA approval for non-TRD MDD in August
2022. Dextromethorphan is an over-the-counter antitussive that functions as a low-affinity
NMDAR antagonist with several other pharmacological targets, including sigma-1 receptor
agonism and SERT inhibition [78]. However, its rapid metabolism by CYP2D6 during first-
pass metabolism has limited its clinical utility. By co-administering a CYP2D6 inhibitor,
such as quinidine in the dextromethorphan–quinidine combination drug marketed for
the treatment of pseudobulbar affect, blood concentrations of dextromethorphan can be
sustained for a clinically relevant duration [78]. Bupropion, itself an ADM, also inhibits
CYP2D6, providing the rationale for the AXS-05 combination product. In a Phase 3 RCT
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evaluating 327 non-TRD MDD patients (the GEMINI trial), AXS-05 dosed twice daily for six
weeks demonstrated superiority versus placebo [79], with statistical separation occurring
at week 1. A subsequent trial in 80 non-TRD MDD patients compared AXS-05 to equiva-
lent bupropion monotherapy (i.e., 105 mg BID) and also demonstrated the superiority of
AXS-05, with sustained statistical separation beginning at week 2 [80]. However, in the
STRIDE-1 trial, which evaluated AXS-05 versus bupropion monotherapy in 312 TRD pa-
tients, AXS-05 did not prove superior at the week 6 primary outcome time point, though it
was statistically superior at week 1 and overall through the trial [81]. Another combination
product, using deuterated dextromethorphan plus quinidine (AVP-786), failed to show
significant antidepressant effects in controlled trials and has been repurposed for agitation
management in dementia (NCT04408755, NCT02446132, and NCT03393520).

Another low-affinity, non-competitive NMDAR antagonist in Phase 3 testing for TRD is
esmethadone (also known as dextromethadone, d-methadone, or REL-1017). Esmethadone
has 20-fold lower potency at the mu opioid receptor than l-methadone (thus reducing
abuse potential), has affinity for SERT and NET at micromolar concentrations, and has
been demonstrated to increase circulating plasma BDNF in healthy subjects [82,83]. A
Phase 2 trial of adjunctive oral esmethadone at 25 and 50 mg daily in 62 TRD patients
demonstrated efficacy over placebo out to 7 days post-treatment [84], though the company
developing this drug recently issued a press release indicating that an interim analysis of
the ongoing Phase 3 trial indicated it is unlikely to meet its primary efficacy end point,
raising uncertainty about its future development [85].

Nitrous oxide (N20, “laughing gas”) is another non-competitive NDMAR antagonist,
with additional inhibitory actions at AMPA, kainite, and nicotinic receptors. In the context
of treating depression, nitrous oxide has typically been delivered in a 50% N2O/50%
O2 mixture for one hour. In TRD samples, nitrous oxide has only been studied using
a single dosing session, with a statistically significant benefit detectable two hours post
dosing in an open label study [86] and two weeks post dosing for both 25% and 50% N2O
concentrations versus a 0% N2O mixture in a 24-patient cross-over trial [87]. Achieving
efficacy with lower N2O concentrations would improve the tolerability, which can be
limited by nausea, vomiting, and headache. A third TRD trial with 44 patients, performed
in China, is pending the release of results. Although nitrous oxide is a drug of abuse,
typically in the form of “whippets” among youth, the drug is considered to have minimal
addiction potential [88]. Due to its low solubility in blood, nitrous oxide clears rapidly, with
most patients fully recovered in 10–15 min and able to drive home, a significant advantage
over other dissociative agents. Xenon, another gas with NMDAR antagonist activity, is also
being evaluated for efficacy in MDD patients with poor response to an ADM in an early
Phase 1 trial (NCT03748446).

NMDARs are comprised of four subunits, the composition of which may have rel-
evance as a target for TRD drug development. Ketamine has higher affinity relative to
memantine for NMDARs containing the GluN2B/NR2B subunit [89], which is associated
with basal levels of depression-like behavior in a mouse model [90]. Specific antagonists
for NR2B-containing NMDAR, however, such as traxoprodil and rislenemdaz, have not
proven successful in TRD clinical trials [91].

In contrast to orthosteric antagonists, which directly block the binding of a ligand to
its receptor site, allosteric modulators of the NMDAR act at sites other than the agonist
binding site, typically on the 7 trans-membrane domain, to decrease (negative allosteric
modulator) or increase (positive allosteric modulator) activity induced by the endogenous
ligand. Advantages of allosteric modulators versus orthosteric agonists or antagonists
include improved selectivity for receptor subtypes, the reduced likelihood of receptor
desensitization, and a broader ability to impact various aspects of receptor activity [92].
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MIJ821 is a one such negative allosteric modulator of NR2B-containing NMDAR, which
reduces the ability of glycine to bind to NMDAR. In a recent 6-week Phase 2 RCT that
enrolled 70 TRD patients, adjunctive MIJ821 at 0.16 or 0.32 mg/kg delivered intravenously
at weekly or biweekly intervals was found to be statistically superior to placebo at 24
and 48 h, though not at 6 weeks. The trial included an active control using ketamine
0.5 mg/kg weekly, and the MIJ821 arms had roughly similar effect sizes at all time points
(NCT03756129) [93,94]. After acquisition by Novartis, the clinical trial assessing use in MDD
patients with active suicidal intent was halted, leaving one Phase 2 trial underway in TRD.
Whether negative allosteric modulators can avoid the psychotomimetic and dissociative
effects of ketamine remains to be determined.

Positive allosteric modulators of NR2B-containing NMDAR, which unlike ketamine
have the effect of increasing NMDAR signaling and consequently do not have associated
psychotomimetic effects, have also been evaluated for efficacy in TRD with limited success.
Among these is rapastinel (GLYX-13), which failed as an augmentation agent in three Phase
3 trials for patients with inadequate response to ADM [95] despite very encouraging Phase
2 data [96]. The development of its orally available derivative, apimostinel (NRX-1074),
also appears to have ceased. Another positive allosteric modulator, AGN-241751, also
recently failed to demonstrate efficacy in a large Phase 2 trial of non-TRD MDD patients [97].
Robust evidence has established that rapastinel promotes synaptic plasticity [98], indicating
that such activity may be necessary but not sufficient for an antidepressant effect and
underscoring the continuing uncertainties around how to modulate NMDAR activity
for TRD. Another glycine-site antagonist, 4-chlorokynurenine (AV-101), recently failed to
demonstrate efficacy in a 185-subject RCT evaluating its use as adjunctive treatment in
TRD [99].

Another NMDAR allosteric modulator of interest is D-cycloserine (DCS). DCS is a
glycine-site partial agonist that acts as a functional NMDAR antagonist at doses above
100 mg/day. Although numerous trials have indicated that DCS can enhance extinction
learning for PTSD and anxiety disorders [100], data supporting its efficacy as an augmenta-
tion agent for TRD are weak [101]. One small placebo-controlled study found no benefit of
6 weeks of DCS (titrated to 1000 mg/day) for maintaining the antidepressant effect after
response to ketamine treatment, though DCS did appear to provide protection against
suicidal thoughts (see below). In the brain, DCS may function as a prodrug for D-serine,
which is a full agonist at the NMDAR [102]. Cross-species studies have found that D-serine
can improve sleep quality, cognitive flexibility, and memory retention [103]. D-serine has
also shown mood-improving effects in healthy adults and can increase neurogenesis in
mice, all of which suggest possible utility in TRD. Although no current studies are eval-
uating D-serine for TRD, these data suggest it may have utility for improving specific
symptom components of TRD beyond that achieved with DCS [104]. Two factors that may
limit D-serine as a therapeutic agent are its low bioavailability when given orally and its
potential for nephrotoxicity at higher doses, which has been observed in rats [105].

Beyond the NMDAR, other druggable targets involved in glutamatergic signaling
include ionotropic (AMPA and kainate) and metabotropic receptors (mGluR), as well as
downstream effectors. Ketamine is not known to act through mGluR, but subtypes of this
receptor family, particularly mGlu2/3 and mGlu5, have been implicated in mood regula-
tion [106]. mGlu2/3 receptors are located primarily pre-synaptically, and their activation
inhibits glutamate release. mGlu2/3 antagonists and negative allosteric modulators, such
as decoglurant, have thus far failed to demonstrate efficacy in patients with MDD with
an inadequate response to pharmacotherapy (EudraCT number 2011-002160-24) [107,108].
TS-101 is a mGluR2/3 orthosteric antagonist currently in Phase 2 trials. There do not appear
to be any ongoing/active trials of mGluR5 modulators after several failures [109].
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AMPARs differ from NMDARs in that their activation is not voltage-dependent,
which enables them to regulate the voltage-dependent processes controlling calcium entry
into neurons and activating second messenger systems involved in synaptogenesis [70].
Arketamine (PCN-101), the R-enantiomer of ketamine, appears to exert its effect primarily
through AMPAR activation and, after demonstrating tolerability with limited dissociative
effects in a Phase 1 study, moved to a Phase 2 clinical trial [110]. Unfortunately, while
pilot data support its tolerability, its efficacy in treating the TRD population was not
demonstrated [111], and a recent press release from the drug developer reported a failure to
separate from the placebo in a three-arm Phase 2 trial of 102 TRD patients [112]. Preclinical
data of a ketamine-metabolite, 2R,6R-hydroxynorketamine (HNK), found that it induces
rapid and more sustained antidepressant effects than ketamine itself, likely through the
indirect activation of AMPAR and potentially involving mGlu2 [113]. It is currently being
investigated in a Phase 2 trial.

Finally, some investigational approaches are focusing on the downstream effectors
of glutamatergic signaling, including the neurotrophin/TrkB signaling pathway and the
integrative mTORC1 pathway. A leading candidate in this area is NV-5138, a synthetic
leucine analog that selectively binds sestrin2 (a leucine amino acid sensor that activates
the mTORC1 pathway) and skirts the rapid metabolism that leucine undergoes. It has
demonstrated rapid antidepressant effects in a small clinical study [114] and is now in
Phase 2.

3.2. Non-Glutamatergic Drugs

Although significant attention has been levied toward glutamatergic signaling as a
target in TRD, the complexity of neurocircuits, neurotransmitters, and other signaling
molecules in the context of depressive pathophysiology and treatment resistance offers a
wide array of other potentially druggable targets (Table 2).

3.2.1. GABAergic Modulators

A broader conceptualization of neurocircuit disruptions underlying depression incor-
porates an imbalance between excitatory (i.e., glutamatergic) and inhibitory (i.e., GABAer-
gic) signaling [115]. GABA signaling mediates the stress response [116,117], a vulnerability
factor for mood disorders [118,119], and preclinical and translational studies demonstrate
depressive phenotypes in the context of dysfunctional GABA signaling [120]. GABAA

receptors are comprised of five subunits with differing subunit composition conveying
different functionality. Depression has been associated with alterations in subunit composi-
tion yielding reduced GABAergic signaling [121]. Neurosteroids such as allopregnanolone,
which are synthesized in the brain from progesterone, function as positive allosteric modu-
lators of GABAA receptors [122], though they also have a variety of other effects, includ-
ing the negative allosteric modulation of nicotinic acetylcholine receptors and the 5-HT
(5-hydroxytryptamine, commonly known as serotonin) 3 receptor, the inhibition of voltage-
gated calcium channels, and the activation of pregnane X receptors [123–126]. Unlike
the benzodiazepines, which engage synaptic γ-subunit-containing GABAA receptors to
increase the likelihood of phasic GABA-R activation [127], neurosteroids have a broader
binding profile that includes not only synaptic GABAA receptors but also the largely extrasy-
naptic, δ-subunit-containing GABAA receptors that contribute to tonic GABA-mediated
inhibition [128]. This difference in receptor subtype specificity and the consequent differ-
ence in mediating GABA inhibitory potentials appears to be central to the antidepressant
effect observed in neuroactive steroids.

Brexanolone, an aqueous formulation of allopregnanolone, was approved by the FDA
for the treatment of post-partum depression (PPD) in 2019 [122], though this formulation’s
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use is limited by requiring a monitored 60 h infusion. This was followed by the approval of
zuranolone (SAGE-217), an orally bioavailable form of allopregnanolone, in 2023, for the
treatment of PPD. Whether other forms of MDD not temporally associated with fluctuations
in estradiol and progesterone (which may contribute to the development of PPD [122])
will also respond to neurosteroid treatments is not yet established. Although zuranolone,
either as a monotherapy or when co-initiated with an ADM, demonstrated efficacy in
non-TRD MDD patients [129–132], the FDA in 2023 declined to give marketing approval
for zuranolone for the treatment of MDD, citing both efficacy and safety concerns [129].
Ganaxolone, a synthetic analog of allopregnanolone, received FDA approval in March
2022 for the treatment of seizures in patients with a rare genetic disorder. One small
open-label study of ganaxolone as an adjunctive therapy in post-menopausal women with
an inadequate response to treatment did demonstrate some efficacy over treatment as
usual [133]; however, development has been limited as a function of null results in clinical
trials focused on PPD and PTSD.

Another GABA-targeted agent is propofol, a general anesthetic that potentiates GABA
and glycine receptors and inhibits NMDAR. An open-label study that administered EEG-
guided personalized dosing of propofol on a thrice weekly regimen for a total of 10 infusions
reported six of 10 TRD patients responded, with benefits lasting at least three months in
most patients [134]. A Phase 2 RCT of 48 TRD patients testing high- versus low-dose
propofol is currently underway (NCT03684447).

3.2.2. Monoaminergic Modulators

The overall success of serotonin and norepinephrine modulation in the treatment of
MDD led to concerted industry efforts to develop more targeted and specific pharmaceuti-
cals in this vein. Most recently, the FDA in 2023 provided marketing approval for gepirone
hydrochloride extended release, which acts as a 5-HT1a partial agonist, as a treatment
for MDD [135]. Attempting to build off the efficacy of the norepinephrine and dopamine
reuptake inhibitor (NDRI) bupropion as both a monotherapy and augmentation strategy,
several companies pursued so-called triple reuptake inhibitors (TRIs), which inhibit the
activity of the three monoamine transporters—serotonin (SERT), norepinephrine (NET),
and dopamine (DAT) [136]. Despite massive investment, no TRIs have yet received market-
ing approval, and there have been several notable failures and/or abandoned candidate
drugs (e.g., liafensine, tedatioxetine, and amitifadine). These failures provided insight
into particular challenges for developing TRIs, such as identifying the optimal ratio of
inhibition across the SERT, NET, and DAT that produces efficacy without abuse potential,
quantifying transporter occupancy in vivo, the relative importance of phasic versus tonic
signaling, and the complex interactions between serotonin, norepinephrine, and dopamine
on their cell firing [136]. As such, industrial interest has waned in recent years, though
two candidates still remain in advanced development. Liafensine, which had previously
been investigated in MDD with null findings, has found renewed interest in the context
of applied, proprietary pharmacogenomic biomarker use. The company developing this
drug and proprietary pharmacogenomic biomarker recently released a press statement
highlighting positive Phase 2 results and the approval of fast-track status from the FDA for
further development [137]. Ansofaxine (also known as LY03005, toludesvenlafaxine, or 4-
methylbenzoate desvenlafaxine) is rapidly metabolized in the periphery to desvenlafaxine
(a marketed SNRI antidepressant) and demonstrates central nervous system penetration
with hypothalamic concentrating and possibly DAT inhibitory activity [138]. Phase 2
and 3 clinical trials have demonstrated efficacy [139,140], and the drug gained regulatory
approval for clinical use in non-TRD MDD in China in late 2022.



Brain Sci. 2025, 15, 161 17 of 38

Lumateperone, an antipsychotic agent approved for the treatment of schizophrenia
as well as depressive episodes associated with bipolar 1 and 2 disorders, has been bol-
stered by positive Phase 3 trial results as adjunctive therapy in MDD with inadequate
response to antidepressant treatment [141]. Unlike its antipsychotic counterparts that
already have regulatory approval as adjunctive treatments, lumateperone functions pre-
dominantly as a 5-HT2a antagonist with over 60-fold higher affinity compared to the D2
receptor. Evidence also points to its potential as a SERT inhibitor at higher doses, as well
as an indirect, D1-mediated effect on NMDAR and AMPAR-mediated prefrontal cortical
neurotransmission [142]. In terms of long-term safety and tolerability data, this receptor
specificity profile seems to be translating to a notably improved side effect profile with little
impact on cardiometabolic parameters, weight, prolactin levels, and motor disturbances
equivalent to placebo and superior to comparator antipsychotics [142–144]. Though not
entirely novel as an approach to TRD augmentation treatment, it may find use, if approved,
over existing treatments based on the tolerability/safety profile. In a similar vein, OSU-6162
is a partial agonist at D2 and 5-HT2A receptors and has demonstrated anxiolytic properties
and attenuated alcohol intake in rat models [145] and is in early development as a potential
adjunctive treatment.

3.2.3. Psychedelics

The classical tryptamine psychedelics (lysergic acid diethylamide, psilocybin, and
dimethyltryptamine [DMT]) may also be considered as monoamine modulators based
on their potent 5-HT2a agonism, though the degree to which their antidepressant effects
are due to this direct biological effect rather than the array of psychological and mysti-
cal/spiritual effects remains an area of uncertainty [146]. Psychedelics share the property of
producing intense experiences characterized by altered cognitive, emotional, and sensory
processing as well as dramatic changes in brain connectivity [147] and the induction of
neuroplasticity [148,149]. The leading current model of psychedelic-assisted therapy (PAT)
involves providing several hours of preparatory psychotherapy sessions, one or more
psychedelic dosing sessions, and then several hours of subsequent integration therapy ses-
sions. The patient’s mindset (“set”) and the physical setting of the psychedelic experience
are believed to be crucial for achieving therapeutic benefit [150].

The substantial efficacy of psychedelic therapy demonstrated in small trials of medi-
cally ill patients experiencing anxiety and depression in the face of end-of-life issues has
encouraged their exploration as a treatment for MDD [151]. The potential advantages of
psychedelic therapy approaches to TRD include good tolerability and safety, low abuse
potential, potential efficacy for comorbid substance use disorders [152], the lack of need
for chronic dosing, and the potential to impact important life domains beyond depressive
symptoms. Psilocybin and its congeners are the psychedelic compounds most clinically
advanced to date, with Phase 2 trials demonstrating efficacy in both TRD [153,154] and
non-TRD MDD [155]. A Phase 2 RCT of 233 patients with TRD comparing 1, 10, and
25 mg of COMP360 (a proprietary, synthetic version of psilocybin) given in a single dosing
session demonstrated efficacy for the 25 mg dose over the 1 mg dose at the week 3 primary
outcome timepoint [153]. In a Phase 2 RCT of 104 non-TRD patients with MDD, a single
dosing of 25 mg of psilocybin showed efficacy over a niacin placebo at the week 6 primary
endpoint. Phase 3 programs are now underway for TRD using COMP360 and for MDD
using psilocybin, with results expected in late 2025. Notably, in a 59-patient RCT comparing
psilocybin to an active antidepressant (escitalopram), the psychedelic did not demonstrate
superiority for depressive symptoms on the primary outcome, though numerous secondary
measures indicated greater benefits for patients in the PAT arm [156]. Beyond psilocy-
bin, several trials are evaluating the efficacy and safety of DMT (the psychedelic agent
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in ayahuasca) or 5-methoxy-DMT (5-MeO-DMT) for TRD (see Table 2). 5-MeO-DMT can
be administered in a vaporized form, enabling more rapid time to onset and a shorter
duration of altered mental status, properties which may increase the feasibility of its clinical
application compared to psilocybin (which requires a minimum of 6 h post-dosing for the
resolution of the altered mental state) [157].

A key challenge for psychedelic trials is the difficulty in identifying a placebo treat-
ment that can maintain the blind after randomization due to the profound and rapid onset
of psychedelic effects. The inadequate blinding of patients and investigators may heighten
expectations for improvement after dosing. Niacin, which induces facial flushing, or a
very low dose of the psychedelic has been utilized as a placebo, but a careful evaluation
of unblinding and expectation effects has not been performed [158]. There are numerous
preclinical research efforts underway exploring psychedelic analogs that may treat psy-
chiatric symptoms without inducing the psychedelic experience, which would resolve the
blinding issue and address the open question of whether the psychedelic experience itself
is a necessary component for response to this class of drug [159,160].

Additional challenges for psychedelic treatments pertain to the uncertain durability
of benefit, the need to identify patients with an increased risk of suffering harms from
psychedelic exposure, and navigating the ethical and regulatory hurdles. Recent data
suggest that some patients continue to demonstrate sustained improvements in mood for
6–12 months following psilocybin dosing [161,162], though the larger long-term follow-up
samples from the Phase 3 trials will provide more reliable estimates of the durability of
effect. Substantial efforts are being made to better quantify adverse effects from psychedelic
treatment, including social and relationship harms that may not be identified adequately
through standard adverse assessment methods [163,164]. There is also uncertainty around
the psychotherapy to be co-administered with psychedelic treatments, including its theo-
retical orientation, delivery structure, and best ethical practices to ensure adequate patient
consent and protection from exploitation [165,166]. Pharmaceutical regulatory bodies, such
as the US FDA, have developed general guidance for psychotherapy delivery in conjunction
with psychedelic dosing [167], but how these factors will be considered in determining the
labeling for the regulatory approval of these drugs remains to be determined.

3.2.4. Anti-Inflammatory and Immune Modulators

The immune system has long been hypothesized to play a role in the development
or maintenance of psychiatric disorders, with the evolution of several prominent theories
over the past 30 years [168]. There are three primary lines of evidence supporting this
theory: (1) increased inflammation is present in patients with depression, (2) depressive
symptoms may be induced with inflammatory stimuli, and (3) depressive symptoms may
be reduced through the inhibition of inflammation. A recent meta-analysis estimated
the prevalence of low-grade inflammation, defined as the elevation of the acute-phase
reactant C-reactive protein (CRP) to >3 mg/L, to be nearly 30% in a sample of patients with
MDD [169]. Patients with TRD appear to have more consistently elevated CRP levels when
compared to healthy controls as well as treatment-responsive and untreated depressed
patients [170]. Numerous prior studies have similarly demonstrated elevations in acute-
phase reactants as well as other demonstrable markers of active inflammation in depressed
patients, including the pro-inflammatory cytokines tumor necrosis factor (TNF), interleukin
(IL)-6, and IL-17a [171,172]. Genomic and transcriptomic analyses of peripheral blood and
cerebral spinal fluid have similarly shown increased inflammatory markers, including
genes enriched for IL-6 and TNF signaling, as well as the evidence of enhanced immune
trafficking and the activation of microglia [173]. There is an extensive literature on the
induction of depressive symptoms by the administration of inflammatory cytokines such as
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interferon (IFN)-α [174,175] as well as vaccines and endotoxins [176–178] with significant
phenotypic overlap with otherwise healthy depressed individuals [179].

Treatment with anti-inflammatory or immune-modulating agents has demonstrated
potential to reduce depressive symptoms [180,181], and there is a recognized association
between inflammatory status and diminished responsiveness to conventional first-line
treatments in depression [182,183]. Both retrospective and prospective studies have demon-
strated that elevated biomarkers of inflammation, including CRP, IL-6, and TNF, have been
associated with a poor treatment response and repeated treatment failure [170,184–187],
and transcriptomic studies have elucidated unique mRNA profiles in treatment-resistant
vs. treatment-responsive patients [188]. Indeed, inflammatory status has been shown to
predict responsiveness to electroconvulsive therapy and ketamine treatment [189–191],
and, while the treatment of TRD patients with a TNF neutralizing antibody, infliximab,
showed no overall differences between groups in terms of symptom improvement, post-hoc
analysis demonstrated a significant interaction between the treatment and baseline level
of inflammation (as measured by CRP) [192]. Employing inflammatory biomarkers as a
potential predictor of treatment outcomes in MDD and TRD would provide a personalized
and readily accessible approach to management, as exemplified in a recent small trial
investigating the effect of the omega-3 fatty acid eicosapentaenoic acid (EPA) on depressive
symptoms and inflammatory markers in an enriched patient pool [193].

The mechanism by which inflammation/immune dysregulation influences mood
states is likely multifactorial and remains a matter of ongoing investigation. Some of
the more prominent and robust evidence suggests changes to relevant neurotransmitter
pathways [173]; an increased sympathetic tone via the activation of the hypothalamic–
pituitary–adrenal (HPA) axis [194,195]; an over-activated inflammasome cascade [196,197];
an altered cellular and systemic metabolism and energy utilization [198–200]; and dis-
rupted blood–brain barrier integrity [201]. Drug development efforts to overcome the
effects of inflammation/immune dysregulation have primarily focused on canonical pro-
inflammatory signaling cascades—IL-17 (ixekizumab), IL-6 (sirukumab, tofacitinib, barici-
tinib), TNF (golimumab, infliximab)—as well as both systemic mediators of inflammation
(i.e., cyclooxygenase pathway) [183,202] and localized mediators of neuroinflammation
(i.e., minocycline) [203]. While several medications remain under active investigation,
either in TRD (ixekizumab, high-dose omega-3 fatty acids) or depressive symptoms in
the context of systemic illness (e.g., baricitinib in rheumatoid arthritis, NCT05238896),
many others have failed to consistently demonstrate efficacy (sirukumab, minocycline, and
celecoxib) [173]. Negative results from these trials are unfortunately difficult to interpret for
several reasons, including the following: (1) off-target effects for putative anti-inflammatory
agents, (2) failure to prospectively enrich trials for increased baseline inflammation using ac-
cessible cut-offs (e.g., CRP level), and (3) failure to utilize transdiagnostic elements reliably
demonstrated to be impacted by inflammation (e.g., anhedonic behavior and psychomotor
speed and functional connectivity within reward and motor circuits) as outcome measures
(discussed in detail in a recent review [173]).

An alternative strategy, based on accumulating evidence of the so-called “gut–brain
axis” and its mediation through chemical messengers and the host inflammasome [204],
seeks to harness the power of gut microbiota to treat neuropsychiatric disorders. Re-
cent reports have identified specific commensals as having potential causal effects on the
pathogenesis of depression [205] and that concentrations of gut-derived metabolites of
tryptophan impact brain functional connectivity associated with anxiety [206]. Whether
treatments targeting the gut microbiome, including fecal transplant, will prove enduring
over time remains an important focus of this research.
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3.2.5. Opioid Receptor Modulators

The endogenous opioid system has been linked to various depression-related char-
acteristics, including reward processing [207], attachment and social bonding [208], and
the stress response [209]. Indeed, opioids (i.e., opium and morphine) have been in use for
the management of “melancholia” and “mania” since antiquity and remained a popular
therapeutic option well into the 20th century [210].

While the sparse sample of available studies using conventional µ-opioid receptor
agonists and partial agonists (e.g., β-endorphin and buprenorphine) have demonstrated
antidepressant effects [211–214], there exists a significant tension between efficacy and po-
tential for abuse and dependence, as well as uncertainty related to durability and long-term
outcomes, that has limited the potential for use in clinical practice. However, the µ-opioid
receptor, which mediates the addictive potential of opioid agonists and their risk for respira-
tory depression, is only one component of the endogenous opioid system; there is growing
pre-clinical and clinical evidence to suggest a rationale for targeting non-µ-opioid receptors,
such as nociceptin and δ- and κ-opioid receptors [215]. An example of this approach is
the combination of buprenorphine (partial µ-agonist and high-affinity δ- and κ-antagonist)
plus a µ-antagonist, such as naltrexone or samidorphan, which effectively negates the µ-
agonism and potentiates κ-antagonism, to augment standard ADM therapy [216,217]. Yet
the early promise of these approaches has been tempered by null clinical trials, highlighted
by the FDA declining to approve buprenorphine/samidorphan as an add-on treatment for
TRD in 2019 [218]. The more direct κ-antagonist, aticaprant (CERC-501), also failed to meet
statistical significance against placebo, though the trial had to be terminated early due to
slow enrollment despite results trending positively (NCT01913535) [219]. Aticaprant does
remain an active candidate, though the focus has shifted toward a more transdiagnostic
view, targeting anhedonia/anhedonic depression. There are no current Phase 2 or 3 trials
evaluating drugs for TRD primarily acting through opioid signaling, though an open-label
Phase 4 trial of tianeptine, an atypical µ-agonist, is ongoing (NCT04249596).

3.2.6. Additional Mechanisms

Seltorexant is a selective antagonist of orexin type 2 receptors, distinguishing it from
the currently marketed orexin antagonists that non-selectively block both type 1 and
2 orexin receptors (e.g., suvorexant and lemborexant). Seltorexant has already demon-
strated clinical efficacy in limited trials with TRD as an adjunctive treatment, with a
more pronounced effect in patients who had a clinically relevant sleep disturbance at
baseline [220,221]. The drug is now in Phase 3 trials for augmentation therapy in TRD
(NCT04532749, NCT04513912, and NCT04533529). Notably, the preclinical data suggest
that the antidepressant effects of orexin receptor antagonists do not depend on neurogene-
sis [222], which would be a departure from many of the current mainstream ideas about
the physiology behind the efficacy of antidepressant medication.

Other potential treatments with active trials include S-adenosylmethionine, a co-
substrate in enzymatic methyl group transfers; ABX-002, a thyroid hormone receptor
agonist; and MAP4343, a microtubule-associated protein type-2 (MAP2) binding agent that
enhances microtubule dynamics [223].

3.3. Transdiagnostic Approaches to Treatment and Application of Biomarkers

Achieving the goal of personalizing treatment for depression will require the identifi-
cation of biomarkers that indicate whether a patient is more or less likely to respond to a
given treatment, also known as prescriptive biomarkers [224]. These biomarkers may be
more readily identified in TRD samples due to the filtering out of the high rate of placebo
response in non-TRD MDD. There are currently no established peripheral biomarkers that
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can discriminate TRD as a diagnosis from non-treatment-resistant depression or that can
provide an accurate prognosis of treatment outcomes [225–227]. Today, pharmacogenomic
testing is the most evidence-based prescriptive biomarker for the selection of medication
treatments for TRD, though the number needed to genotype to achieve one additional
remission in TRD patients is approximately 19 [228,229].

There are two primary means for identifying prescriptive biomarkers. First, samples
from randomized treatment trials can be retrospectively analyzed to identify a biomarker
that significantly predicted differential outcomes to the intervention, which can then be
prospectively tested in trials that stratify randomization to two or more treatments based on
the biomarker. This approach has been used to evaluate EEG [230] and positron emission to-
mography biomarkers [231] and appears to have been successfully demonstrated in a Phase
2 trial with the TRI liafensine for which the sponsor has identified an undisclosed genetic
biomarker, DGM4 (“Denovo Genomic Marker 4”), that consists of a single gene existing
in a GG (DGM4-positive) vs. AA or AG (DGM4-negative) genotype (NCT05113771). This
approach to personalization faces the challenge of patient sample heterogeneity between
trials as variability in clinical or sociodemographic features may still significantly impact
treatment response [231], though the process of utilizing sample enrichment and/or clearly
defined states for biomarker application does appear promising.

A second approach is to identify patients with an abnormality in a biological system
believed to underlie a component of mental dysfunction and then to prospectively test a
treatment known to modulate that system in patients with that abnormality. These system
abnormalities can exist across the current categorization of disorders (i.e., are transdiag-
nostic). Excessive fear processing [232], cognitive dysfunction [233], and anhedonia (both
motivational and consummatory deficits) [234] are examples of transdiagnostic targets,
with the latter emerging as the leading transdiagnostic target (Table 3), driven significantly
by the neuroinflammation literature [173,235].

3.3.1. Anhedonia

The neurobiological underpinnings of anhedonia involve dysfunctional networks
including the corticostriatal reward circuitry/dopaminergic mesolimbic pathway and en-
dogenous opioid signaling pathways [236–238]. Many drugs acting through these systems
have been evaluated for anhedonia, including bupropion, carbidopa/levodopa, dextroam-
phetamine, and pramipexole, with mixed results in small samples [239]. More recently,
several pro-dopaminergic drugs have been evaluated using the task-based neuroimaging
of ventral striatal reactivity to reward anticipation in adults to demonstrate target val-
idation for the treatment of anhedonia. Aticaprant (JNJ-67953964), a κ-opioid receptor
antagonist that increases dopamine release in mesolimbic regions, produced significant
enhancement on this imaging biomarker but unclear efficacy against anhedonia on clinical
measures [240]. The other medication, ezogabine, is an opener of KCNQ2/3 potassium
channels. In preclinical models, enhanced signaling through these channels in the ventral
tegmental area protects mice against anhedonic behaviors [241]. In humans, ezogabine
produced improvements specifically in anhedonic symptoms and an increase, not reaching
statistical significance, in ventral striatal activation to reward anticipation [242]. While
these studies are encouraging from a mechanistic perspective, the paradigm does not yet
support the use of these specific imaging assessments as a prescriptive biomarker.

As an outgrowth of the larger collection of psychoneuroimmunology work focused
on the impact of inflammation on the depressed state, there has been an interest in utiliz-
ing inflammation as a prescriptive biomarker to improve treatment selection in patients
with an anhedonic MDD phenotype. One trial sought to harness the DAT inhibition of
bupropion to promote dopamine neurotransmission within classic reward circuitry (ventral
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striatum to ventromedial prefrontal cortex) for patients with anhedonic depression and
elevated CRP; however, there appeared to be no separation from the active comparator
(escitalopram; NCT04352101). Using a similar paradigm, another study is assessing the
impact of carbidopa/levodopa, the anti-Parkinsonian dopamine pro-drug, on resting state
functional connectivity in classic reward circuitry and anhedonic depression using a CRP
cut-off to enrich the patient cohort. Preliminary data are suggestive of a pattern of response
in effort-based tasks and functional connectivity mediated by inflammation [243]. This
study was recently expanded to determine if effects are appreciated in a larger patient
population (NCT06075771). Baricitinib, a JAK1/2 inhibitor that dampens activation of
the IL6 inflammatory cascade, is also being investigated for the treatment of anhedonic
depression in HIV patients.

In a similar vein of enhancing dopamine neurotransmission in the context of systemic
inflammation, several trials are being undertaken in Sweden to assess the efficacy of
pramipexole, a D2/D3 agonist, as an adjunctive strategy in anhedonic depression. A pilot,
open-label study did demonstrate efficacy and target engagement—improving depression
and anhedonia scores as well as lowering mean CRP over 10 weeks of treatment [244]. A
larger, double-blind, placebo-controlled trial is currently underway to follow up on these
results (NCT05355337).

3.3.2. Suicidality

Another important transdiagnostic target is suicidality [245–249], though the ethical
and logistical difficulties inherent in studying such high-risk patients is a considerable
barrier to the design of trials evaluating this transdiagnostic element [250]. The observed
anti-suicidal effects of ketamine and esketamine have been a major boon to such efforts,
however, and have encouraged the evaluation of several new or repurposed medications
for this potential indication. As it relates to pathophysiology, suicidality has been associated
with altered fronto-limbic connectivity involving the orbitofrontal cortex, anterior cingulate
cortex, and thalamic regions [251–253]. While the treatments under investigation do
not appear to necessarily specifically target these structures, they are associated with a
more global disruption of connectivity. A possible exception to this may be opioidergic
signaling, which can influence affective states through pain and social distress circuits that
involve the thalamus and anterior cingulate cortex [254]. Indeed, the opioid partial agonist
buprenorphine is among the repurposed medications being investigated, and the limited
trial data available to date suggest that low-dose buprenorphine has efficacy in reducing
depressive symptoms and suicidal ideation, though these trials did not examine changes in
neural correlates, which could have supported the theorized pathophysiology [255].

Considering the prospective approach of the global disruption of connectivity, other
NMDAR-modulating medications (nitrous oxide and MIJ821) and psychedelics (psilocybin)
have been or are under evaluation. Among these, both nitrous oxide and psilocybin show
promise for a relatively rapid change given the response observed in global depressive
symptoms; however, MIJ821, an NR2B-containing NMDAR negative allosteric modulator,
was apparently shelved in 2023 for this indication due to no new or changing safety signal
in the interval analysis of the ongoing trial [256]. DCS, which has weak evidence as an aug-
menting agent in TRD and does not induce dissociative effects like the orthosteric NMDAR
antagonists, is being tested as an augmenting strategy for transcranial magnetic stimula-
tion (TMS) in suicidal youth/young adults (NCT06121284) and as a combination product
(NRX-101) of high dose DCS (950 mg/day) with the atypical antipsychotic lurasidone for
anti-suicidal effects in bipolar–depressed patients (NCT03395392).
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4. Discussion
Success in identifying novel antidepressant mechanisms has been rare over the past

three decades for a multitude of reasons, including but not limited to the tendency to model
new drug candidates after the therapeutic actions of already approved drugs (a reverse
translational approach), the use of pre-clinical models designed to be sensitive specifically to
the actions of monoaminergic-based antidepressants as screeners for potential efficacy [70],
and the challenges inherent in conducting clinical trials in TRD samples. An element of
this latter issue that warrants further discussion is the variability in what defines a TRD
sample. While the inclusion criteria for this review allowed for varied definitions of TRD (as
defined by the trial investigators) to facilitate an expansive discussion of potential treatment
strategies, it remains notable that, across the trials identified, there was inconsistency in how
diagnostic eligibility was defined. For example, some trials explicitly include augmentation
trials in the count toward the failed treatment tally (e.g., NCT06378229), some include
a course of psychotherapy in the count (e.g., NCT04959253), some highlight that simple
intolerance to a treatment may count toward the definition (e.g., NCT05383313), and some
have upper limits on the number of failed trials (e.g., NCT05066672). Despite efforts to
codify a TRD definition [14], this lack of consistency in active clinical trials does pose a
problem for generalizability and future meta-analyses. As such, for a clinician examining
the potential of a novel agent or a newly approved agent, clarity around the level of
treatment resistance of the patients included in the trials of a specific medication will
be needed to facilitate interpretation and translation of trial results to their own clinical
practice. Additional concerns related to psychiatric clinical trial designs, which were not
the focus of this review but have relevance for the real-world applications of clinical trials’
results, include the limitations of short follow-up periods, which may yield uncertainty
about the durability of benefits [257,258]; small sample sizes, particularly in relation to
genetics, neuroscience, and biomarker research [225,259,260]; and the limited diversity of
participants, which can threaten the generalizability of trial results [261,262].

Despite such limitations, however, this review has identified many emerging medica-
tion approaches for the treatment of TRD, including several that may be nearing new drug
application submission to the FDA as data come in from ongoing trials (i.e., seltorexant and
psilocybin). Additionally, the orphan focus on addressing dimensional or transdiagnostic
elements of patients’ presentations through pharmacology offers promise for clinical utility,
exemplified by the regulatory approval for esketamine in the treatment of depressive symp-
toms in MDD accompanied by acute suicidal ideation or behavior. Considerably more
evidence demonstrating linkages between phenotype, neural substrate, and biomarker will
be necessary to support a larger clinical shift toward this approach.

When considering persisting clinical needs in the general treatment of MDD with
current strategies, three that are readily apparent are reduction in time to clinical response,
improvement in remission rates, and reduction in recurrence rates. Several of the medica-
tions already in use for TRD (i.e., ketamine and esketamine) do provide rapid symptomatic
benefit, and others under investigation also seem to address this issue (e.g., nitrous oxide
and psychedelics); however, what remains to be seen is the magnitude and durability
of response. Improving remission rates may be best achieved by identifying biomarkers
that predict outcomes to specific TRD treatments, given the variety of pathophysiologic
mechanisms that may be present across the TRD population. Finally, the issues of the
durability of benefit and reduction in recurrence are particularly salient for TRD given
the high rate of depressive episode recurrence [263]. The assessment of recurrence as a
matter of treatment success is at least in part muddied by the general paucity of data on
the long-term, naturalistic course of MDD patients. The best data we have available on
this matter, collected through the Collaborative Depression Study [264], are now more than
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two decades old, having followed patients receiving treatments that are uncommonly used
in modern practice. While no investigational medications for TRD are currently seeking
to address the durability element, future considerations may include a shifting focus to
the development of medications that are not acutely acting antidepressants but rather
medications that are most suitable for the maintenance phase of treatment. Possibilities
in this area include buprenorphine or high-dose DCS after ketamine response [265], low-
dose naltrexone for inflammatory-related depression [266], or corticotropin releasing factor
receptor antagonists for stress-sensitive forms of depression [267].

Another unresolved question about TRD is the degree to which current treatment
approaches for MDD iatrogenically contribute to its development [23]. Many patients who
ultimately develop TRD evince good responses to ADMs earlier in their disease course,
with a loss of benefit over time. Given the broad practice of open-ended maintenance
ADM treatment to prevent new depressive episodes, it is remarkable how little research
has explored the consequences of long-term treatment, particularly given the coincident
and apparent rise in treatment resistance and tachyphylaxis. The belief that the loss of
response (tachyphylaxis or “poop-out”) reflects underlying disease progression rather than
a consequence of the sustained boosting of monoamine transmission remains an untested
assumption that warrants careful examination. Although maintenance ADM treatment
is clearly protective against depressive recurrence over 2 years of follow-up [268,269],
whether this holds true over the longer term remains unexamined, as does the possibility
that there exists a subset of adults with MDD vulnerable to developing treatment resistance
due to long-term or repeated exposure to monoaminergic ADM treatments [21,22].

Many other agents currently in clinical trials for MDD may eventually demonstrate
efficacy in TRD populations, even if their labeling does not indicate use for TRD specifically,
much as MAOIs are used today. Clinicians will continue to face challenges in deciding
between treatment options, for which the identification of clinical indicators or biomarkers
for specific treatments would be enormously helpful. Post-marketing effectiveness studies
to identify efficacious combinations of treatments are likely to become increasingly neces-
sary as the number of approved treatments increases. Given the heterogeneity of TRD and
the paucity of predictive preclinical models for its treatment, the successful development of
new TRD treatments hinges heavily upon carefully designed, adequately powered, and
rigorously conducted human trials.
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TCA tricyclic antidepressant
MAOI monoamine oxidase inhibitor
ADM antidepressant medication
SRI serotonin reuptake inhibitor
TRD treatment-resistant depression
FDA Food and Drug Administration
XR extended release
MDE major depressive episode
RCT randomized controlled trial
PTSD post-traumatic stress disorder
GABA gamma-aminobutyric acid
NMDAR N-methyl-D-aspartate receptor
AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor
TrkB tropomyosin receptor kinase B
eEF2 eukaryotic elongation factor 2
mTORC1 mammalian target of rapamycin complex 1
DCS d-cycloserine
mGluR metabotropic glutamate receptor
HNK 2R,6R-hydroxynorketamine
5-HT 5-hydroxytryptamine, serotonin
PPD post-partum depression
NDRI norepinephrine and dopamine reuptake inhibitor
SERT serotonin transporter
NET norepinephrine transporter
DAT dopamine transporter
DMT dimethyltryptamine
PAT psychedelic-assisted therapy
5-MeO-DMT 5-methoxy-dimethyltryptamine
CRP C-reactive protein
TNF tumor necrosis factor
IL interleukin
IFN interferon
EPA eicosapentaeonic acid
HPA hypothalamic–pituitary–adrenal
MAP2 microtubule associated protein type-2
rTMS repetitive transcranial magnetic stimulation
CB cannabinoid

References
1. Kazdin, A.E.; Wu, C.-S.; Hwang, I.; Puac-Polanco, V.; Sampson, N.A.; Al-Hamzawi, A.; Alonso, J.; Andrade, L.H.; Benjet, C.;

Caldas-de-Almeida, J.-M. Antidepressant use in low-middle-and high-income countries: A World Mental Health Surveys report.
Psychol. Med. 2021, 53, 1583–1591. [CrossRef] [PubMed]

2. Brody, D.J.; Gu, Q. Antidepressant Use Among Adults: United States, 2015–2018; US Department of Health and Human Services,
Centers for Disease Control and Prevention: Atlanta, GA, USA, 2020.

3. Luo, Y.; Kataoka, Y.; Ostinelli, E.G.; Cipriani, A.; Furukawa, T.A. National Prescription Patterns of Antidepressants in the
Treatment of Adults With Major Depression in the US Between 1996 and 2015: A Population Representative Survey Based
Analysis. Front. Psychiatry 2020, 11, 35. [CrossRef]

4. Gabriel, F.C.; de Melo, D.O.; Fráguas, R.; Leite-Santos, N.C.; Mantovani da Silva, R.A.; Ribeiro, E. Pharmacological treatment
of depression: A systematic review comparing clinical practice guideline recommendations. PLoS ONE 2020, 15, e0231700.
[CrossRef]

5. Lee, E.H.; Han, P.L. Reciprocal interactions across and within multiple levels of monoamine and cortico-limbic systems in
stress-induced depression: A systematic review. Neurosci. Biobehav. Rev. 2019, 101, 13–31. [CrossRef] [PubMed]

https://doi.org/10.1017/S0033291721003160
https://www.ncbi.nlm.nih.gov/pubmed/37010212
https://doi.org/10.3389/fpsyt.2020.00035
https://doi.org/10.1371/journal.pone.0231700
https://doi.org/10.1016/j.neubiorev.2019.03.014
https://www.ncbi.nlm.nih.gov/pubmed/30917923


Brain Sci. 2025, 15, 161 26 of 38

6. Sinyor, M.; Levitt, A.J.; Cheung, A.H.; Schaffer, A.; Kiss, A.; Dowlati, Y.; Lanctôt, K.L. Does inclusion of a placebo arm influence
response to active antidepressant treatment in randomized controlled trials? Results from pooled and meta-analyses. J. Clin.
Psychiatry 2010, 71, 4632. [CrossRef]

7. Overall, J. Methodologic issues in the epidemiology of treatment resistant depression. Pharmacopsychiatry 1974, 7, 129–138.
[CrossRef]

8. Zhou, X.; Keitner, G.I.; Qin, B.; Ravindran, A.V.; Bauer, M.; Del Giovane, C.; Zhao, J.; Liu, Y.; Fang, Y.; Zhang, Y.; et al. Atypical
Antipsychotic Augmentation for Treatment-Resistant Depression: A Systematic Review and Network Meta-Analysis. Int. J.
Neuropsychopharmacol. 2015, 18, pyv060. [CrossRef]

9. Al Shirawi, M.I.; Edgar, N.E.; Kennedy, S.H. Brexpiprazole in the Treatment of Major Depressive Disorder. Clin. Med. Insights
Ther. 2017, 9, 1179559X17731801. [CrossRef]

10. Luan, S.; Wan, H.; Zhang, L.; Zhao, H. Efficacy, acceptability, and safety of adjunctive aripiprazole in treatment-resistant
depression: A meta-analysis of randomized controlled trials. Neuropsychiatr. Dis. Treat. 2018, 14, 467–477. [CrossRef]

11. Sachs, G.S.; Yeung, P.P.; Rekeda, L.; Khan, A.; Adams, J.L.; Fava, M. Adjunctive Cariprazine for the Treatment of Patients With
Major Depressive Disorder: A Randomized, Double-Blind, Placebo-Controlled Phase 3 Study. Am. J. Psychiatry 2023, 180, 241–251.
[CrossRef]

12. Li, G.; Zhang, L.; DiBernardo, A.; Wang, G.; Sheehan, J.J.; Lee, K.; Reutfors, J.; Zhang, Q. A retrospective analysis to estimate the
healthcare resource utilization and cost associated with treatment-resistant depression in commercially insured US patients. PLoS
ONE 2020, 15, e0238843. [CrossRef] [PubMed]

13. Rybak, Y.E.; Lai, K.S.; Ramasubbu, R.; Vila-Rodriguez, F.; Blumberger, D.M.; Chan, P.; Delva, N.; Giacobbe, P.; Gosselin, C.;
Kennedy, S.H. Treatment-resistant major depressive disorder: Canadian expert consensus on definition and assessment. Depress.
Anxiety 2021, 38, 456–467. [CrossRef] [PubMed]

14. Sforzini, L.; Worrell, C.; Kose, M.; Anderson, I.M.; Aouizerate, B.; Arolt, V.; Bauer, M.; Baune, B.T.; Blier, P.; Cleare, A.J.; et al. A
Delphi-method-based consensus guideline for definition of treatment-resistant depression for clinical trials. Mol. Psychiatry 2022,
27, 1286–1299. [CrossRef]

15. Trivedi, M.H.; Rush, A.J.; Wisniewski, S.R.; Nierenberg, A.A.; Warden, D.; Ritz, L.; Norquist, G.; Howland, R.H.; Lebowitz, B.;
McGrath, P.J. Evaluation of outcomes with citalopram for depression using measurement-based care in STAR* D: Implications for
clinical practice. Am. J. Psychiatry 2006, 163, 28–40. [CrossRef]

16. Souery, D.; Pitchot, W. Switching antidepressants in patients with treatment-resistant depression. In Managing Treatment-Resistant
Depression: Road to Novel Therapeutics; Quevedo, J., Riva-Posse, P., Bobo, W.V., Eds.; Elsevier: Amsterdam, The Netherlands, 2022;
pp. 167–174.

17. Weitz, E.S.; Hollon, S.D.; Twisk, J.; Van Straten, A.; Huibers, M.J.; David, D.; DeRubeis, R.J.; Dimidjian, S.; Dunlop, B.W.; Cristea,
I.A. Baseline depression severity as moderator of depression outcomes between cognitive behavioral therapy vs pharmacotherapy:
An individual patient data meta-analysis. JAMA Psychiatry 2015, 72, 1102–1109. [CrossRef]

18. Conway, C.R.; George, M.S.; Sackeim, H.A. Toward an evidence-based, operational definition of treatment-resistant depression:
When enough is enough. JAMA Psychiatry 2017, 74, 9–10. [CrossRef]

19. Dunlop, B.W.; Kaye, J.L.; Youngner, C.; Rothbaum, B. Assessing treatment-resistant posttraumatic stress disorder: The Emory
treatment resistance interview for PTSD (E-TRIP). Behav. Sci. 2014, 4, 511–527. [CrossRef]

20. Dunlop, B.W.C.; Choi, K.S.; Rajendra, J.K.; Nemeroff, C.B.; Craighead, W.E.; Mayberg, H.S. Shared and unique changes in brain
connectivity among depressed patients remitting with pharmacotherapy versus psychotherapy. Am. J. Psychiatry, 2023; in press.

21. Leykin, Y.; Amsterdam, J.D.; DeRubeis, R.J.; Gallop, R.; Shelton, R.C.; Hollon, S.D. Progressive resistance to a selective serotonin
reuptake inhibitor but not to cognitive therapy in the treatment of major depression. J. Consult. Clin. Psychol. 2007, 75, 267.
[CrossRef]

22. Amsterdam, J.D.; Williams, D.; Michelson, D.; Adler, L.A.; Dunner, D.L.; Nierenberg, A.A.; Reimherr, F.W.; Schatzberg, A.F. Tachy-
phylaxis after repeated antidepressant drug exposure in patients with recurrent major depressive disorder. Neuropsychobiology
2009, 59, 227–233. [CrossRef]

23. Fava, G.A.; Cosci, F.; Guidi, J.; Rafanelli, C. The deceptive manifestations of treatment resistance in depression: A new look at the
problem. Psychother. Psychosom. 2020, 89, 265–273. [CrossRef]

24. Gaynes, B.N.; Lux, L.; Gartlehner, G.; Asher, G.; Forman-Hoffman, V.; Green, J.; Boland, E.; Weber, R.P.; Randolph, C.; Bann, C.
Defining treatment-resistant depression. Depress. Anxiety 2020, 37, 134–145. [CrossRef]

25. Fekadu, A.; Donocik, J.G.; Cleare, A.J. Standardisation framework for the Maudsley staging method for treatment resistance in
depression. BMC Psychiatry 2018, 18, 100. [CrossRef] [PubMed]

26. Dunlop, B.W.; Medeiros Da Frota Ribeiro, C. Randomized Controlled Trials and the Efficacy of Psychotropic Medications. In
NeuroPsychopharmacotherapy; Springer: Berlin/Heidelberg, Germany, 2019; pp. 1–56.

27. Nierenberg, A.; Amsterdam, J. Treatment-resistant depression: Definition and treatment approaches. J. Clin. Psychiatry 1990, 51,
39–47; discussion 48. [PubMed]

https://doi.org/10.4088/JCP.08r04516blu
https://doi.org/10.1055/s-0028-1094411
https://doi.org/10.1093/ijnp/pyv060
https://doi.org/10.1177/1179559X17731801
https://doi.org/10.2147/NDT.S156619
https://doi.org/10.1176/appi.ajp.20220504
https://doi.org/10.1371/journal.pone.0238843
https://www.ncbi.nlm.nih.gov/pubmed/32915863
https://doi.org/10.1002/da.23135
https://www.ncbi.nlm.nih.gov/pubmed/33528865
https://doi.org/10.1038/s41380-021-01381-x
https://doi.org/10.1176/appi.ajp.163.1.28
https://doi.org/10.1001/jamapsychiatry.2015.1516
https://doi.org/10.1001/jamapsychiatry.2016.2586
https://doi.org/10.3390/bs4040511
https://doi.org/10.1037/0022-006X.75.2.267
https://doi.org/10.1159/000226611
https://doi.org/10.1159/000507227
https://doi.org/10.1002/da.22968
https://doi.org/10.1186/s12888-018-1679-x
https://www.ncbi.nlm.nih.gov/pubmed/29642877
https://www.ncbi.nlm.nih.gov/pubmed/2112132


Brain Sci. 2025, 15, 161 27 of 38

28. McCann, D.J.; Petry, N.M.; Bresell, A.; Isacsson, E.; Wilson, E.; Alexander, R.C. Medication nonadherence, “professional subjects,”
and apparent placebo responders: Overlapping challenges for medications development. J. Clin. Psychopharmacol. 2015, 35, 566.
[CrossRef] [PubMed]

29. Devine, E.G.; Waters, M.E.; Putnam, M.; Surprise, C.; O’Malley, K.; Richambault, C.; Fishman, R.L.; Knapp, C.M.; Patterson, E.H.;
Sarid-Segal, O. Concealment and fabrication by experienced research subjects. Clin. Trials 2013, 10, 935–948. [CrossRef] [PubMed]

30. Jones, B.D.; Razza, L.B.; Weissman, C.R.; Karbi, J.; Vine, T.; Mulsant, L.S.; Brunoni, A.R.; Husain, M.I.; Mulsant, B.H.; Blumberger,
D.M. Magnitude of the placebo response across treatment modalities used for treatment-resistant depression in adults: A
systematic review and meta-analysis. JAMA Netw. Open 2021, 4, e2125531. [CrossRef] [PubMed]

31. Marder, S.R.; Laughren, T.; Romano, S.J. Why Are Innovative Drugs Failing in Phase III? Am. J. Psychiatry 2017, 174, 829–831.
[CrossRef]

32. Albert, P.R.; Benkelfat, C. The neurobiology of depression–revisiting the serotonin hypothesis. II. Genetic, epigenetic and clinical
studies. Philos. Trans. R. Soc. B Biol. Sci. 2013, 368, 20120535. [CrossRef]

33. Fusar-Poli, P.; Solmi, M.; Brondino, N.; Davies, C.; Chae, C.; Politi, P.; Borgwardt, S.; Lawrie, S.M.; Parnas, J.; McGuire, P.
Transdiagnostic psychiatry: A systematic review. World Psychiatry 2019, 18, 192–207. [CrossRef]

34. Dalgleish, T.; Black, M.; Johnston, D.; Bevan, A. Transdiagnostic approaches to mental health problems: Current status and future
directions. J. Consult. Clin. Psychol. 2020, 88, 179–195. [CrossRef]

35. Kist, J.D.; Vrijsen, J.N.; Mulders, P.C.R.; van Eijndhoven, P.F.P.; Tendolkar, I.; Collard, R.M. Transdiagnostic psychiatry: Symptom
profiles and their direct and indirect relationship with well-being. J. Psychiatr. Res. 2023, 161, 218–227. [CrossRef] [PubMed]

36. Maj, M. Why the clinical utility of diagnostic categories in psychiatry is intrinsically limited and how we can use new approaches
to complement them. World Psychiatry 2018, 17, 121–122. [CrossRef]

37. Rogan, T.; Wilkinson, S.T. The Role of Psychotherapy in the Management of Treatment-Resistant Depression. Psychiatr. Clin. N.
Am. 2023, 46, 349–358. [CrossRef] [PubMed]

38. Conway, C.R.; Hristidis, V.C.; Gott, B.M.; Willie, J. Vagus Nerve Stimulation for Treatment-Resistant Depression: Current Status of
This Novel Treatment. Psychiatr. Ann. 2022, 52, 272–282. [CrossRef]

39. Müller, H.H.O.; Moeller, S.; Lücke, C.; Lam, A.P.; Braun, N.; Philipsen, A. Vagus Nerve Stimulation (VNS) and Other Augmentation
Strategies for Therapy-Resistant Depression (TRD): Review of the Evidence and Clinical Advice for Use. Front. Neurosci. 2018,
12, 239. [CrossRef]

40. Adu, M.K.; Shalaby, R.; Chue, P.; Agyapong, V.I.O. Repetitive Transcranial Magnetic Stimulation for the Treatment of Resistant
Depression: A Scoping Review. Behav. Sci. 2022, 12, 195. [CrossRef]

41. Dandekar, M.P.; Fenoy, A.J.; Carvalho, A.F.; Soares, J.C.; Quevedo, J. Deep brain stimulation for treatment-resistant depression:
An integrative review of preclinical and clinical findings and translational implications. Mol. Psychiatry 2018, 23, 1094–1112.
[CrossRef]

42. Wu, Y.; Mo, J.; Sui, L.; Zhang, J.; Hu, W.; Zhang, C.; Wang, Y.; Liu, C.; Zhao, B.; Wang, X.; et al. Deep Brain Stimulation in
Treatment-Resistant Depression: A Systematic Review and Meta-Analysis on Efficacy and Safety. Front. Neurosci. 2021, 15, 655412.
[CrossRef]

43. Pittenger, C.; Duman, R.S. Stress, Depression, and Neuroplasticity: A Convergence of Mechanisms. Neuropsychopharmacology
2008, 33, 88–109. [CrossRef]

44. D’Sa, C.; Duman, R.S. Antidepressants and neuroplasticity. Bipolar Disord. 2002, 4, 183–194. [CrossRef]
45. Aleksandrova, L.R.; Phillips, A.G. Neuroplasticity as a convergent mechanism of ketamine and classical psychedelics. Trends

Pharmacol. Sci. 2021, 42, 929–942. [CrossRef] [PubMed]
46. Barsaglini, A.; Sartori, G.; Benetti, S.; Pettersson-Yeo, W.; Mechelli, A. The effects of psychotherapy on brain function: A systematic

and critical review. Prog. Neurobiol. 2014, 114, 1–14. [CrossRef] [PubMed]
47. Lyden, H.; Espinoza, R.; Pirnia, T.; Clark, K.; Joshi, S.; Leaver, A.; Woods, R.; Narr, K. Electroconvulsive therapy mediates

neuroplasticity of white matter microstructure in major depression. Transl. Psychiatry 2014, 4, e380. [CrossRef]
48. Pirnia, T.; Joshi, S.; Leaver, A.; Vasavada, M.; Njau, S.; Woods, R.; Espinoza, R.; Narr, K. Electroconvulsive therapy and structural

neuroplasticity in neocortical, limbic and paralimbic cortex. Transl. Psychiatry 2016, 6, e832. [CrossRef] [PubMed]
49. Rajkowska, G. Postmortem studies in mood disorders indicate altered numbers of neurons and glial cells. Biol. Psychiatry 2000,

48, 766–777. [CrossRef]
50. Koolschijn, P.C.M.; van Haren, N.E.; Lensvelt-Mulders, G.J.; Hulshoff Pol, H.E.; Kahn, R.S. Brain volume abnormalities in major

depressive disorder: A meta-analysis of magnetic resonance imaging studies. Hum. Brain Mapp. 2009, 30, 3719–3735. [CrossRef]
51. Videbech, P.; Ravnkilde, B. Hippocampal volume and depression: A meta-analysis of MRI studies. Am. J. Psychiatry 2004, 161,

1957–1966. [CrossRef]
52. Belleau, E.L.; Treadway, M.T.; Pizzagalli, D.A. The Impact of Stress and Major Depressive Disorder on Hippocampal and Medial

Prefrontal Cortex Morphology. Biol. Psychiatry 2019, 85, 443–453. [CrossRef]

https://doi.org/10.1097/JCP.0000000000000372
https://www.ncbi.nlm.nih.gov/pubmed/26244381
https://doi.org/10.1177/1740774513492917
https://www.ncbi.nlm.nih.gov/pubmed/23867223
https://doi.org/10.1001/jamanetworkopen.2021.25531
https://www.ncbi.nlm.nih.gov/pubmed/34559231
https://doi.org/10.1176/appi.ajp.2017.17040426
https://doi.org/10.1098/rstb.2012.0535
https://doi.org/10.1002/wps.20631
https://doi.org/10.1037/ccp0000482
https://doi.org/10.1016/j.jpsychires.2023.03.003
https://www.ncbi.nlm.nih.gov/pubmed/36940627
https://doi.org/10.1002/wps.20512
https://doi.org/10.1016/j.psc.2023.02.006
https://www.ncbi.nlm.nih.gov/pubmed/37149349
https://doi.org/10.3928/00485713-20220620-01
https://doi.org/10.3389/fnins.2018.00239
https://doi.org/10.3390/bs12060195
https://doi.org/10.1038/mp.2018.2
https://doi.org/10.3389/fnins.2021.655412
https://doi.org/10.1038/sj.npp.1301574
https://doi.org/10.1034/j.1399-5618.2002.01203.x
https://doi.org/10.1016/j.tips.2021.08.003
https://www.ncbi.nlm.nih.gov/pubmed/34565579
https://doi.org/10.1016/j.pneurobio.2013.10.006
https://www.ncbi.nlm.nih.gov/pubmed/24189360
https://doi.org/10.1038/tp.2014.21
https://doi.org/10.1038/tp.2016.102
https://www.ncbi.nlm.nih.gov/pubmed/27271858
https://doi.org/10.1016/S0006-3223(00)00950-1
https://doi.org/10.1002/hbm.20801
https://doi.org/10.1176/appi.ajp.161.11.1957
https://doi.org/10.1016/j.biopsych.2018.09.031


Brain Sci. 2025, 15, 161 28 of 38

53. David, D.J.; Samuels, B.A.; Rainer, Q.; Wang, J.W.; Marsteller, D.; Mendez, I.; Drew, M.; Craig, D.A.; Guiard, B.P.; Guilloux, J.P.;
et al. Neurogenesis-dependent and -independent effects of fluoxetine in an animal model of anxiety/depression. Neuron 2009, 62,
479–493. [CrossRef]

54. Malberg, J.E.; Eisch, A.J.; Nestler, E.J.; Duman, R.S. Chronic antidepressant treatment increases neurogenesis in adult rat
hippocampus. J. Neurosci. 2000, 20, 9104–9110. [CrossRef]

55. Santarelli, L.; Saxe, M.; Gross, C.; Surget, A.; Battaglia, F.; Dulawa, S.; Weisstaub, N.; Lee, J.; Duman, R.; Arancio, O.; et al.
Requirement of hippocampal neurogenesis for the behavioral effects of antidepressants. Science 2003, 301, 805–809. [CrossRef]
[PubMed]

56. Malberg, J.E.; Hen, R.; Madsen, T.M. Adult Neurogenesis and Antidepressant Treatment: The Surprise Finding by Ron Duman
and the Field 20 Years Later. Biol. Psychiatry 2021, 90, 96–101. [CrossRef] [PubMed]

57. Franjic, D.; Skarica, M.; Ma, S.; Arellano, J.I.; Tebbenkamp, A.T.N.; Choi, J.; Xu, C.; Li, Q.; Morozov, Y.M.; Andrijevic, D.; et al.
Transcriptomic taxonomy and neurogenic trajectories of adult human, macaque, and pig hippocampal and entorhinal cells.
Neuron 2022, 110, 452–469.e414. [CrossRef] [PubMed]

58. Zhu, Y.; Sousa, A.M.M.; Gao, T.; Skarica, M.; Li, M.; Santpere, G.; Esteller-Cucala, P.; Juan, D.; Ferrández-Peral, L.; Gulden, F.O.;
et al. Spatiotemporal transcriptomic divergence across human and macaque brain development. Science 2018, 362, aat8077.
[CrossRef]

59. Sousa, A.M.M.; Zhu, Y.; Raghanti, M.A.; Kitchen, R.R.; Onorati, M.; Tebbenkamp, A.T.N.; Stutz, B.; Meyer, K.A.; Li, M.; Kawasawa,
Y.I.; et al. Molecular and cellular reorganization of neural circuits in the human lineage. Science 2017, 358, 1027–1032. [CrossRef]

60. Williams, N.R.; Heifets, B.D.; Blasey, C.; Sudheimer, K.; Pannu, J.; Pankow, H.; Hawkins, J.; Birnbaum, J.; Lyons, D.M.; Rodriguez,
C.I.; et al. Attenuation of Antidepressant Effects of Ketamine by Opioid Receptor Antagonism. Am. J. Psychiatry 2018, 175,
1205–1215. [CrossRef]

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

62. Zheng, W.; Cai, D.-B.; Xiang, Y.-Q.; Jiang, W.-L.; Sim, K.; Ungvari, G.S.; Huang, X.; Huang, X.-X.; Ning, Y.-P.; Xiang, Y.-T. Adjunctive
intranasal esketamine for major depressive disorder: A systematic review of randomized double-blind controlled-placebo studies.
J. Affect. Disord. 2020, 265, 63–70. [CrossRef]

63. Sanacora, G.; Treccani, G.; Popoli, M. Towards a glutamate hypothesis of depression: An emerging frontier of neuropsychophar-
macology for mood disorders. Neuropharmacology 2012, 62, 63–77. [CrossRef]

64. Auer, D.P.; Pütz, B.; Kraft, E.; Lipinski, B.; Schill, J.; Holsboer, F. Reduced glutamate in the anterior cingulate cortex in depression:
An in vivo proton magnetic resonance spectroscopy study. Biol. Psychiatry 2000, 47, 305–313. [CrossRef]

65. Hasler, G.; van der Veen, J.W.; Tumonis, T.; Meyers, N.; Shen, J.; Drevets, W.C. Reduced prefrontal glutamate/glutamine and
γ-aminobutyric acid levels in major depression determined using proton magnetic resonance spectroscopy. Arch. Gen. Psychiatry
2007, 64, 193–200. [CrossRef] [PubMed]

66. Zink, M.; Vollmayr, B.; Gebicke-Haerter, P.J.; Henn, F.A. Reduced expression of glutamate transporters vGluT1, EAAT2 and
EAAT4 in learned helpless rats, an animal model of depression. Neuropharmacology 2010, 58, 465–473. [CrossRef] [PubMed]

67. Choudary, P.V.; Molnar, M.; Evans, S.J.; Tomita, H.; Li, J.Z.; Vawter, M.P.; Myers, R.M.; Bunney, W.E.; Akil, H.; Watson, S.J.; et al.
Altered cortical glutamatergic and GABAergic signal transmission with glial involvement in depression. Proc. Natl. Acad. Sci.
USA 2005, 102, 15653–15658. [CrossRef] [PubMed]

68. Banasr, M.; Duman, R.S. Glial loss in the prefrontal cortex is sufficient to induce depressive-like behaviors. Biol. Psychiatry 2008,
64, 863–870. [CrossRef]

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

70. Riggs, L.M.; Gould, T.D. Ketamine and the future of rapid-acting antidepressants. Annu. Rev. Clin. Psychol. 2021, 17, 207–231.
[CrossRef]

71. Traynelis, S.F.; Wollmuth, L.P.; McBain, C.J.; Menniti, F.S.; Vance, K.M.; Ogden, K.K.; Hansen, K.B.; Yuan, H.; Myers, S.J.;
Dingledine, R. Glutamate receptor ion channels: Structure, regulation, and function. Pharmacol. Rev. 2010, 62, 405–496. [CrossRef]

72. Lipton, S.A. Paradigm shift in neuroprotection by NMDA receptor blockade: Memantine and beyond. Nat. Rev. Drug Discov.
2006, 5, 160–170. [CrossRef]

73. Sanacora, G.; Smith, M.A.; Pathak, S.; Su, H.L.; Boeijinga, P.H.; McCarthy, D.J.; Quirk, M.C. Lanicemine: A low-trapping NMDA
channel blocker produces sustained antidepressant efficacy with minimal psychotomimetic adverse effects. Mol. Psychiatry 2014,
19, 978–985. [CrossRef]

74. Fogaça, M.V.; Wu, M.; Li, C.; Li, X.-Y.; Picciotto, M.R.; Duman, R.S. Inhibition of GABA interneurons in the mPFC is sufficient and
necessary for rapid antidepressant responses. Mol. Psychiatry 2021, 26, 3277–3291. [CrossRef]

https://doi.org/10.1016/j.neuron.2009.04.017
https://doi.org/10.1523/JNEUROSCI.20-24-09104.2000
https://doi.org/10.1126/science.1083328
https://www.ncbi.nlm.nih.gov/pubmed/12907793
https://doi.org/10.1016/j.biopsych.2021.01.010
https://www.ncbi.nlm.nih.gov/pubmed/33771348
https://doi.org/10.1016/j.neuron.2021.10.036
https://www.ncbi.nlm.nih.gov/pubmed/34798047
https://doi.org/10.1126/science.aat8077
https://doi.org/10.1126/science.aan3456
https://doi.org/10.1176/appi.ajp.2018.18020138
https://doi.org/10.1001/archpsyc.63.8.856
https://doi.org/10.1016/j.jad.2020.01.002
https://doi.org/10.1016/j.neuropharm.2011.07.036
https://doi.org/10.1016/S0006-3223(99)00159-6
https://doi.org/10.1001/archpsyc.64.2.193
https://www.ncbi.nlm.nih.gov/pubmed/17283286
https://doi.org/10.1016/j.neuropharm.2009.09.005
https://www.ncbi.nlm.nih.gov/pubmed/19747495
https://doi.org/10.1073/pnas.0507901102
https://www.ncbi.nlm.nih.gov/pubmed/16230605
https://doi.org/10.1016/j.biopsych.2008.06.008
https://doi.org/10.1038/nrn2911
https://doi.org/10.1146/annurev-clinpsy-072120-014126
https://doi.org/10.1124/pr.109.002451
https://doi.org/10.1038/nrd1958
https://doi.org/10.1038/mp.2013.130
https://doi.org/10.1038/s41380-020-00916-y


Brain Sci. 2025, 15, 161 29 of 38

75. Yang, Y.; Cui, Y.; Sang, K.; Dong, Y.; Ni, Z.; Ma, S.; Hu, H. Ketamine blocks bursting in the lateral habenula to rapidly relieve
depression. Nature 2018, 554, 317–322. [CrossRef]

76. Jourdi, H.; Hsu, Y.T.; Zhou, M.; Qin, Q.; Bi, X.; Baudry, M. Positive AMPA receptor modulation rapidly stimulates BDNF release
and increases dendritic mRNA translation. J. Neurosci. 2009, 29, 8688–8697. [CrossRef] [PubMed]

77. Zanos, P.; Moaddel, R.; Morris, P.J.; Georgiou, P.; Fischell, J.; Elmer, G.I.; Alkondon, M.; Yuan, P.; Pribut, H.J.; Singh, N.S. NMDAR
inhibition-independent antidepressant actions of ketamine metabolites. Nature 2016, 533, 481–486. [CrossRef] [PubMed]

78. Taylor, C.P.; Traynelis, S.F.; Siffert, J.; Pope, L.E.; Matsumoto, R.R. Pharmacology of dextromethorphan: Relevance to dex-
tromethorphan/quinidine (Nuedexta®) clinical use. Pharmacol. Ther. 2016, 164, 170–182. [CrossRef] [PubMed]

79. Iosifescu, D.V.; Jones, A.; O’Gorman, C.; Streicher, C.; Feliz, S.; Fava, M.; Tabuteau, H. Efficacy and Safety of AXS-05
(Dextromethorphan-Bupropion) in Patients With Major Depressive Disorder: A Phase 3 Randomized Clinical Trial (GEM-
INI). J. Clin. Psychiatry 2022, 83, 41226. [CrossRef] [PubMed]

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

81. Axsome Therapeutics, Inc. Axsome Therapeutics Announces Topline Results of the STRIDE-1 Phase 3 Trial in Treatment Resistant
Depression and Expert Call to Discuss Clinical Implications. Available online: https://www.globenewswire.com/news-release/
2020/03/30/2008163/0/en/Axsome-Therapeutics-Announces-Topline-Results-of-the-STRIDE-1-Phase-3-Trial-in-Treatment-
Resistant-Depression-and-Expert-Call-to-Discuss-Clinical-Implications.html (accessed on 22 December 2024).

82. Nemeroff, C.B. Back to the future: Esmethadone, the (maybe) nonopiate opiate, and depression. Am. J. Psychiatry 2022, 179, 83–84.
[CrossRef] [PubMed]

83. De Martin, S.; Gabbia, D.; Folli, F.; Bifari, F.; Fiorina, P.; Ferri, N.; Stahl, S.; Inturrisi, C.E.; Pappagallo, M.; Traversa, S.; et al.
REL-1017 (Esmethadone) Increases Circulating BDNF Levels in Healthy Subjects of a Phase 1 Clinical Study. Front. Pharmacol.
2021, 12, 671859. [CrossRef] [PubMed]

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

85. Relmada Therapeutics Relmada Therapeutics Reports That Data Monitoring Committee (DMC) Assessment Indicates That the
Phase 3 Reliance II Trial is Futile at its Interim Analysis and is Unlikely to Meet the Primary Efficacy Endpoint with Statistical
Significance. Available online: https://www.relmada.com/for-investors/news/detail/306/relmada-therapeutics-reports-that-
data-monitoring-committee (accessed on 22 December 2024).

86. Nagele, P.; Duma, A.; Kopec, M.; Gebara, M.A.; Parsoei, A.; Walker, M.; Janski, A.; Panagopoulos, V.N.; Cristancho, P.; Miller,
J.P.; et al. Nitrous Oxide for Treatment-Resistant Major Depression: A Proof-of-Concept Trial. Biol. Psychiatry 2015, 78, 10–18.
[CrossRef]

87. Nagele, P.; Palanca Ben, J.; Gott, B.; Brown, F.; Barnes, L.; Nguyen, T.; Xiong, W.; Salloum Naji, C.; Espejo Gemma, D.; Lessov-
Schlaggar Christina, N.; et al. A phase 2 trial of inhaled nitrous oxide for treatment-resistant major depression. Sci. Transl. Med.
2021, 13, eabe1376. [CrossRef]

88. Nagele, P.; Zorumski, C.F.; Conway, C. Exploring Nitrous Oxide as Treatment of Mood Disorders: Basic Concepts. J. Clin.
Psychopharmacol. 2018, 38, 144–148. [CrossRef] [PubMed]

89. Gideons, E.S.; Kavalali, E.T.; Monteggia, L.M. Mechanisms underlying differential effectiveness of memantine and ketamine in
rapid antidepressant responses. Proc. Natl. Acad. Sci. USA 2014, 111, 8649–8654. [CrossRef] [PubMed]

90. Miller, O.H.; Yang, L.; Wang, C.-C.; Hargroder, E.A.; Zhang, Y.; Delpire, E.; Hall, B.J. GluN2B-containing NMDA receptors
regulate depression-like behavior and are critical for the rapid antidepressant actions of ketamine. eLife 2014, 3, e03581. [CrossRef]
[PubMed]

91. Henter, I.D.; Park, L.T.; Zarate, C.A. Novel Glutamatergic Modulators for the Treatment of Mood Disorders: Current Status. CNS
Drugs 2021, 35, 527–543. [CrossRef]

92. Kew, J.N. Positive and negative allosteric modulation of metabotropic glutamate receptors: Emerging therapeutic potential.
Pharmacol. Ther. 2004, 104, 233–244. [CrossRef]

93. Ghaemi, N.; Sverdlov, A.; Shelton, R.; Litman, R. Efficacy and safety of mij821 in patients with treatment-resistant depression:
Results from a randomized, placebo-controlled, proof-of-concept study. Eur. Psychiatry 2021, 64, S334–S335. [CrossRef]

94. Novartis. Proof of Concept Study Evaluating the Efficacy and Safety of MIJ821 in Patients with Treatment-resistant Depression.
ClinicalTrials.gov Identifier: NCT03756129. Available online: https://clinicaltrials.gov/ct2/show/study/NCT03756129?term=
MIJ821&cond=Depression&draw=2&rank=2 (accessed on 22 December 2024).

95. D’Arrigo, T. Rapastinel Fails Phase 3 Trials. Available online: https://psychnews.psychiatryonline.org/doi/10.1176/appi.pn.20
19.pp3a5 (accessed on 22 December 2024).

https://doi.org/10.1038/nature25509
https://doi.org/10.1523/JNEUROSCI.6078-08.2009
https://www.ncbi.nlm.nih.gov/pubmed/19587275
https://doi.org/10.1038/nature17998
https://www.ncbi.nlm.nih.gov/pubmed/27144355
https://doi.org/10.1016/j.pharmthera.2016.04.010
https://www.ncbi.nlm.nih.gov/pubmed/27139517
https://doi.org/10.4088/JCP.21m14345
https://www.ncbi.nlm.nih.gov/pubmed/35649167
https://doi.org/10.1176/appi.ajp.21080800
https://www.ncbi.nlm.nih.gov/pubmed/35582785
https://www.globenewswire.com/news-release/2020/03/30/2008163/0/en/Axsome-Therapeutics-Announces-Topline-Results-of-the-STRIDE-1-Phase-3-Trial-in-Treatment-Resistant-Depression-and-Expert-Call-to-Discuss-Clinical-Implications.html
https://www.globenewswire.com/news-release/2020/03/30/2008163/0/en/Axsome-Therapeutics-Announces-Topline-Results-of-the-STRIDE-1-Phase-3-Trial-in-Treatment-Resistant-Depression-and-Expert-Call-to-Discuss-Clinical-Implications.html
https://www.globenewswire.com/news-release/2020/03/30/2008163/0/en/Axsome-Therapeutics-Announces-Topline-Results-of-the-STRIDE-1-Phase-3-Trial-in-Treatment-Resistant-Depression-and-Expert-Call-to-Discuss-Clinical-Implications.html
https://doi.org/10.1176/appi.ajp.2021.21121204
https://www.ncbi.nlm.nih.gov/pubmed/35105159
https://doi.org/10.3389/fphar.2021.671859
https://www.ncbi.nlm.nih.gov/pubmed/33995104
https://doi.org/10.1176/appi.ajp.2021.21020197
https://www.relmada.com/for-investors/news/detail/306/relmada-therapeutics-reports-that-data-monitoring-committee
https://www.relmada.com/for-investors/news/detail/306/relmada-therapeutics-reports-that-data-monitoring-committee
https://doi.org/10.1016/j.biopsych.2014.11.016
https://doi.org/10.1126/scitranslmed.abe1376
https://doi.org/10.1097/JCP.0000000000000837
https://www.ncbi.nlm.nih.gov/pubmed/29360650
https://doi.org/10.1073/pnas.1323920111
https://www.ncbi.nlm.nih.gov/pubmed/24912158
https://doi.org/10.7554/eLife.03581
https://www.ncbi.nlm.nih.gov/pubmed/25340958
https://doi.org/10.1007/s40263-021-00816-x
https://doi.org/10.1016/j.pharmthera.2004.08.010
https://doi.org/10.1192/j.eurpsy.2021.897
https://clinicaltrials.gov/ct2/show/study/NCT03756129?term=MIJ821&cond=Depression&draw=2&rank=2
https://clinicaltrials.gov/ct2/show/study/NCT03756129?term=MIJ821&cond=Depression&draw=2&rank=2
https://psychnews.psychiatryonline.org/doi/10.1176/appi.pn.2019.pp3a5
https://psychnews.psychiatryonline.org/doi/10.1176/appi.pn.2019.pp3a5


Brain Sci. 2025, 15, 161 30 of 38

96. Preskorn, S.; Macaluso, M.; Mehra, D.O.; Zammit, G.; Moskal, J.R.; Burch, R.M. Randomized proof of concept trial of GLYX-
13, an N-methyl-D-aspartate receptor glycine site partial agonist, in major depressive disorder nonresponsive to a previous
antidepressant agent. J. Psychiatr. Pract. 2015, 21, 140–149. [CrossRef]

97. Gate Neurosciences Inc. AGN-241751 in the Treatment of Major Depressive Disorder. ClinicalTrials.gov Identifier: NCT03586247.
Available online: https://clinicaltrials.gov/ct2/show/results/NCT03586427?term=AGN-241751&cond=Depression&draw=
2&rank=2&view=results (accessed on 22 December 2024).

98. Rajagopal, L.; Huang, M.; He, W.; Ryan, C.; Elzokaky, A.; Banerjee, P.; Meltzer, H.Y. Repeated administration of rapastinel
produces exceptionally prolonged rescue of memory deficits in phencyclidine-treated mice. Behav. Brain Res. 2022, 432, 113964.
[CrossRef]

99. VistaGen Therapeutics, Inc. AV-101 as Adjunct Antidepressant Therapy in Patients with Major Depression (ELEVATE). Clinical-
Trials.gov identifier: NCT03078322. Available online: https://clinicaltrials.gov/ct2/show/results/NCT03078322 (accessed on
22 December 2024).

100. Mataix-Cols, D.; Fernández de la Cruz, L.; Monzani, B.; Rosenfield, D.; Andersson, E.; Pérez-Vigil, A.; Frumento, P.; de Kleine,
R.A.; Difede, J.; Dunlop, B.W.; et al. D-Cycloserine Augmentation of Exposure-Based Cognitive Behavior Therapy for Anxiety,
Obsessive-Compulsive, and Posttraumatic Stress Disorders: A Systematic Review and Meta-analysis of Individual Participant
Data. JAMA Psychiatry 2017, 74, 501–510. [CrossRef]

101. Schade, S.; Paulus, W. D-Cycloserine in Neuropsychiatric Diseases: A Systematic Review. Int. J. Neuropsychopharmacol. 2016,
19, pyv102. [CrossRef] [PubMed]

102. Horio, M.; Mori, H.; Hashimoto, K. Is D-cycloserine a prodrug for D-serine in the brain? Biol. Psychiatry 2013, 73, e33–e34.
[CrossRef] [PubMed]

103. Arizanovska, D.; Emodogo, J.A.; Lally, A.P.; Palavicino-Maggio, C.B.; Liebl, D.J.; Folorunso, O.O. Cross species review of the
physiological role of D-serine in translationally relevant behaviors. Amino Acids 2023, 55, 1501–1517. [CrossRef]

104. Guercio, G.D.; Panizzutti, R. Potential and Challenges for the Clinical Use of d-Serine As a Cognitive Enhancer. Front. Psychiatry
2018, 9, 14. [CrossRef]

105. Meftah, A.; Hasegawa, H.; Kantrowitz, J.T. D-Serine: A Cross Species Review of Safety. Front. Psychiatry 2021, 12, 726365.
[CrossRef]
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