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Teaser The discovery of the rapid antidepressant effects of ketamine was a turning point in

drug discovery for depression; leading researchers explore several novel, mechanistically

Eisls distinct, and rapid-acting agents.
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Recent research demonstrating that the glutamatergic modulator
ketamine has rapid, robust, and sustained antidepressant effects has been a
turning point in drug discovery for depression. The recent FDA approval of
esketamine for adults with treatment-resistant major depressive disorder
(MDD) has further underscored the relevance of this agent in spurring
investigation into novel and mechanistically distinct agents for use in
depression. Over the past two decades, ketamine research has ushered in a
new wave of studies seeking to not only identify its mechanism of action
but also to examine the antidepressant potential of novel or repurposed
agents. This article reviews the approaches that have proven particularly
fruitful for the field of neuropsychiatry.

Introduction

The discovery of ketamine as a highly effective and rapid-acting treatment for major depression
has been hailed as arguably the most significant development in psychiatry during the past few
decades [1]. The paradigm-shifting nature of the rapid antidepressant response to ketamine in
patients was a significant breakthrough in neuropsychopharmacology and a turning point in
antidepressant research. Globally, depression remains a leading cause of distress and disability
and a major contributor to the overall global burden of disease. Depression currently affects >300
million people worldwide and is the leading cause of suicide, with an annual related suicide rate
reaching close to 800 000 people [2]. Currently available standard antidepressants, which are
mostly monoaminergic-based, are effective for a large proportion of patients; however, a
significant subset do not respond to these agents [3].

Ketamine was initially introduced into clinical practice in the 1960s as a safer alternative to the
anesthetic phencyclidine (PCP) [4]. Although ketamine acts on diverse receptors and neurotrans-
mitter systems throughout the brain, it has formally been classified as a noncompetitive N-
methyl-p-aspartate (NMDA) antagonist [5]. Approved by the FDA in 1970, today ketamine is on
the WHO list of essential medicines. It is one of the most commonly used anesthetics in human
and veterinary medicine and is also used to treat a variety of pain conditions, including cancer

Corresponding author: Kadriu, B. (bashkim.kadriu@nih.gov)

Christoph Kraus is a
research psychiatrist
conducting a post-doctoral
visiting fellowship at the
National Institute of Mental
Health (NIMH). Dr Kraus
received his training in clinical
psychiatry at the Medical
University of Vienna. His
research seeks to establish biological correlates and
predictors of antidepressant treatment by leveraging
multimodal imaging methods.

Elia Acevedo-Diaz is a
board-certified psychiatrist
and clinical research fellow
in the Experimental
Therapeutics and
Pathophysiology Branch
(ETPB), National Institute
of Mental Health (NIMH).
Her research seeks to
understand the mechanisms of action of novel fast-
acting antidepressants and identify clinical markers of
treatment response to guide clinical care for patients
with treatment-resistant mood disorders.

Bashkim Kadriu is a
board-certified psychiatrist
and neuroscientist at the
Experimental Therapeutics
and Pathophysiology
Branch (ETPB), National
Institute of Mental Health
(NIMH). His research
interests include the
neurobiological correlates of treatment-resistant
mood disorders with a particular emphasis on
discovering biosignatures that guide novel fast-acting
antidepressant actions.

1359-6446/Published by Elsevier Ltd.
https://doi.org/10.1016/j.drudis.2019.07.007

www.drugdiscoverytoday.com 2033

Reviews * KEYNOTE REVIEW



http://crossmark.crossref.org/dialog/?doi=10.1016/j.drudis.2019.07.007&domain=pdf
mailto:bashkim.kadriu@nih.gov
https://doi.org/10.1016/j.drudis.2019.07.007

o)
)
<.
D
S
wv
P
m
=<
3
—'
m
o
m
s
m
=

REVIEWS

Drug Discovery Today * Volume 24, Number 10+ October 2019

pain, chronic pain, and acute perioperative pain. In addition,
ketamine is often given in emergency room, battlefield, and
intensive care settings for the management of acute behavioral
agitation [6]. Although generally considered safe, in the USA
ketamine is nevertheless classified as a Schedule III drug owing
to its potential for physical and psychological abuse and depen-
dence. Even at subanesthetic doses it produces transient dissocia-
tive and psychotomimetic effects that resemble the positive and
negative symptoms of schizophrenia [7].

Recent research has shown that ketamine has considerable
promise for treating a wide range of treatment-refractory neuro-
psychiatric disorders, including obsessive compulsive disorder
(OCD), post-traumatic stress disorder (PTSD), bipolar disorder,
suicide ideation, addiction and, most notably, treatment-resistant
major depressive disorder (MDD). Although this research has
taken place almost exclusively within the past two decades, evi-
dence of ketamine’s neuropsychiatric effects appeared long before
this. For example, ketamine was used throughout the 1970s in
Mexico as part of psychedelic therapy sessions that combined
traditional healing practices with psychoanalytic techniques [8]
and in Argentina as an adjunct to regression therapy [9]. In
addition, Dr. Edward Domino, who conducted ketamine’s initial
anesthetic clinical trials in the 1960s, described several patients
who abused ketamine and PCP to alleviate their depressive symp-
toms; Domino noted that the patients claimed that these drugs
worked far better than their prescribed antidepressants [4]. Never-
theless, Domino and other researchers in the field viewed this
behavior as bizarre and worried that it might potentially lead to
unrestrained use of the drug in settings other than anesthesia,
where unconsciousness prevented the active experience of its
psychotomimetic effects [10].

The reasons behind the long gap between ketamine use as an
anesthetic and research into its salutary antidepressant potential
are not entirely clear. One possibility is that as its medicinal use
grew its recreational use did as well, which undermined its psy-
chiatric utility. Ketamine use as an anesthetic grew during the late
1960s and 1970s, a time when hallucinogenic and psychedelic
drug [e.g., lysergic acid diethylamide (LSD), psilocybin] abuse was
coincidentally also widespread. Although preliminary research
demonstrated that these substances might have therapeutic po-
tential, they were also considered dangerous and socially disrup-
tive. As a result, there was little financial investment into research
for psychiatric purposes [11]. In addition, ketamine was initially
only administered intravenously (i.v.), making its use for other
clinical indications less practical. With the advent of tricyclic
antidepressants (TCAs), monoamine oxidase inhibitors (MAOIs)
and, eventually, selective serotonin reuptake inhibitors (SSRIs),
neuropsychopharmacology research shifted its focus to the role of
monoaminergic neurotransmitters [12]. However, despite its un-
disputed value to the field, the monoamine hypothesis of depres-
sion cannot fully explain the heterogeneity of MDD [12].
Furthermore, it is not sufficient to treat the entire spectrum of
MDD [13]. Indeed, by the 1990s, animal models began to implicate
glutamate - one of the major excitatory neurotransmitters in the
mammalian central nervous system (CNS) — as well as its iono-
tropic NMDA receptor in the etiology and treatment of mood
disorders [14]. This paper will review ketamine’s role in revolu-
tionizing drug discovery in depression, discuss recent investiga-

tions seeking to uncover novel and mechanistically distinct agents
for use in depression, examine the antidepressant potential of
novel or repurposed agents, and explore how the quest to identify
ketamine’s mechanism of action has spurred research. This article
also reviews the approaches that have proven particularly fruitful
for the field of neuropsychiatry.

Ketamine: historical overview of its antidepressant
properties

Trullas and Skolnick [14] were among the first to examine the
possible link between depression and glutamatergic system dys-
function. Because inescapable stress can lead to behavioral symp-
toms of depression as well as disrupted long-term potentiation in
the hippocampus [15] — a process mediated by NMDA receptor
activation [16] — Trullas and Skolnick reasoned that NMDA antago-
nists might have antidepressant properties. Indeed, preclinical
data supported their hypothesis, and the tested drugs did in fact
exert significant antidepressant effects comparable to those of
known antidepressants. Over the next several years, the glutamate
hypothesis of depression garnered further support as studies began
to show that glutamate-modulating agents could alleviate depres-
sion-like behaviors in rodents [17,18]. Reduced NMDA function
was also shown to correlate with long-term antidepressant treat-
ment [19], implicating NMDA receptor modulation in the mecha-
nisms underlying antidepressant efficacy. Despite this promising
line of preclinical research, NMDA receptor antagonists were not
examined as potential antidepressants in humans until the fol-
lowing decade.

Building on previous preclinical evidence [19], in 2000, Berman
and colleagues discovered that ketamine exerted rapid, robust, and
relatively sustained antidepressant effects in depressed patients
[20]. Using a randomized, placebo-controlled, crossover design,
each patient received an i.v. infusion of 0.5 mg/kg of either keta-
mine or saline on the first test day. On the following test day,
which took place at least 1 week later, treatments were switched.
The authors found that ketamine exerted antidepressant effects
that began within 4 h of the infusion, peaked at 72 h, and persisted
for 1-2 weeks post-infusion.

Despite the groundbreaking nature of the results, the paper
nevertheless did not have the dramatic impact on the field that
one would expect. The medical community could have viewed
such rapid and robust antidepressant effects as a ‘fluke’ or, perhaps,
researchers might not have wanted to test a drug that possessed
abuse potential and psychotomimetic effects [21]. Nevertheless,
once Zarate and colleagues successfully replicated the finding in an
independent group of 18 patients with treatment-resistant MDD,
interest in this line of research grew dramatically [22]. Since then,
numerous placebo-controlled studies have shown that subanes-
thetic-dose ketamine exerts rapid, robust, and relatively sustained
antidepressant effects in individuals with treatment-resistant
MDD and bipolar depression [23]. Ketamine has also been shown
to have distinct and independent antisuicidal and anti-anhedonic
effects in patients with mood disorders [24,25].

It should be noted here that exploration of ketamine’s antide-
pressant effects only began in earnest after the initial study’s
findings were replicated in an independent, placebo-controlled
trial. This valuable reminder of the importance of replicating
initial positive results is particularly vital when considering that
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many initial neuroscientific studies have not been replicated, in
part because traditional research in general and funding in partic-
ular tend to incentivize novel findings. For example, a study
examining clinical trial results published between 2000 and
2002 in the five highest-ranked psychiatry journals at the time
found that, although highly cited, 48% of the initial findings were
not replicated until 2013 [26]. In this context, successful repurpos-
ing of existing drugs — not just novel ones — similarly demands
well-designed replication attempts.

Ketamine: a paradigm-shifting antidepressant

Existing antidepressant treatments [MAOIs, TCAs, SSRIs, and se-
rotonin-norepinephrine reuptake inhibitors (SNRIs)] are mono-
aminergic-based treatments. Although they have been in use for
decades and have helped many patients, a significant subset of
MDD patients showed little to no therapeutic benefit in response
to these agents. For instance, the NIMH-funded, community-
based Sequenced Treatment Alternatives to Relieve Depression
(STAR*D) study of >4000 MDD patients found that, even after
four unique medication trials, augmentation, or switch, ~33% of
the patients did not respond to standard monoaminergic-based
treatments [3]. This finding underscores the substantive propor-
tion of treatment-resistant MDD patients and highlights their
ongoing risks for decompensation and suicide in the absence of
few viable treatment options. Furthermore, all of the monoamin-
ergic antidepressants exhibit a delayed onset of action, in most
cases taking up to several weeks to exert their salutary effects. In
this context, it should be noted that a single dose of ketamine
boasts a superior response rate within a matter of hours [27,28].

Another limitation of currently available antidepressants is that
their clinical effects take more time to reach their full therapeutic
potential (for instance, the mean onset for paroxetine is 13 days)
[29]. This is a substantial disadvantage during an acute depressive
crisis. Furthermore, even when these agents do alleviate depressive
symptoms, evidence regarding their ability to successfully reduce
suicide ideation and behavior remains inconclusive [30]. In con-
trast, a single dose (0.5 mg/kg) of i.v. ketamine exerts rapid and
profound antidepressant effects within hours to days of adminis-
tration [31]. Ketamine also rapidly reduces suicidel ideation [24],
an effect that appears to occur independently of its antidepressant
properties [32]. Ketamine’s pan-therapeutic effects also include
alleviating fatigue [33] and anhedonia [34] as well as improving
sleep measures such as circadian rhythm and slow-wave activity in
MDD patients [35]. These symptoms, which are typically seen
across several psychiatric diagnoses, are inadequately treated by
standard antidepressants.

Given these profound differences in its antidepressant efficacy,
the fundamental paradigm shift that ketamine ushered in is the
concept that rapid improvement in depressive symptoms — occur-
ring within hours or days instead of weeks or months - can and
should be the overall goal in developing novel therapeutics for
depression. A faster, better, and prolonged antidepressant re-
sponse represents a major challenge in the development of new
effective therapeutics for depression and is a public health goal
whose impact cannot be underestimated, given its potential to
prevent the deleterious neurobiological and psychosocial effects
secondary to recurrent or unremitting depressive episodes. In this
context, the necessary i.v. administration of ketamine is a hurdle

for outpatient settings across many healthcare systems throughout
the world. Thus, researchers also began to investigate alternative
and less invasive routes of ketamine administration. Lapidus and
colleagues demonstrated that intranasal ketamine had antidepres-
sant effects and led to sufficiently high ketamine plasma concen-
trations [36]. This body of work ultimately led to the development
of esketamine — the $(+) enantiomer of ketamine - for intranasal
use, which preserves the anesthetic and dissociative properties of
its parent compound and has higher NMDA-receptor-binding
affinity than the R(+) ketamine enantiomer. In 2013 and 2016,
respectively, esketamine was the first antidepressant ever granted
‘breakthrough therapy’ designation by the FDA for treatment-
resistant depression. This led to positive Phase III intranasal eske-
tamine studies [37,38] and, in March 2019, the FDA approved
intranasal esketamine (SPRAVATO™) for adults with treatment-
resistant depression [39].

In this context, a note of caution is warranted. Like most
clinically effective drugs that bind at multiple targets, ketamine
and its derivative esketamine exhibit a distinctive side-effect pro-
file. Although generally well-tolerated at subanesthetic antidepres-
sant doses, ketamine is nevertheless associated with significant
transient side effects, including dissociative symptoms, floating,
tachycardia, hypertension, increased irritability and anxiety, im-
paired vision, and nausea. At anesthetic doses and with chronic
abuse, cases of cystitis have also been reported [23]. Ketamine also
has potential abuse liability by patients with substance use dis-
orders. Nevertheless, the lifetime prevalence of ketamine abuse in
those 12 and older, at least in the USA, is relatively low: 1.3%
compared with 7.0% for ecstasy and 9.6% for LSD, and its misuse
appears to be declining [40]. Nevertheless, the abuse potential of
ketamine, as well as the potential iatrogenic induction of ketamine
dependence, should warrant extra caution. Thus, its side-effect
profile should be thoughtfully balanced against its unparalleled
antidepressant efficacy for those with debilitating MDD as well as
for patients with acute and chronic suicide risk associated with
treatment-resistant MDD.

In the absence of long-term safety guidelines and a dearth of
repeat-dose studies, thorough post-market observations of esketa-
mine are being implemented to monitor not only its efficacy but
also assess any potential abuse liability and long-term side effects.
Indeed, such necessary observations were taken into account
when the FDA approved ketamine under a restricted distribution
system, which requires (among many other factors) special train-
ing for prescribers and post-dosing safety procedures (e.g., no
driving). The successful implementation of esketamine could serve
as a precedent to approve other scheduled substances or, converse-
ly, spur the development of alternative agents that are better
tolerated and have fewer psychotomimetic properties. In this
regard, ketamine metabolites such as hydroxynorketamine
(HNK, see below) that appear to be devoid of side effects in
preclinical animal models of depression would be potentially
viable candidates for clinical testing.

Exploring ketamine’s mechanisms of action: the
importance of translational neuroscience

Basic neuroscientific research and animal models have also signif-
icantly contributed to and substantially informed the develop-
ment of ketamine as a treatment for depression, even though the
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mechanisms leading to clinical antidepressant efficacy have only
partially been elucidated [41,42]. The search to clarify ketamine’s
underlying mechanisms of action of ketamine is ongoing and
crucial for future progress in the field, as well as for identifying
new or repurposing old rapid-acting agents with similar mecha-
nisms of action that have more favorable side-effect profiles and
prolonged therapeutic effects. Such research is also likely to pro-
vide valuable insights into the neurobiology of MDD, suicide, and
stress-related diseases.

Interest in ketamine’s distinctive mechanism of action has
spurred interest in similar agents, including the possible repurpos-
ing of existing agents. Pharmacologically, a drug’s efficacy is
determined by its dose-dependent affinity for particular targets.
The pharmacological profile of ketamine and its underlying mech-
anism of action go beyond modulating glutamate neurotransmis-
sion and include direct and indirect high affinity (~2 uM)
antagonistic binding properties at the NMDA receptor, as well
as  a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic  acid
(AMPA) throughput modulation [43,44]. Ketamine also exhibits
weak agonism at the mu, delta, and kappa opioid receptors.
Interestingly, preliminary evidence also suggests that mu-opiate
receptor antagonism can attenuate ketamine’s antidepressant
effects [45], underscoring the mechanistic links between ketamine
and the opiate system. Ketamine is used as an adjunctive agent for
treating pain and in opioid-sparing anesthesia regimens, particu-
larly in opioid-tolerant patients [46]. Additional mechanisms
could also contribute to ketamine’s antidepressant efficacy, in-
cluding agonism at the dopamine (D;) receptor and antagonism at
the M1-3 muscarinic receptors. Ketamine also inhibits the reup-
take of serotonin, dopamine, and norepinephrine [47], although a
recent positron emission tomography (PET) study found no evi-
dence that ketamine treatment alters serotonin transporter occu-
pancy [48].

Evidence from chronic rodent stress animal models suggests
that spontaneous NMDA receptor-mediated inhibition of gamma
aminobutyric acid (GABA)-ergic interneurons leads to disinhibi-
tion of pyramidal neurons and enhanced glutamate release and
enables burst glutamate firing [41]. At postsynaptic sites, ketamine
transiently enhances glutamate release that activates AMPA recep-
tors, thus increasing TrkB receptor stimulation, which in turn
facilitates mammalian target of rapamycin complex (mTORC)
signaling and enables translation and release of brain-derived
neurotrophic factor (BDNF) [49]. In response, spine synapses are
generated in crucial cortical regions affected by MDD such as the
prefrontal cortex (PFC). Interestingly, a recent clinical trial using a
forward translational approach demonstrated that the mTORC1
inhibitor rapamycin did not block the rapid antidepressant effects
of ketamine in patients with MDD [50]. Instead, and in contrast to
their hypothesis, the authors detected significant prolongation of
ketamine’s antidepressant effects in patients pretreated with rapa-
mycin versus placebo. In addition, the percentage of responders
was higher after 2 weeks [50]. The mechanisms behind this coun-
terintuitive finding are not clear but could involve rapamycin-
mediated stabilization of synapse formation.

Other alternative and mutually complementary NMDA-recep-
tor-dependent mechanisms of ketamine include changing tha-
lamo-prefrontal signaling via antagonism of the GIluN2B
subunit of NMDA receptors, preventing eEF2 phosphorylation,

enhancing BDNF levels, and promoting AMPA receptor trafficking
at the synapse [42,51]. In addition, recent animal model studies
found that ketamine rapidly silences NMDA receptor-dependent
firing bursts at the lateral habenula, thereby disinhibiting down-
stream reward centers [52], which could rapidly alleviate depres-
sive symptoms. Epigenetic mechanisms such as stimulation of
histone deacetylase 5 and subsequent stimulation of transcription-
al activity could also play a role in rapid protein translation [53]. In
addition, preclinical models have shown that ketamine and imip-
ramine can reverse susceptibility-associated transcriptional
changes as well as induce resilience-associated transcription in
important brain areas such as the PFC [54]. Another recent study
found that ketamine restores lost plasticity in the dendritic syn-
apses of the medial PFC induced by chronic cortisol administra-
tion [55]. Intriguingly, ketamine facilitated microcircuit
reconfigurations that appear to be crucial for restoring connectivi-
ty and synchrony in the PFC. This unique work adds intriguing
evidence to the hypothesis that ketamine induces spine density
formation and rapidly facilitates neuronal connectivity [56]
(Fig. 1). It should be noted that our knowledge of all these
mechanisms has been informed by animal models and basic
neuroscience research, underscoring the benefits of translating
evidence from animal models to humans and vice versa.

Investigating the potential of active ketamine pharmacometa-
bolites and stereoisomers is another potential research avenue.
Repurposing active metabolites and stereoisomers in neuropsy-
chopharmacology is not new; relevant examples include desven-
lafaxine (an active metabolite of venlafaxine) and escitalopram (an
S(+) enantiomer of citalopram). After administration, racemic (R,
S)-ketamine undergoes demethylation via cytochrome P450 (CYP)
liver enzymes CYP2B5 and CYP3A4, mostly to norketamine
[57,58]. Norketamine is further metabolized to several HNK me-
tabolites, of which (2R,6R;2S,6S5)-HNK and (2S,6R;2R,6S)-HNK pre-
dominate in human plasma after ketamine administration, as well
as a secondary metabolite, dehydronorketamine (DHNK) [43].
Interestingly, preclinical research recently demonstrated that
HNK exerts antidepressant-like properties via indirect early and
sustained activation of AMPA receptors likely resulting from a
mechanism converging with mGlur2 receptor signaling [59-61].
Differential receptor engagement and side-effect profiles were
noted between the S and R isoforms (NMDA vs AMPA receptors)
[59]; notably, this finding that (2R,6R)-HNK has antidepressant-
like effects that occur independently of NMDA-receptor inhibition
was recently replicated by the same laboratory [62]. This research is
particularly intriguing given that many of ketamine’s side effects
appear to be related to NMDA receptor-dependent inhibition.
Studies investigating the potential antidepressant efficacy — and
the side-effect profile — of (2R,6R)-HNK in humans will be a crucial
next step; initial safety and tolerability studies are ongoing, and a
Phase II clinical trial is planned.

Stimulating research into novel glutamatergic
antidepressants

The success of ketamine shifted the field’s focus onto the gluta-
matergic system for developing novel and/or rapid-acting thera-
peutics and for investigating the underlying pathophysiology of
MDD and other psychiatric disorders. This, in turn, led to advances
in our conceptual understanding of depressive mechanisms, sug-
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Shared antidepressant mechanisms in three different neurotransmitter systems. Opioid, glutamatergic and serotonergic receptors are linked to intracellular
plasticity cascades that target shared neurobiological mechanisms of network reconfiguration. Notably, rapid-acting antidepressant effects occurring within
days to 1 week have, so far, only been shown for glutamatergic and serotonergic drugs. Abbreviations: NMDA, N-methyl-p-aspartate receptor; AMPA, a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor; 5-HT1/2A, serotonin-1A receptor, serotonin-2A receptor; 5-HT,c, serotonin-2C receptor; PI3K,

phosphoinositide 3-kinase; GSK3[3, glycogen synthase kinase 3 beta; AKT, protein kinase B; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated
protein kinase; mTORC1, mammalian target of rapamycin complex 1; HOMER, homer protein homolog 1; SHANK, SH3 and multiple ankyrin repeat domain 3;
RAS/RAF, GTPase protein coupling calcium influx to forms of synaptic plasticity; BDNF, brain-derived neurotrophic factor; 8, delta; K, kappa; W, mu; CREB, cyclic

adenosine monophosphate response-element-binding protein.

gesting that the neurobiological events triggered by rapid-acting
antidepressants might be deeply rooted in the rapid reconfigura-
tion of limbic circuitries [41,42]. The most notable example of a
successful rapid-acting agent is intranasal esketamine, the S(+)
enantiomer of ketamine, which was FDA-approved in early
2019 for treatment-resistant MDD [39]. Several other rapid-acting
glutamatergic agents have similarly shown promising preliminary
results; in Table 1 we highlight a handful of examples based on
their pharmacodynamic profile. For a more comprehensive over-
view of studies on novel glutamatergic antidepressants, we refer
the interested reader to several recent review articles on the subject
[63,64].

Hypothetically, the affinity profile for all of ketamine’s targets
could be more important than binding to one or two high-affinity
ligands. That is, the antidepressant ‘sweet spot’ in terms of dosage
for ketamine might result from the number of occupied NMDA
receptors in combination with binding at other lower-affinity
targets, triggering a series of events that lead to antidepressant
efficacy. Interestingly, ketamine has dose-dependent neuropsy-
chological effects even at subanesthetic doses, with antidepressant

properties peaking at ~0.5-1.0mg/kg [65]. At higher doses,
ketamine’s anesthetic properties prevail. Theoretically, antide-
pressant efficacy at lower dosages might pertain for other drugs.
For instance, antidepressant augmentation agents are mostly used
at lower doses for drugs binding to the D3 or serotonin (5-
hydroxytryptamine, 5-HT,, or 5-HT;) receptors, such as aripipra-
zole, lurasidone, quetiapine, or olanzapine. In addition, animal
studies co-administering ketamine in combination with 5-HT,a
receptor or D, receptor antagonists underscore the relevance of D,
and 5-HT;, receptors for ketamine’s pharmacological effects [66].
Notably, one study found that PCP and ketamine had more similar
affinities for D, and 5-HT, receptors than for NMDA receptors [67].
As a result, ketamine’s antidepressant properties might be mim-
icked by drugs with similar pharmacodynamic profiles.

As examples, we first briefly touch on mechanistically different
agents with glutamatergic modulatory properties that showed
antidepressant efficacy in clinical trials: nitrous oxide and sarco-
sine; as noted above, for a more extensive review of glutamatergic
agents in depression, we refer the reader to several recent review
articles [63,64]. Nitrous oxide has been used as an anesthetic for
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Example substances tested in humans with novel antidepressant mechanisms across three major pharmacological classes

Compound Pharmacodynamic mechanisms Outcome Phase N Dosage Placebo Results Rapid-acting® Refs
parameter control

Glutamatergic modulators
Ketamine NMDA antagonist, - and K-opioid HAM-D \Y 99 0.1, 0.2, 0.5 and Midazolam + Y [65]

agonist, D, agonist, mACh antagonist, 1.0 mg/kg 0.045 mg/kg

weak SERT, DAT, NET reuptake

inhibition, 5-HT2 affinity
Nitrous oxide NMDA antagonist HAM-D Il 40 50% N,0/50% O, for 50% N/50% O, + Y [69]

1h
Sarcosine Glycine transporter-I inhibitor HAM-D Il 40 500 mg to 1500 mg Citalopram + N [70]
20mg

GABAergic modulators
Brexanolone (SAGE-547) GABA, PAM, nACh, and 5-HT; NAM HAM-D Il 21 30-90 g/kg/h Yes + Y [771
SAGE-217 agonist at mPR HAM-D 1] 89 30mg Yes + Y NCT03864614 [78]
Opioids
ALKS 5461 Combination of a - and k-opioid MADRS 1l 790 High-dose or low- Yes + N [85]

partial agonist and L-opioid antagonist dose (sublingual)
Buprenorphine W-receptor partial agonist, K-opioid, MADRS 1] 13 0.2mg to 1.6 mg No + N [82]

8-opioid antagonist (sublingual)
Serotonergic hallucinogens
Psilocybin 5-HT,a, 5-HT,c, 5-HT,p agonist QIDS 1] 12 10 mg and 25 mg No + Y [99]
DMT 5-HT,a, 5-HTyc, 5-HT;4 agonist HAM-D Il 35 - Yes Ongoing N/A NCT02914769
LSD 5-HT,a, 5-HT,c, 5-HTqA agonist IDS Il 60 100 or 200 g 25 g LSD Ongoing N/A NCT03866252

Abbreviations: 5-HT;, serotonin-1A receptor; 5-HT,c, serotonin-2C receptor; 5-HT,,, serotonin-2A receptor; 5-HTs, serotonin 3 receptor; 9, delta; D,, dopamine receptor 2; DAT, dopamine transporter; DMT, N-dimethyltryptamine; GABA,
gamma aminobutyric acid; HAM-D, Hamilton Depression Rating Scale; IDS: Inventory of Depressive Symptomatology; k: kappa; LSD: lysergic acid diethylamide; W: mu; mACh: muscarinic acetylcholine; MADRS, Montgomery-Asberg

Depression Rating Scale; mPR, membrane progesterone receptor; mg, milligrams; g, micrograms; NAM, negative allosteric modulator; NET, norepinephrine transporter; nACH, nicotinic acetylcholine receptor; NMDA, N-methyl-p-aspartate;
PAM, positive allosteric modulator; QIDS, quick inventory of depressive symptomatology; SERT, serotonin transporter.
@ Rapid-acting was defined as response (—50% baseline scores) within 1 week of treatment.

SM3IATY

6102 419903100« 0L JaqWnN ‘z dwn|op«Aepo] A1anodsig bnig



Drug Discovery Today * Volume 24, Number 10 * October 2019

REVIEWS

>150 years. Like ketamine, it exhibits NMDA receptor antagonism,
has partial agonism for mu, kappa, and delta opioid receptors,
inhibits AMPA, kainite, and gamma-aminobutyric acid receptors A
and C (GABA,, GABA(), affects serotonin-3 receptors (5-HT3), and
releases dopamine [68]. In a double-blind, placebo-controlled,
crossover trial, depressive symptoms improved for participants
receiving nitrous oxide within 2 h compared with those receiving
placebo, an effect that remained significant at 1 day post-treat-
ment [69]. Phase I and II trials are ongoing to determine optimal
dose, safety, and efficacy.

In contrast, the other agent, sarcosine (also known as N-methyl-
glycine), is an amino acid that functions as a glycine transporter-1
inhibitor and has similarly shown promise in treating MDD. A 6-
week, double-blind, randomized, citalopram-controlled trial in 20
MDD patients found that sarcosine possessed superior antidepres-
sant properties compared with citalopram after 2 weeks [70]. In
addition, researchers found that sarcosine was well-tolerated; no
serious adverse events were reported. Notably, and in contrast to
ketamine, sarcosine did not result in rapid-acting effects on the
timescale of several days. Sarcosine has co-agonistic properties at
the NMDA receptor and is an agonist at the inhibitory glycine
receptor [71]. It also exhibits NMDA-enhancing properties, sug-
gesting that AMPA-receptor-mediated or other downstream mech-
anisms might elicit antidepressant effects. NMDA receptor
downregulation might also play a part; however, this is difficult
to assess given the paucity of reliable PET radioligands.

Here, it should be noted that neither of these findings have yet
been replicated, although such studies are ongoing. However,
these two examples underscore that, with regard to drug develop-
ment in particular, researchers have focused on developing or
repurposing drugs with glutamatergic modulatory properties. Al-
though some of these agents have shown antidepressant efficacy,
many have not, and many others require further testing; for an
excellent overview of the glutamatergic drug pipeline, see Wilk-
inson and Sanacora [72].

Pioneering research into novel GABAergic and
opioidergic agents

Within 1 week of approving esketamine, the FDA also approved
brexanolone (SAGE-547, market name Zulresso™) as the first drug
specifically targeting postpartum depression (PPD) [73]; this agent
is derived from allopregnanolone, an endogenous neuroactive
steroid that acts as a positive allosteric modulator of GABA,
receptors [74]. The drug was initially investigated for seizure
disorder but later found to exhibit rapid-acting and sustained
antidepressant effects in PPD, a condition associated with the
gradual rise and peak of progesterone by the end of the third
trimester but rapid decline in progesterone levels in the aftermath
of pregnancy. In addition to functioning as a positive allosteric
modulator of the GABA, receptor, brexanolone exhibits affinity
for nicotinic acetylcholine receptors, 5-HT3 receptors, and mem-
brane progesterone receptors, among others. How brexanolone
exerts its rapid antidepressant effects is currently unclear but the
compound is thought to bind to synaptic and extrasynaptic
GABA, receptors, thus increasing receptor functionality [75]. Sev-
eral double-blind, randomized, placebo-controlled trials demon-
strated that brexanolone had potent and rapid antidepressant
properties [76]. Two larger, Phase III trials conducted across 30

clinical research centers and psychiatric units across the USA
found similarly positive results [77]. Unfortunately, the treatment
was associated with four serious adverse events in a few patients
(suicidal ideation, intentional overdose, syncope, altered state of
consciousness), warranting close post-treatment follow-up.

SAGE-217 is a next-generation allosteric modulator with selec-
tivity for synaptic and extrasynaptic GABA, receptors and a profile
resembling that of brexanolone. However, instead of i.v. dosing,
SAGE-217 is pharmacologically designed for once-daily oral dos-
ing. SAGE-217 is currently being developed for MDD, PPD and
certain other mood disorders. A recent Phase II trial of 89 MDD
patients showed that the compound achieved its primary end-
point at 2 weeks post-randomization, but significant differences
compared to placebo were found as early as day 2 [78]. Phase III
trials are underway for MDD and PPD [79].

Interestingly, opioidergic drugs were used frequently as a treat-
ment for melancholia through the 1950s, before safer, less addic-
tive drugs (e.g., TCAs, MAOIs) became available [80]. Intrigued by
the potential of nonaminergic antidepressant mechanisms,
researchers have begun to re-evaluate the role of endogenous
opioids in depression. For instance, buprenorphine (BUP), a drug
currently used to treat opioid addiction and pain disorders, is
being explored as a treatment for MDD. The compound has a
wide variety of actions throughout the brain, including partial
agonism at the mu opioid receptor and antagonism at the kappa
and delta opioid receptors [81]; these are connected to intracellular
signaling cascades that potentially mediate antidepressant effects
(Fig. 1). Several open-label studies of BUP in MDD have shown
promising preliminary results [80,82], and a double-blind, ran-
domized, placebo-controlled trial examining the effect of low-dose
BUP on suicidal ideation similarly yielded positive results [83].

Several double-blind, randomized, placebo-controlled studies
have also explored BUP in combination with samidorphan (SAM),
a potent mu opioid antagonist that reduces the addictive potential
of BUP; this drug combination is known as ALKS 5461. In one
study, 32 MDD participants were randomly assigned to receive an
8:1 ratio of SAM to BUP, a 1:1 ratio of SAM to BUP, or placebo. The
researchers found that the 1:1 ratio most effectively blocked the
opioid ‘high’ and, after 1 week of treatment, exerted a significant
antidepressant effect [84]. The same research group subsequently
conducted a larger trial of 142 MDD patients randomized to
receive either BUP/SAM 8 mg/8 mg, BUP/SAM 2 mg/2 mg, or pla-
cebo. After 4 weeks, both test groups showed improvement, al-
though only the change in the 2 mg/2 mg group was statistically
significant. Again, the treatments were well-tolerated and, impor-
tantly, neither group showed evidence of opiate withdrawal upon
treatment discontinuation [85]. Two global, multicenter, placebo-
controlled Phase III trials have provided additional support for the
use of ALKS 5461 in depression. The first study, known as FOR-
WARD-4 (n=385), examined ALKS 5461 at doses of 2 mg/2 mg and
0.5 mg/0.5 mg; the second study, known as FORWARD-S5 (n =407),
used doses of 2mg/2mg and 1mg/1 mg. Although the pooled
analysis of both studies revealed that the drug was superior to
placebo in treating depression, only FORWARD-S achieved the
primary endpoint at 2 mg/2 mg. Again, ALKS 5461 was well-toler-
ated, with most adverse events classified as mild or moderate [86].
Nevertheless, the FDA stated that it will require more clinical data
before the drug can be approved for MDD [87].
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Investigating controlled substances as novel and
potentially rapid-acting antidepressants: serotonergic
hallucinogens

One area that merits particular mention is the burgeoning explo-
ration of serotonergic hallucinogens. In this context, ketamine’s
success has not only shifted our understanding of rapid therapeu-
tic response in depression it has also changed the way we look at
existing psychopharmaceuticals more generally. Ketamine, which
historically might have been written off by the psychiatric com-
munity as a hallucinogen with no psychiatric benefit [4], has led
the field to reconsider what other scheduled or banned drugs
might have been overlooked that could benefit psychiatric
patients.

Before they were banned in the 1960s, serotonergic hallucino-
gens showed promise for treating a range of disorders, including
anxiety, OCD, depression, and alcoholism [88]; for instance, early
papers described the therapeutic potential of LSD for major de-
pression [89]. It should be noted that, by today’s standards, the
methodology employed was suboptimal, because many early stud-
ies lacked a control group, failed to report adverse events, made no
attempt to blind either party, and/or used unvalidated outcome
measures. However, in 1967, psychedelics were classified under
Schedule I of the UN Convention of Drugs, effectively halting
research. The reasons for this are complicated, and a lengthy
discussion is beyond the scope of this paper. Briefly, by the
1960s, psychedelics had leaked into the community, leading to
widespread misuse and reports of negative reactions. Furthermore,
reports of these substances being administered covertly and
unethically led to public outcry and dismay. Governments
responded to these issues by banning the drugs and cutting
research funding. However, the past three decades have led to a
more tolerant view of these substances and their therapeutic
potential, leading to a renewed interest in the field and better-
quality studies [88,90].

Toward this end, a key question remains: are we missing poten-
tial existing drugs with antidepressant properties that would re-
quire dose adjustments in order to be repurposed? Possible
examples include psychoactive drugs like psilocybin, LSD, or
3,4-methylenedioxymethamphetamine (MDMA); despite their
potential harmful side effects and abuse liability, it is hypotheti-
cally possible that their therapeutic pharmacological profile for
treatment-resistant forms of MDD and other psychiatric disorders
such as OCD and PTSD might be achieved by ‘microdosing’,
echoing the subanesthetic ketamine doses needed to exert antide-
pressant effects. The present wave of psychedelic research started
in the 1990s with several studies looking at the acute biopsycho-
logical effects of drugs like mescaline [91], dimethyltryptamine
(DMT) [92], and psilocybin [93]. Through the late 1990s and 2000s,
this area of study continued to grow as researchers began examin-
ing psychopharmacological and neuropsychological properties of
the psychedelic state in healthy volunteers and conducted phar-
macological neuroimaging trials [88]. Most of this research has
looked at anxiety and depression, with some studies examining
alcohol and substance dependence and OCD; for more informa-
tion, we refer the interested reader to several recent reviews of the
topic [11,88].

Of particular relevance to MDD, several open-label studies have
examined the safety and feasibility of hallucinogens in MDD. An

open-label trial of ayahuasca, a mixture of the South American
rainforest liana Banisteriopsis caapi rich in the molecule DMT,
found that this serotonergic receptor agonist was safe and well-
tolerated in a group of six MDD patients. An ayahuasca mixture
containing 96-160mg DMT and 25.2-42.0 mg harmine (dose
depending on bodyweight) led to significant symptom improve-
ment within 1 day that remained at 3-week follow-up [94]. The
same researchers subsequently replicated these findings in an
open-label study of 17 MDD patients (11 of whom were newly
enrolled) [95].

Studies have also examined the effect of open-label psilocybin, a
potent 5-HT, and 5-HT; receptor partial agonist and one of the
main hallucinogenic substances in ‘magic mushrooms’. An early,
small, open-label study found that psilocybin significantly re-
duced depressive symptoms for up to 6 months post-treatment
in a group of patients with advanced-stage cancer [96]. Building on
this work, several double-blind, randomized, controlled trials
found that psychedelics alleviated depression associated with
end-stage cancer. Two of the largest come from Ross et al. [97]
and Griffiths et al. [98], who examined the anxiolytic and antide-
pressant effects of a single dose of psilocybin in a group of 29 and
51 patients, respectively. Ross et al. randomly assigned participants
to receive either 0.3 mg/kg of psilocybin with psychological sup-
port or 250 mg of a placebo (niacin) with psychological support.
Crossover occurred 7 weeks after the first session. Griffiths and
colleagues used a similar study design, but a low dose of psilocybin
was used as the active control, and crossover occurred at 5 weeks.
Both groups found that psilocybin was safe, well-tolerated, and
rapidly and significantly reduced anxiety and depressive symp-
toms; these improvements lasted through a 6- or 6.5-month
follow-up.

Another study of 12 MDD patients used a safety dose of 10 mg of
psilocybin followed by a treatment dose of 25 mg 7 days later, in
conjunction with psychological support. Psilocybin was found to
be safe and well-tolerated and to rapidly reduce depressive, anxiety
, and anhedonia symptoms within 1 week of administration;
strikingly, these effects persisted at a 3-month follow-up [99].
The same researchers subsequently conducted a 6-month open-
label trial of psilocybin in 20 patients with treatment-resistant
MDD. They found that two doses (10 mg and 25 mg, 1 week apart)
of psilocybin reduced depressive symptoms within 1 week for
these patients, with improvements lasting through the 3- and 6-
month assessment points [100].

To date, little controlled evidence exists for LSD, although at
least one active-controlled study of 100 ug LSD and a low-dose
active comparator is currently recruiting for MDD (University
Hospital in Basel, Switzerland). A small 2015 study found that
LSD-assisted psychotherapy was safe, well-tolerated, and helped 10
patients with life-threatening diseases deal with comorbid anxiety
[101].

However, although these clinical trials with potent serotonergic
agonists demonstrated tolerability, it is too early to conclude
whether these drugs are safe to use in MDD. Toxicity and side-
effect profiles after a single administration have been studied, but
it is unclear whether rapid-acting effects might contribute to
known psychological dependency. Nevertheless, taken together,
the accumulating evidence regarding the therapeutic use of sero-
tonergic hallucinogens to treat depression suggests that novel and
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potentially rapid-acting antidepressant mechanisms could be eli-
cited by serotonin receptor agonists.

Supporting evidence for the rapid-acting antidepressant-like
mechanisms of these agents being mediated by serotonergic recep-
tors comes from animal models of stress [102] as well as from
structural and functional changes in cortical neurons observed in
vivo in rats [103]. Several common postsynaptic intracellular
pathways that mediate plasticity as well as transcription factors
such as cyclic adenosine monophosphate response-element-bind-
ing protein (CREB) are targeted by glutamatergic drugs that affect
NMDA and AMPA receptors and serotonergic drugs [104] (Fig. 1).
To better understand the neurobiology of rapid antidepressant
mechanisms, studies investigating the cellular and molecular
underpinnings of differential onsets of action between slower-
acting reuptake inhibitors and rapid-acting drugs are needed. It
should also be noted here that investigations of cross-connectivity
between monoaminergic, excitatory (glutamatergic), and/or in-
hibitory (GABAergic) neurotransmission could significantly en-
hance our understanding of novel and rapid-acting antidepressant
mechanisms and the neurobiology of depression.

Concluding remarks and future perspectives

The FDA approval of esketamine for treatment-resistant MDD repre-
sents a major breakthrough in psychiatry. If ketamine or ketamine-
like treatments continue to show promise for severe forms of de-
pression and other psychiatric diseases, these advances could
improve quality of life for millions of patients who are not helped
by currently available treatment options. Moreover, in light of
growing safety data from esketamine trials, use of this agent could
shift to earlier stages of the treatment algorithm, thereby optimizing
treatment options, especially for those with acute depression and
suicidal thoughts. Although ketamine’s potential efficacy for other
neuropsychiatric disorders is still being evaluated, preliminary find-
ings are promising. As noted above, initial evidence suggests that
ketamine could also be clinically effective for the treatment of PTSD
and OCD [105,106]; these disorders share several clinical and neuro-
biological characteristics with MDD and are currently treated with
SSRIs. If these effects are confirmed, clinical applications beyond
MDD could be on the horizon.

Although such findings certainly bring hope to the many
individuals suffering from severe depression, the known and
potentially unknown side effects associated with repeated keta-
mine administration require caution when moving forward. As an
example, several case reports have noted ketamine-induced mania
[107], although earlier studies from our laboratory found that a
single ketamine infusion did not lead to mood switching in bipolar
subjects [108]. In that regard, publication of post-marketing regis-
tries and observations of unwanted side effects — including keta-
mine dependence and switch-risk — are needed. Standardized,
longitudinal databases could provide a solution to tackle many
questions that are currently hard to answer in clinical trials.
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