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Major depressive disorder (MDD) is one of the most disabling diseases worldwide and is becoming a significant
public health threat. Current treatments for MDD primarily consist of monoamine-targeting agents and have limited
efficacy. However, the glutamate neurotransmitter system has recently come into focus as a promising alternative for
novel antidepressant treatments. We review the current data on the glutamate NMDA receptor antagonist ketamine,
which has been shown in clinical trials to act as a rapid antidepressant in MDD. We also examine ketamine efficacy on
dimensions of psychopathology, including anhedonia, cognition, and suicidality, consistent with the NIMH Research
Domain Criteria initiative. Other aspects of ketamine reviewed in this paper include safety and efficacy, different
administration methods, and the risks of misuse of ketamine outside of medical settings. Finally, we conclude with a
discussion of glutamatergic agents other than ketamine currently being tested as novel antidepressants.
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Introduction
Major depressive disorder (MDD) is a significant public health threat, accounting for 65.5 million disability-adjusted life years and ranking third
among the leading causes of global disease burden.1
Current state-of-the-art antidepressant treatments
primarily work on the monoamine system, providing relief for 54% of patients, according to
a meta-analysis of controlled trials.2 Novel treatments for depression have the potential to ameliorate both individual suffering and public health
cost burden. Recent research has highlighted the
glutamate system as a potential novel antidepressant target, particularly for those suffering from
treatment-resistant depression (TRD) and who are
less likely to benefit from additional monoamine
treatments.
Ketamine is a high-affinity, noncompetitive Nmethyl-d-aspartate (NMDA) receptor antagonist.
It is currently approved by the U.S. Food and Drug
Administration (FDA) as an anesthetic agent and is
additionally used off-label to help manage chronic
pain.3 In the past 10 years, evidence has emerged

showing that subanesthetic doses of ketamine
(0.5 mg/kg) administered over a 40-min infusion
period can have a fast-acting antidepressant effects
on both treatment-naive and TRD patients.4–6 In
the following section, we discuss the effects of ketamine in single- and multiple-infusion studies.
Less attention has been dedicated so far to the
ability of ketamine to ameliorate specific NIMH
Research Domain Criteria (RDoC)3,7 symptom
clusters, including anhedonia, cognition, and suicidality; we summarize these data in our review.
We also review the existing limitations of ketamine
use, including safety concerns and the risks of ketamine misuse. The limitations of ketamine have
led to an active search for improved, ketaminelike glutamatergic agents; we briefly review several
such agents currently being tested as novel antidepressants.
The efficacy of ketamine in mood disorders
Single infusion
The rapid antidepressant effect and safety of a single intravenous (IV) infusion of ketamine has been
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Table 1. Studies of single-dose ketamine administration in patients with MDD

Study

Route of
No. of patients
administration
(n)

Design

No. of patients
Treatment
receiving ketamine responsea (%)
or placebo

Duration of
response

Berman et al.9

Intravenous

7

Crossover

Ket: n = 7
Placebo: n = 7

50%

72 h

Zarate et al.10

Intravenous

17

Crossover

Ket: n = 17
Placebo: n = 17

71%

72 h

Lapidus et al.13

Intranasal

20

Crossover

Ket: n = 20
Placebo: n = 20

44%

48 h

Mathew et al.8

Intravenous

26

Open label

Ket: n = 26
Placebo: n = 0

66%

72 h

Ibrahim et al.48

Intravenous

42

Open label

Ket: n = 26
Placebo: n = 0

62%

13 days

Murrough
et al.16

Intravenous

73

Double blind

Ket: n = 47
Placebo: n = 25

64%

72 h

a
Response is defined as ࣙ 50% reduction in depressive symptoms (e.g., HAM-D or MADRS score) 24 h following IV
ketamine.

examined in at least five randomized controlled trials (RCTs) in unipolar MDD (Table 1). A single IV
infusion of ketamine resulted in a 50–70% response
rate in patients with MDD, with a response duration
of 72 h postinfusion.8–10 Response was defined as a
50% or greater reduction from baseline in depression severity (e.g., Montgomery–Asberg Depression
Rating Scale (MADRS), Hamilton Depression Rating Scale (HAM-D)). Ketamine effects were seen
as soon as 40 min after IV infusion and typically
lasted 3–7 days, with some patients experiencing
more prolonged mood improvement.10 In an RCT
of the effects of ketamine versus an anesthetic control condition, midazolam, in TRD patients (n =
72), response rates were 64.8% and 28% in the ketamine and control conditions, respectively, after a
single IV infusion over 40 min.6
Diazgrandos tested the effects of a single ketamine infusion on patients with bipolar depression
in a crossover, placebo-controlled trial and found
rapid (24 h) decreases in depressive symptoms, as
measured by MADRS, including suicidal ideation,
starting at 40 min postinfusion and continuing for
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at least the next 3 days.9 Seventy-one percent of
patients responded to ketamine. This finding was
replicated in another study that found a 79% response rate.10 The results of these studies support
the hypothesis that ketamine could be an effective
and safe treatment for bipolar as well as unipolar
depression.11
Repeated infusion
Relapse of depressive symptoms after a single IV
dose of ketamine often occurs within 1 week, although this time period is highly variable between subjects. Our group has recently examined
a method to extend the period of response to ketamine through repeated infusions (Table 2). The effects of repeated infusions of ketamine (up to six IV
infusions over 2 weeks) were examined in an openlabel study by Murrough et al., and the response
rate at the end of the study was 70.8%. Among responders, the average time to relapse after the last
infusion was 18 days.6 An additional trial by Diamond et al. involved three or six repeated infusions
of ketamine over a 3-week period and found a lower
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Table 2. Studies of repeated dose IV ketamine administration in patients with MDD

Study
aan het Rot et al.49
Murrough et al.16
Diamond et al.12
Rasmussen et al.50
Segmiller et al.51

Method

No. of patients (n)

Design

Treatment responsea
(%)

IV
IV
IV
IV
IV

10
24
28
10
6

Open label
Open label
Open label
Open label
Open label (esketamine)

65%
70.8%
29%
80%
50%

Response is defined as ࣙ 50% reduction in depressive symptoms (e.g., HAM-D or MADRS score) 24 h following IV
ketamine.
a

response rate of 29%.12 In contrast to Murrough
et al., Diamond et al. enrolled both unipolar and
bipolar subjects, which were split into two groups:
treatment with three or six infusions over 3 weeks.
These differences in study design may account for
the different results.
A large RCT comparing the efficacy of ketamine
given either twice or three times per week over
a 4-week period was recently completed and results are pending (NCT01627782). An RCT investigating the efficacy of repeated self-administered
intranasal S-ketamine administrations over a 2week double-blind period is also currently ongoing
(NCT01998958).
Intranasal ketamine administration
Although IV ketamine has potential as an effective treatment for depression, it may not be the
most feasible standardized administration for use
as a widespread treatment, for patients and clinicians alike. To come up with a less invasive approach, other administrative methods have been
considered; however, these efforts have had to
take into account lower bioavailability compared
to IV administration. For example, oral administration has relatively low bioavailability (16–20%).
Intranasal (IN) administration has a bioavailability of approximately 25–50%13 and may represent
an appropriate balance between feasibility and efficacy. Our group recently completed a pilot RCT
of IN ketamine in TRD patients and found that
IN ketamine was associated with a 44% response
rate compared to a 6% response rate in the
saline placebo condition.13 Patients were continued on their current (failed) antidepressant medications. Response to IN ketamine was sustained for
48 h postadministration.13 We found minimal psychotomimetic or dissociative effects, and ketamine

was well tolerated by participants. The lower response rate for IN compared to IV ketamine administration may be consistent with the lower blood
ketamine levels achieved in the IN study compared
with levels previously reported after IV administration. In the IN sample, the mean ketamine blood
level was 72 ng/mL at 20 min and 84 ng/ML at
40 min. In contrast, mean ketamine levels reported
after IV infusion are approximately 150 ng/mL at
30 min and 200 ng/mL at 40 min.14,15 Further studies will be necessary to determine if and how equivalent bioavailability and efficacy can be obtained
with IN administration. No RCTs as of yet have
compared response rates between different administration methods.
The efficacy of ketamine on symptom
clusters
A recent trend in NIMH-funded studies has strongly
encouraged clinical trials to focus on RDoC (specific
symptom clusters, defined on the basis of underlying
neurobiology)7 instead of discrete Diagnostic and
Statistical Manual of Mental Disorders (DSM) diagnoses (for more information, see http://www.nimh.
nih.gov/research-priorities/rdoc/index.shtml). This
effort aims to pinpoint basic dimensions of
functioning across disorders and implement favorably matched treatments. Symptom clusters
germane to mood disorders include anhedonia/negative valence, cognition, working memory,
positive valence, arousal symptoms, and social
processing. Although no specific studies have been
yet completed testing ketamine efficacy for specific RDoC symptom clusters, we present below
secondary analyses from previous studies by our
group that suggest that ketamine may be particularly effective at attenuating anhedonia and suicidal
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Figure 1. Changes in anhedonia. MADRS item score #7 showing improvements in anhedonia during ketamine infusion (percentage
change from baseline to 24 h = −0.63). A lower score on the MADRS #7 signifies improved anhedonia. Data from an RCT of 72
patients with TRD.16

ideation. Potentially informative pilot data also exist
regarding ketamine’s effect on cognition. Although
suicidality is not classified as a specific RDoC
category, it is nevertheless an important transdiagnostic clinical domain and a specific dimension of psychopathology within mood disorders. These data come from the largest parallelarm, controlled clinical trial to date.16 Although
the data presented in this section are only preliminary, they highlight the potential efficacy
of ketamine in RDoC-defined symptom clusters and the need for future studies specifically
designed to answer these questions.

anhedonia improved by 63% at 24 h compared to
baseline following a single infusion of ketamine in
patients with TRD (Fig. 1). Our group proposes that
ketamine directly affects the reward circuit across diagnostic groups, thus relieving anhedonia. There is
a significant need for studies pinpointing the effects
of ketamine on symptoms of anhedonia and its neurobiological mechanisms. Anhedonia, a reduced capacity to experience pleasure, reflects abnormal reward processing within specific brain circuitry and
is a core deficit in a subpopulation of patients across
a spectrum of mood, anxiety, and trauma-related
disorders.

Anhedonia
Anhedonia, reflecting deficits within the brain reward system, is a salient feature across mood
disorders17 and has been associated with treatment
resistance, illness chronicity,18–22 and suicidality.23
In a recent placebo-controlled, crossover study using positron emission tomography (PET) imaging to compare the effects of ketamine and saline,
ketamine was suggested to have anti-anhedonic
effects associated with regions involved in the reward circuit.24 A secondary analysis from a human
ketamine study shows further promise for this avenue of research; an analysis of the MADRS, a
10-item clinician-rated scale of depression, from a
previous study of IV ketamine conducted by our
group16 showed that the scale’s individual item for

Cognition
Recent studies have examined the cognitive effects of low dosages of ketamine in patients
with depression.12,16 Ketamine administered in low
dosages to treat depression was associated with mild,
short-term cognitive deficits (40 min following a
single IV ketamine infusion).16 An analysis of the
MADRS items from a previous study of IV ketamine conducted by our group showed that concentration (item #6) improved by 58.3% at 24 h
compared to baseline after a single infusion of ketamine in patients with TRD (Fig. 2).16 In addition, a study of the neurocognitive effects of a single
40-min IV infusion of ketamine in TRD patients
found no deleterious short-term neurocognitive effects 7 days following treatment compared to an
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Figure 2. Changes in concentration. MADRS item score #6 showing improvements in cognition pre/post–ketamine infusion
(percentage change from baseline to 24 h = −0.58). A lower score on the MADRS #6 signifies improved cognition. Data from an
RCT of 72 patients with TRD.16

active control, midazolam.25 Furthermore, two
studies have demonstrated that slower baseline processing speed predicted a rapid antidepressant response at 24 h following ketamine administration.25
Although these studies address the short-term neurocognitive effects of ketamine, more research is required to establish the potential cognitive risks of
longer-term repeated ketamine treatments for patients with TRD.
Frequent ketamine abuse with high doses over
long intervals can lead to deficits in several cognitive capacities (working memory, executive functions, visual, and motor speed) and dissociative
symptoms.26,27 More specifically, Morgan found
that only daily ketamine abusers had the impairments in cognition and dissociative symptoms described previously, whereas infrequent and ex-users
did not show any distinct cognitive impairment.
Long-term cognitive effects of ketamine were examined in a recent paper in which patients with
unipolar and bipolar depression received up to six
infusions of ketamine over a 3-week period;12 in
that setting, ketamine administration was not associated with negative cognitive effects. These studies
suggest that low-dose ketamine administered over
short periods to patients with unipolar and bipolar depression does not cause cognitive deficits, in
contrast to studies of high-dose, long-term administration in frequent ketamine abusers. Ketamine is
used as an adult anesthetic at doses of 1–3 mg/kg;

subanesthetic doses of ketamine used to treat depression range from 0.1 to 1 mg/kg.28 Given the fact
that other NMDA antagonists (such as memantine)
have proven procognitive effects, it would be important to design clinical trials to further study the
effects of memantine and other glutamatergic agents
on cognitive symptoms in patients with mood
disorders.
Suicidal ideation
Finding an effective and rapid-acting treatment
for acute suicidal ideation, a common symptom
in severely depressed patients, is critical. Current
monoamine antidepressants, often considered
the first line of defense to treat depression and
anxiety, are slow to act, although they may have
enduring effects with consistent daily dosing.29 In
contrast, ketamine has been shown to be effective
at rapidly reducing suicidal ideation.15,30 Although
monoamine antidepressants take several weeks to
take effect, ketamine’s rapid-acting effects could
make it uniquely suited to treat acute suicidal
ideation in hospitalized patients.
Price studied the effects of intravenous ketamine
on suicidal ideation 2 h before and 24 h following
a single IV infusion of ketamine (n = 26). Two primary measures were used: the implicit association
test, an implicit suicidality measure, and the suicidality item of the MADRS (MADRS-SI), an explicit
suicidality measure. Price et al. found MADRS-SI
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Figure 3. Changes in suicidality. MADRS item score #10 showing improvements in suicidal ideation pre/post–ketamine infusion
(percentage change from baseline to 24 h = −0.65). A lower score on the MADRS #10 signifies improved suicidal ideation. Data
from an RCT of 72 patients with TRD.16

scores reduced by 2.08 points on a 0–6 scale
following ketamine infusion, as well as a decrease in
implicit associations connecting the self to escaperelated concepts.30 These open-label findings were
confirmed in an RCT comparing ratings of suicidality on both implicit and explicit measures following
either ketamine or midolazam infusion. Fifty-three
percent of ketamine patients had no explicit suicidal
ideation at 24 h, compared with 24% of placebo (P =
0.03). We replicated this finding in a previous study
of IV ketamine, which showed that the MADRS’s
individual item for suicidal ideation improved by
64.7% at 24 h compared to baseline following a
single infusion of ketamine in patients with TRD
(Fig. 3).16 These findings suggest that ketamine
produces rapid reductions in suicidal ideation as
compared to placebo, although future research is
necessary to further explore long-term effects.
Furthermore, a recent multiple-infusion openlabel ketamine study showed decreased suicidal
ideation in patients after the first infusion.12 Within
6 h of receiving a single ketamine infusion, 61% of
bipolar or unipolar patients (n = 28) experienced
a reduction in suicidal ideation, calibrated by the
Beck depression inventory and item three on the
Hamilton Rating Scale of Depression. Ongoing research at the Icahn School of Medicine at Mount
Sinai is investigating the antisuicidal effects of ketamine over the course of 6 weeks following a single,
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double-blind IV infusion of ketamine or midazolam
(NCT01507181).
In conclusion, emerging data suggest that ketamine may be potentially effective for several
RDoC-defined symptom clusters. As these data were
acquired in depressed (TRD) populations, we cannot distinguish a pseudo-specific effect (e.g., improvement in specific domains, such as anhedonia
or suicidality, may be related to overall improvement
of depression). But these data justify the need for
specific studies evaluating the efficacy of ketamine
in RDoC-defined domains and including subjects
with a variety of DSM diagnoses.
Putative mechanisms
Although a detailed discussion of ketamine mechanisms is beyond the scope of this clinical review,
we would like to emphasize a series of recent studies highlighting important mechanisms of ketamine
activity and potentially explaining the rapid clinical
effects of ketamine in mood disorders. Glutamate
is the most prevalent excitatory neurotransmitter in
the brain and a critical modulator of neuroplasticity, learning, and memory. Recent research suggests
that antidepressant agents targeting the glutamate
system may provide a novel treatment for MDD.31
Glutamate has been found to play an essential role
in regulating neuroplasticity, but its activity can
be influenced by environmental factors. Excessive
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levels of glutamate (caused by stress) in MDD patients have been suggested to decrease plasticity and
brain volume; glutamate antagonists, including ketamine, can help to ameliorate these effects.32
Low-dose ketamine increases glutamate activity in prefrontal cortical regions, catalyzing
synaptogenesis and enhanced synaptic functioning
through a cascade of molecular events. A probable mechanism of action involves enhancing glutamate signaling through ␣-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid (AMPA) receptors (AMPARs).33,34 Several studies demonstrate
that AMPA signaling is essential for the occurrence
of behavioral and molecular changes associated with
ketamine to occur.35,36 Ketamine also affects other
neurological pathways that contribute to its observed antidepressant effects, including signaling
pathways such as the brain-derived neurotrophic
factor (BDNF) tropomyosin-related kinase B
pathway and the associated downstream phosphatidyl inositol-3 kinase-Akt and the Ras/mitogenactivated protein kinase pathways, as well as glycogen synthase kinase-3–associated pathways, and the
mammalian target of rapamycin pathway.33,34
Ketamine has also been shown to affect overall
plasma BDNF levels as analyzed through blood
draws at baseline and at 240 min following
ketamine.37 In an RCT using midolazam as placebo,
responders had higher plasma BDNF levels at
240 min following ketamine infusion as compared
to nonresponders. In addition, elevated BDNF levels
were negatively correlated with decreasing MADRS
scores in the ketamine group. No correlations were
found for BDNF levels in the midolazam group.
Limitations of ketamine use and its
implications
Safety
Infusions of IV ketamine in patients with TRD were
found to be generally safe and well tolerated in our
RCT,16 which is consistent with the findings of a recent reanalysis of 205 IV ketamine infusions.28 This
reanalysis examined ketamine infusions administered across three clinical trials (two trials used single IV infusions and one trial used up to six IV
infusions over 2 weeks), conducted between 2006–
2012 at two academic medical centers. It was found
that ketamine induced transient changes in hemodynamic measures in almost 30% of all participants,
significantly elevating blood pressure and/or heart
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rate. In addition, psychotomimetic symptoms, as
measured by the BPRS+, and dissociative symptoms, as measured by the CADSS, showed small, but
significant elevations during the ketamine infusions.
These changes were all resolved within 4 h postinfusion. Out of 205 ketamine infusions, only four
infusions (1.95%) had to be discontinued because
of adverse events, none of which were life threatening. The most common side effects were drowsiness,
dizziness, poor coordination, blurred vision, and
feeling strange or unreal.28 Side effects only rarely
led to termination of infusion. These studies suggest
that low-dose ketamine could rapidly and safely reduce core symptoms of depression within 24–72 h of
single and continuous infusions; however, adequate
medical support and monitoring should be present
to optimize patient safety.
Potential for abuse
Although ketamine has rapid antidepressant properties, this promising treatment must be discussed in
the context of its possible global health abuse potential. Ketamine has been used globally as an anesthetic
since 1970. Although it is not used very frequently
in the United States as an anesthetic, general medical practices in Africa rely on ketamine for anesthesia, according to the World Health Organization
(WHO) Critical Review of Ketamine.38 Ketamine is
an ideal anesthetic in countries with limited anesthesiologists, money, and equipment because it is
inexpensive, has a wide margin of safety, and does
not suppress the cardiorespiratory system.38
Despite ketamine’s importance as an anesthetic
in resource-poor African nations, ketamine is becoming a frequently abused drug in various regions of the world. Forty-eight countries labeled
it as a controlled substance in 2009 compared to 34
countries in 2008.38 Most notably, ketamine abuse
has escalated in recent years in Southeast Asia. Ketamine was the third most used illicit substance
in China in 2011,39 although it is frequently used
in combination with other drugs. In Hong Kong,
ketamine abuse accounted for 60.5–85.2% of reported abuse among substance abusers from 2005 to
2011, making ketamine the most prominent drug of
abuse in that region.38,39 Ketamine abuse may damage important bodily functions, including cardiovascular, respiratory, gastrointestinal, reproductive,
genitourinary, and immune systems.39 Findings
from research studies in Hong Kong suggest that
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habitual abuse of ketamine may result in significant urinary bladder dysfunction and renal
impairment—ketamine cystitis—as well as the cognitive impairments discussed previously.39
In 2012, the United Nations decided that ketamine would remain classified as an unscheduled
substance, leaving ketamine regulation under the
domain of individual countries. The scheduling
of ketamine would negatively affect the ability of
resource-poor nations to use it for anesthesia. The
WHO recommended that, “It is important for the
international community to work in harmony to
strike a balance between legitimate use of ketamine
for medical purposes and prevention of trafficking
in and abuse of ketamine.”38 Current research on
ketamine’s rapid antidepressant effects should consider ketamine’s complex public health impact and
how ketamine could be feasibly implemented as a
standard treatment for depression on a global scale.
Other glutamatergic agents
Although the antidepressant effects of ketamine
were discovered serendipitously, the exciting clinical observations supporting the rapid and robust
clinical effects of ketamine have motivated industrywide drug discovery efforts to uncover more potent glutamatergic agents with more user-friendly
routes of administration. Ketamine has a high efficacy, but some safety risks, as detailed in other
sections of this paper. In addition, its transient psychotomimetic effects make ketamine potentially unsuitable for patients with a history of psychosis (because of theoretical concerns that it may restart or
worsen a psychotic process). The limitations of ketamine motivate pharmacological discovery of novel
glutamatergic agents for patients with mood disorders. Although other reviews40 have presented
these compounds in more detail, we summarize
here some of the glutamatergic agents tested so
far (Table 3). In addition to ketamine, multiple
compounds have been found to affect the complex
glutamate system, binding to either ionotropic or
metabotropic receptors, resulting in a wide range
of mechanisms. The extensive molecular architecture involved in regulating and supporting glutamate systems allows for a variety of targets for glutamatergic drug development. Compounds currently
being studied include ketamine, memantine, riluzole, lamotrigine, GLYX-13, CERC-301, and several
others.
54

In an effort to replicate the antidepressant effects of ketamine, several compounds that are
also noncompetitive glutamate antagonists at the
NMDA receptors have been studied. AZD6765 (AstraZeneca), an NMDA receptor antagonist with
low-to-moderate affinity, has been reported to provide short-lived attenuation of depressive symptoms without triggering dissociative symptoms,41,42
although the compound’s development has been
recently abandoned following a negative phase
IIb RCT. Our group is currently investigating the
combination of dextromethorphan, formerly used
as a cough suppressant, with quinidine (called
Neudexta) to study its efficacy as an NMDA receptor antagonist, although other molecular mechanisms have been invoked as well (NCT01882829).
An additional mechanism of action involves the
glycine-binding site of NMDA receptors. GLYX-13
has partial agonist activity at this site; the antidepressant effects are currently being studied in an
RCT (NCT01684163).
Riluzole, a glutamate modulator that is currently
FDA-approved for the treatment of amyotrophic
lateral sclerosis, is currently under investigation
as an antidepressant because of its ability to inhibit glutamate release, increase glial reuptake of
glutamate, and increase AMPA receptor trafficking
(NCT01204918). An open-label clinical trial of riluzole in unipolar and bipolar depression found significant antidepressant effects.43
G protein–coupled metabotropic glutamate receptors (mGluRs) have powerful modulatory effects
on signal transduction and can affect synaptic plasticity. Researchers at Yale University are currently
conducting an observational imaging study with
MDD and posttraumatic stress disorder (PTSD)
participants, looking at the effects of ketamine or
n-acetyl cysteine on mGluR5 (NCT01691092). In
addition, a number of protocols are investigating advanced imaging techniques studying mGluR
subtypes in order to help understand the detailed
molecular mechanisms involved and their therapeutic potential (e.g., NCT02230592, NCT01896843).
Future directions
The recent shift in focus away from discrete diagnoses and toward RDoC symptom clusters will affect
the population of subjects participating in ketamine
trials. The principal focus in past ketamine studies
has been to treat unipolar TRD patients, with a few
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Table 3. Clinical trials with other glutamatergic agents in patients with MDD

Drug

Target

Major mechanism of action

Treatment effect
Initial limited evidence for
antidepressant efficacy;
development halted after failed
phase IIb study
Limited controlled data do not
support antidepressant efficacy
Preliminary evidence for
antidepressant efficacy; safety
concerns
Preliminary evidence for
antidepressant efficacy
No clinical evidence for
antidepressant efficacy to date
Controlled data do not support
antidepressant efficacy
Limited evidence for
antidepressant efficacy

AZD6765

NMDAR

Low- to moderate-affinity
open-channel antagonist, “low
trapping”

Memantine

NMDAR

Noncompetitive antagonist

CP-101,606

NMDAR,
GluN2B

GluN2B selective antagonist

MK-0657

GluN2B

GluN2B selective antagonist

Org 26575

AMPAR

PAM

Acamprosate

Other

NMDA and mGluR5 antagonist

Lamotrigine

Other

Dextromethorphan
and quinidine
Ketamine

NMDAR

Inhibits voltage-dependent
channels to reduce glutamate
release
Noncompetitive antagonist

NMDAR

Noncompetitive antagonist

d-Cycloserine

NMDAR glycine

Partial agonist at glycine site

Riluzole

Other

Reduces extrasynaptic glutamate
by inhibiting presynaptic
release; enhances astroglial
uptake

Ongoing trial in MDD
(NCT01882829)
Good evidence for
antidepressant efficacy
Limited evidence for
antidepressant efficacy
Preliminary evidence for
antidepressant efficacy

NMDAR, N-methyl-d-aspartate-receptor; GluN2B, NMDA receptor subunit, glutamate-binding site; AMPAR,
␣-amino-3-hydroxy-5-methyl-4-isozazolepropionic acid receptor; mGluR5, metabotropic glutamate receptor 5.

studies also focusing on bipolar and PTSD patients.
Going forward, the focus on symptoms clusters defined by RDoC domains will result in the inclusion
of patients with additional comorbidities and varying diagnoses, which could help enhance the external validity of these studies.
Ketamine has demonstrated efficacy and safety
as a rapidly acting antidepressant administered intravenously. However, the antidepressant effect is
time limited, typically lasting between 1 week and
1 month. The critical next step in future research
will be to determine the best strategy for maintenance of efficacy. This will require experimentation
with varying multiple-infusion schedules and different methods of administering ketamine in an

attempt to prolong the antidepressant effects and
minimize dissociative or potential addictive side effects. A critical but unresolved research question,
however, is how to maintain the antidepressant response to ketamine. Therefore, our team is currently
conducting a placebo-controlled RCT to study the
efficacy of lithium in TRD patients who exhibit an
antidepressant response to ketamine on the basis of a
mechanistic model of synergism between ketamine
and lithium (NCT01880593). Inhibition of GSK3 is
required for the antidepressant and neuroplasticityrelated effects of ketamine in depression models,44,45
and lithium is a potent inhibitor of GSK3,46
suggesting an opportunity to capitalize on a mechanistic synergy between ketamine and lithium.45,47
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GSK3 is critically involved in synaptic deconsolidation (also known as synaptic pruning)—the opposite of synaptogenesis—via regulation of glutamate
receptor cycling, and hence blockade of GSK3 would
be expected to enhance and extend the synaptogenic
effects of ketamine. The successful execution of the
proposed project has the potential to move the field
closer toward the establishment of a novel and urgently needed therapy for treatment-resistant forms
of depression.
Although ketamine does have significant abuse
potential, the small doses used to treat bipolar and
unipolar depression have not resulted in negative
effects in study participants so far. This promising
treatment, when used carefully and at low doses, has
great potential as a rapidly acting antidepressant.
Conclusion
Antidepressant treatments that target the glutamate
system hold high promise as novel, efficacious, and
rapidly acting treatments for MDD. However, essential information on safety and efficacy in longterm use, necessary to justify these alternative drugs
as viable clinical treatments, are insufficient for ketamine and completely lacking for other glutamatergic compounds. Further research is needed to help
answer these questions.
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