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Abstract:
Background: The development of new-generation antidepressants
comes at a time of great clinical need when the global burden of depression,
suicide, and other psychiatric conditions continues to increase. Our current
treatment armamentarium is limited by the time delay needed for antidepres-
sant effects and the significant number of patients who do not show an ade-
quate response to antidepressants. The past 2 decades of psychiatric research
has revealed that ketamine, known to be used only as an anesthetic and drug
of abuse and to produce experimental models of psychosis, is effective at
subanesthetic doses to ameliorate clinical depression.
Methods: We performed a systematic search of PubMed/MEDLINE
indexed reports to identify clinical and translational research done with ke-
tamine for purposes of treating depression.
Results:Wewill first present the rationale for investigating ketamine and
otherN-methyl-D-aspartate receptor antagonists as a novel class of glutamate
system targeting antidepressants. We will summarize putative molecular
pathways underlyingmood disorders and outline a brief history of investigation
into ketamine as a treatment for depression. Recent clinical/translational
evidence of ketamine's rapid-acting antidepressant mechanism will be crit-
ically reviewed in detail.
Conclusions: At the end of this review, we will opine on the role of ke-
tamine and derivatives in clinical practice.
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D epression remains a major cause of disability and economic
burden in the United States and around the world.1–3 In addi-

tion, suicide rates continue to climb despite significant investment
into treatment and prevention strategies.4,5 Current treatment
guidelines for major depressive disorder include the routine use
of antidepressant medication for at least moderately disabling
cases.6 The National Institutes of Health–funded STAR*D study,
the most robust set of clinical data evaluating treatment algorithms
for depression, indicates that most patients will not have an ade-
quate response to a given first-line antidepressant treatment, nor
will most patients achieve remission within 2 to 3 months of
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treatment.7 Many patients needed a trial of 2, 3, or more medica-
tion monotherapies or combinations before achieving an adequate
response, and when successful, current antidepressants take weeks
to months for full efficacy.8 For patients who are severely depressed
and suicidal, this may necessitate considerable time on a psychiatric
inpatient service while waiting for a response to medications and
psychotherapy. For less severely depressed outpatients, this may
mean a year or more of tried and failed interventions while continu-
ing to suffer from the burden of mental illness.

Even before the STAR*D study results were published, sci-
entific lines of evidence began tomove away from the monoamine
deficiency hypotheses of depression, primarily formulated as a result
of findings that antidepressants increase the functional availability of
serotonin, dopamine, and norepinephrine. Newer evidence suggests
that the primary excitatory neurotransmitter, glutamate, may be
a final common pathway for antidepressant action. As the field
produced more data linking the glutamate system to depression,
agents that act on glutamate systems came under investigation
as novel antidepressant treatments.9–11

Ketamine had been used for decades as an anesthetic, and it
was generally known to psychiatrists only as a drug of abuse and
to psychiatric researchers as a chemical that could replicate posi-
tive symptoms of schizophrenia. Early work had shown that keta-
mine was an antagonist of the N-methyl-D-aspartate (NMDA)
receptor, along with the street drug “angel dust” or phencyclidine
(PCP). When the psychotomimetic effects of these drugs were de-
scribed, they were thought to relate to glutamate hypofunction as
an underlying mechanism of schizophrenia.12–14 Glutamate hy-
perfunction in stress-related depression also began to take hold,
and there was novel interest in the use of glutamate antagonists
to treat depression. Additional preclinical studies suggested that
“substances capable of reducing neurotransmission at the NMDA
receptor complex may represent a new class of antidepressants.”15

The first clinical studies of ketamine for depression in human sub-
jects were reported in the 1990s.16

When the unexpectedly robust antidepressant action of keta-
minewas shown in human subjects, investigation into the underlying
mechanism of this effect began in earnest. Scientific efforts have
expanded greatly over the past 2 decades in government, aca-
demic, and pharmaceutical sectors. Before the first clinical trials
were conducted, animal studies had shown that there was a
marked difference in the biochemical effect of subanesthetic com-
pared with anesthetic doses of ketamine,17 which suggests that the
mechanism was more complex than a simple gradual reversal of
glutamate hyperactivity at the receptor level. Since then, and par-
ticularly in the past decade, research efforts have shifted into eval-
uating differential effects of subanesthetic doses of ketamine at
glutamate receptors expressed on discrete neuronal populations.
For example, subanesthetic doses of ketamine may impact cortical
excitatory pyramidal neurons differently compared with cortical
inhibitory interneurons that utilize GABA (γ-aminobutyric acid)
as the primary inhibitory neurotransmitter. In addition, there are
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emerging data on antidepressant action related to mechanisms
downstream from direct receptor effects. These may include inhi-
bition of NMDA receptors, activation of non-NMDA receptors, ac-
tivation of intracellular proteins that promote synaptic integrity, and
inhibition of intracellular proteins that repress synaptic plastic-
ity.18,19 Interestingly, many of these separate lines of investigation
converge on final common pathways controlling the structure and
function of synapses and bring to attention potential pathophysio-
logic markers of depression. Finally, the effects of subanesthetic
doses of ketamine on local neurocircuits and global brain networks
are revealing specific benefits of ketamine in reversing general del-
eterious neurobiological features of depressive syndromes. There is
no sign that momentum within the field is abating, and many
NMDA receptor–modulating agents are currently also under inves-
tigation. We performed a systematic search and gathered evidence
related to ketamine use for depression to describe in a historical
context (Supplemental Text, Supplemental Digital Content, http://
links.lww.com/JCP/A631).

THE CELLULAR PATHOPHYSIOLOGY OF
DEPRESSIVE DISORDERS

It is difficult to have discussion about ketamine as a novel anti-
depressant without first briefly summarizing the concurrent history of
investigation into the molecular pathophysiology underlying major
depressive disorder and other depressive disorders. A series of exper-
iments from 1985 to 1990 had suggested that high physiologic con-
centrations of glucocorticoids or prolonged stress in animal models
had the potential to damage the hippocampi.20–23 In addition, the role
of excess glutamate on neuronal damage and cell death was being
elucidated20–26 (detailed review in Swann et al27). The link between
prolonged stress, glucocorticoid excess, glutamate neurotoxicity,
and the development of neuropsychiatric disorders was then posited.

The Sapolsky laboratory28–33 suggested that prolonged stress
leads to excess glucocorticoid exposure, and excess activation of
glutamate receptors produces cell death and atrophy of the hippo-
campus. In 2002, Moghaddam's34 laboratory from Yale Univer-
sity took the next logical step in suggesting the same mechanism
may disrupt neurotransmission in the prefrontal cortex (PFC)
and underlie stress-sensitive psychiatric disorders.

This notion was expanded on by Zarate et al35 at the National
Institutes of Health and has been extensively reviewed by Popoli
et al.10 Briefly, excess glucocorticoids may lead to glutamate-
induced neurotoxicity via 1 or more of the following means: en-
hanced glutamate release under acute stress, which then, in PFC,
becomes repressed with repeated stressors; acute stress-mediated
enhancement of signaling downstream from ionotropic glutamate
receptor activation, which then, in PFC, becomes repressed after
repeated stressors; increased expression of synaptic machinery,
including ionotropic glutamate receptors, to facilitate neurotrans-
mission after an acute stressor, which is then reversed in medial
PFC with chronic stressors. The available data suggest a link be-
tween repeated stressors and a time course of increased glutamate.
A genetic predisposition to stress sensitivity may be an explana-
tion why “usual” stressors trigger depressive episodes in some in-
dividuals but not others. This body of work is a solid foundation
for subsequent thought that targeting the glutamate system may
lead to novel therapies for mood disorders.11

HISTORY OF PSYCHIATRIC USE OF KETAMINE:
PSYCHOTOMIMETIC TO ANTIDEPRESSANT
In 1959, George Crane36 from theNew Jersey State Sanatorium

for Chest Diseases noticed a peculiar specific effect of one of the
common antituberculous antibiotics, D-cycloserine. In his report,
he detailed 27 of 37 patients treated with D-cycloserine had a
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“substantial improvement of a psychological nature,” which was
“a mental change in excess of physical improvement.”36 It so hap-
pens that D-cycloserine is a partial agonist ligand for the NMDA
receptor, which prevents further activation when glutamate occu-
pancy exceeds 40% to 45%.37 As early as 1975, a laboratory animal
screening study for novel antidepressants indicated that ketamine
did “possess significant activity over a wide range of oral doses.”38

In the 1980s, ketamine and PCP were found to antagonize the
NMDA receptor, blocking hippocampal neuron functions.39–42 Af-
ter the neurobehavioral effects of ketamine and PCPwere character-
ized in humans,12,43 a hypothesis of NMDA receptor hypofunction
in schizophrenia was proposed.14,44

The initial hypothesis of ketamine's mechanism of action
contributed in part to the clinical translation of the stress-induced
glutamate neurotoxicity hypothesis.34 As previously mentioned,
this ideawas borne from research on glutamate mechanisms of neu-
rological disorders such as stroke, epilepsy, and dementia.27,45,46

Moghaddam et al17 used ketamine to reproduce NMDA receptor
hypofunction, and it was found that subanesthetic doses resulted
in increased extracellular glutamate in the PFC of animals. Later
work from the same group suggested that hypofunction of NMDA
receptors onGABAergic interneuronsmay disinhibit pyramidal cells
and partly explain the mechanism of positive symptoms of schizo-
phrenia.47 Close in time with the 1997 study from Moghaddam
et al,17 subanesthetic doses of ketaminewere given to healthy males,
producing neurobehavioral and cognitive symptoms similar to those
seen in schizophrenia.48 Around this time, a separate group was in-
vestigating the effect of NMDA receptor antagonism by ketamine
on depression,16,49 citing preclinical work showing NMDA antago-
nists have antidepressant properties.15,50

OVER 2 DECADES OF RAPID-ACTING
ANTIDEPRESSANT CLINICAL AND

TRANSLATIONAL RESEARCH WITH KETAMINE
As understanding of the cellular pathophysiology underlying

depressive disorders began to increase, theories and experimental par-
adigms suggested that interventions that directly or indirectly impact
NMDA receptor function may be putative antidepressants.15,50–53

One of the earliest reports, presented in 1997 at the meeting for
the Society ofBiological Psychiatry, hypothesized thatNMDA recep-
tor dysregulation contributes to symptoms of depression. Cappello
et al16 provided strong evidence toward this hypothesis by showing
time-dependent decrease in depression symptoms that correlated to
infusionwith subanesthetic doses of ketamine, 0.1mg/kg, 0.5mg/kg,
versus saline infusion. In 2000, Berman et al49 published the first trial
of ketamine as a putative rapid-acting antidepressant (RAAD) in hu-
man subjects, mentioning the earlier work of Crane36 andVale et al.54

Cappello et al used the dose of 0.5 mg/kg delivered intravenously
over 40 minutes based on the prior studies led by Krystal et al at Yale
University,16,43 inwhich the doseswere selected because they seemed
to produce subanesthetic behavior changeswithout reaching anesthe-
sia.55,56 Berman et al49 completed ketamine and sham treatment in
8 patients with treatment-resistant depression, and depression symp-
toms returned to baseline within 1 to 2 weeks. A follow-up study
by Diazgranados et al57 in 2006 replicated this result in 18 subjects,
showing a very large effect size of 1.46 after 24 hours. Similar to
Cappello et al's study, depression scores returned to baseline within
aweek or 2. A subsequent trial by Diazgranados et al showed that ke-
tamine is effective for bipolar treatment-resistant depression.58 There
have since been numerous trials in larger numbers of patients, and the
effect of a single administration of ketamine on depression and sui-
cidal ideation is a consistent and robust finding,59–65 with evidence
that repeated dosing produces a sustained effect.66–68 However,
ketamine's effect may not extend to patients with chronic suicidal
© 2019 Wolters Kluwer Health, Inc. All rights reserved.
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ideation.69Ketamine appears to be effective for suicidal ideation from
a severe life stressor (new cancer diagnosis).64 However, ketamine
may not be effective to prevent depression, for example, in the post-
partum period or after major surgery.70,71When used as an adjunct to
electroconvulsive therapy, ketamine did not augment the antidepres-
sant effect of electroconvulsive therapy.72 Together, this evidence of
the past decade clearly demonstrates the robust antisuicidal and
RAAD action of ketamine; however, it is not a “magic bullet” that
works equally well in every case of depression and may not be effec-
tive to prevent depression in those at risk.

The past decade has seen a robust increase in research interest
with ketamine. Many studies have attempted to further characterize
and optimize ketamine's RAAD action. A series of studies exam-
ined whether adjunctive medications might enhance or prolong
the effect of ketamine. Voltage-gated sodium-channel antagonists
lamotrigine and riluzole appear to decrease synaptic glutamate73,74;
however, pretreatment with lamotrigine did not enhance the effect
of ketamine; nor did addition of riluzole prolong the effect in keta-
mine responders.75 Follow-up studies showed that riluzole versus
placebo did not alter the course of improvement following ketamine
or have any effect on ketamine nonresponders.76,77 Although a fam-
ily history of alcohol use disorder positively predicts the degree of
RAAD response to ketamine,78,79 the addition of riluzole made
no difference.80 However, the antidepressant action of traditional se-
lective serotonin reuptake inhibitors such as escitalopram or sertra-
line was augmented and accelerated, respectively, by ketamine in
2 studies.81,82

The study byMathew et al75 found that lamotrigine did not alter
the acute psychotomimetic effect of ketamine. It was later shown that
the intensity of this acute effect is related to the degree of mood im-
provement.83 It has been recently suggested that the mechanism of
ketamine's RAADand dissociative effectsmay have common basis.84

However, pretreatment with the presynaptic α2 adrenergic receptor
agonist clonidine seemed to mitigate psychotomimetic effects with-
out compromising efficacy.85 Lanicemine, an NMDA receptor an-
tagonist like ketamine, was shown to have RAAD action without
dissociative effects.86 In addition, ketamine has now been studied
against the psychoactive comparator midazolam.60,61,65,87 It seems
that ketamine's RAAD activity is not secondary to subjective effects
but may be a parallel or downstream effect to RAAD action.

One interesting finding from the preclinical studies was the
dose-dependent nature of the effect of ketamine needed to in-
crease extracellular levels of glutamate and glutamate cy-
cling.17,88,89 This increase in glutamate cycling may be due in
part to glial cell mechanisms.90 An attempt was made to examine
this effect of ketamine on glutamate in humans, but no effect was
seen, possibly due to the changes occurring at levels below the de-
tection limits of the technique used.91 It appears that several events
occur downstream from glutamate neurotransmission to produce
behavioral changes in response to acute ketamine administration.
Translating these animal data into humans, it has recently been
shown in a dose-finding study that the effect size of subanesthetic
doses of ketamine on depressive symptoms reached amaximum at
the dose of 0.5 mg/kg and was lower at higher doses.92 This animal
and humanwork supports the notion that ketamine likely involves ad-
ditional factors than gross NMDA receptor inhibition and that
subanesthetic doses are functionally selective for RAAD action.

The involvement of non-NMDA receptors, specifically the
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor, seems to be necessary for RAAD action in animal
models.93,94 Ketamine metabolites have antidepressant action
and do not seem to block the NMDA receptor.95 It has been
posited that ketamine metabolites potentiate AMPA receptors
and may represent a necessary step in the pathway of RAAD ac-
tion.96 In humans, ketamine resulted in decreased frontoparietal
© 2019 Wolters Kluwer Health, Inc. All rights reserved.
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connectivity, thought to be mediated by cortical NMDA and
AMPA receptors, as measured by magnetoencephalography.97 A
separate study using magnetic resonance spectroscopy showed
that ketamine may increase glutamate specifically in a region of
cerebral cortex with higher AMPA/NMDA receptor ratio.98 It is
yet unclear in humans how ketamine acts via NMDA and/or
AMPA receptors to exert RAAD action.

There have been several different lines of investigation into
the intracellular events that occur downstream fromNMDA recep-
tor inhibition and AMPA receptor potentiation that correspond to
the rapid antidepressant effect of NMDA antagonists such as keta-
mine. Preclinical data implicate mammalian target of rapamycin
complex 1 (mTORC1) pathway activation, brain-derived neuro-
trophic factor (BDNF) trafficking, inhibition of glycogen synthase
kinase 3, and inhibition of eukaryotic elongation factor 2,99–104

which has been extensively reviewed. There may be a role for ac-
tivation of opioidergic systems,105 but this pathway may be irrele-
vant in patients with comorbid alcohol use.106 The ultimate
downstream action of ketamine and other RAADs is believed to
result from transient bursts of glutamate and AMPA receptor acti-
vation, potentiation of a feed-forward biomolecular loop within
dendrites and spines that involves BDNF-mediated activation of
the mTORC1 pathway, and increased production of synaptic ma-
chinery, synaptogenesis, functional neuroplasticity, and ameliora-
tion of the depressive phenotype.107 However, a recent report shed
doubt on the role of mTORC1 in ketamine-mediated antidepres-
sant effects, because an mTORC1 inhibitor, rapamycin, prolonged
rather than truncated ketamine's effect.108

In humans, different BDNF genotypes modulated the RAAD
action of ketamine in 2 studies,103,109 but had no significant effect
in 1.110 Ketamine infusion has an unclear effect on serum BDNF,
with an earlier study showing no change,111 later studies suggest-
ing increased peripheral BDNF with ketamine,112,113 and a recent
study showing that reduction in suicidal ideation correlated with
decreased serum BDNF.87 Other work has shown variable results
when investigating peripheral biomarkers of efficacy including
BDNF, other neurotrophins, and B vitamins, and it is not clear if
any are useful as biomarkers.114–119 Another potential biomarker
is a protein involved in synapse formation and NMDA receptor
tethering, Shank3. Higher baseline Shank3 levels predicted the
antidepressant response to ketamine in patients with bipolar de-
pression.120 It remains to be seen whether useful biomarkers can
be identified and established to predict those patients whomay re-
spond more robustly to ketamine and other RAADs.

Proposed functional changes in neurocircuits responsive to
ketamine infusion have been examined. Local-level modulation
in the lateral habenula, nucleus accumbens, and the PFC-
hippocampal circuit, for example, with global modulation of neu-
ral connectivity makes for a compelling hypothesis of RAAD
action.121–126 Altogether, these findings suggest that ketamine,
possibly by inhibiting activity of NMDA receptors and then in-
creasing glutamatergic activation of AMPA receptors, may facili-
tate multiple downstream intracellular mechanisms that lead to
increased BDNF mRNA, increased BDNF locally in dendrites,
and ultimately to changes in neurocircuit structure and function
that correlate with antidepressant behavior.
CURRENT CLINICAL USES AND PERSPECTIVES
Because racemic ketamine has no regulatory approval other

than as an anesthetic and analgesic, its use in depression is consid-
ered “off-label.” Indeed, when the success of intravenous ketamine
was first reported, clinics that advertised off-label treatment with ke-
tamine began to appear in communities around the United States.
www.psychopharmacology.com 667
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Expert clinical guidance has been published in the United States
and Europe for its use in this manner.127,128

Racemic ketamine is a 50/50 mixture of enantiomers (S)-
ketamine and (R)-ketamine. (S)-ketamine is known to have
higher affinity for the NMDA receptor versus (R)-ketamine, and
the pure form has been studied similarly to the racemate. Intrave-
nous esketamine was shown to be effective at doses of 0.2 and
0.4 mg/kg in an industry-sponsored study.129 The same industry
partner, Janssen Research and Development, sponsored follow-
up studies of an intranasal formulation of (S)-ketamine, named
“esketamine.” Esketamine was found to be an effective adjunct
to oral medications in patients with treatment-resistant depression
and also acute depression with suicidal ideation in these
studies.130–132 Esketamine has now been approved by the US
Food and Drug Administration for use in treatment-resistant de-
pression under the brand name Spravato.

Repeatedmisuse/abuse of ketamine haswell-known negative
effects on cognition when used at relatively higher doses and for
longer periods.133 There is some concern regarding the cognitive
effects of ketamine use for depression, because infusions in
healthy male subjects produced acute decreases in verbal mem-
ory.48,134 However, it may be the case that long-term alleviation
of cognitive deficits from depression outweighs acute deficits in-
duced by ketamine. In unipolar depression, cognitive predictors of
mood improvement with ketamine include lower processing speed
at baseline,135 and alleviation of depression with ketamine medi-
ates improvements in verbal memory and processing speed.136

Improvement on cognitive tests did not correlate with improve-
ment in depression in a small study of bipolar depressed patients,
but this study was uncontrolled.116 Esketamine affected cognition
within 1 hour of intranasal dosing in phase 1 studies, but this did
not last 2, 4, or 6 hours after dosing.137 In addition, intranasal
esketamine 84mg did not affect road-driving performance 8 hours
after administration, but the active comparator, mirtazapine
30 mg, did.138 From this, it appears that racemic ketamine and
pure esketamine have acute but transient negative cognitive effects
related to direct pharmacologic actions, but the longer-term cogni-
tive effects may be positive and relate to alleviation of depression.

The use of ketamine and derivatives as novel antidepressants
comes in a time of great clinical need, as depression continues to
be a leading cause of illness burden, and suicide rates continue to
increase.2,5 Now that the antidepressant effect of ketamine has
been established, there is increasing opportunity to use ketamine
as a research tool to study the neurobiology of depression. In ad-
dition, it has been neurobiologically established that the antide-
pressant effect of ketamine relates to subanesthetic dosing;
further work is needed to determinemethods to optimize ketamine
treatment in individual patients. Several effects linked to ketamine
use as an antidepressant may enhance the therapeutic process in
patients outside its neuropharmacologic effects. With this in mind,
it may be useful to attempt to augment the antidepressant effect of
ketamine by harnessing these factors through combined psycho-
therapeutic interventions such as cognitive behavior therapy.139

Taken as a whole, the recent spate of research into the mech-
anism of action and clinical effects of ketamine has provided
strong rationale for its further clinical development and basic re-
search into molecular mechanisms of psychiatric disorders. The in-
creasingly robust clinical data from ketamine and any other agent
that similarly facilitates multimodal synaptogenesis in the PFC are
stimulating a new phase of antidepressant drug development, which
has been lacking since the discovery of monoaminergic agents.
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