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ABSTRACT

Introduction: Depression is one of the most disabling diseases worldwide. Approximately one-third of
depressed patients are treatment-resistant to the currently available antidepressants and there is
a significant therapeutic time lag of weeks to months. There is a clear unmet need for rapid-acting
and more efficacious treatments. (RS)-ketamine, an old anesthetic drug, appears now to be going
through a renaissance.

Areas covered: This paper reviews recent literature describing the antidepressant effects of ketamine
and its enantiomer (S)-ketamine in patients with major depressive disorder (MDD) and bipolar disorder
(BD). Furthermore, the authors discuss the therapeutic potential of (R)-ketamine, another enantiomer of
(R,S)-ketamine, and (S)-norketamine.

Expert commentary: A number of clinical studies have demonstrated that (R S)-ketamine has
rapid-acting and sustained antidepressant activity in treatment-resistant patients with MDD, BD, and
other psychiatric disorders. Off-label use of ketamine for mood disorders is proving popular in the
United States. Meanwhile, preclinical data suggests that (R)-ketamine can exert longer-lasting anti-
depressant effects than (S)-ketamine in animal models of depression, and (R)-ketamine may have less
detrimental side effects than (R,S)-ketamine and (S)-ketamine. Additionally, (S)-norketamine exhi-
bits rapid and sustained antidepressant effects, with a potency similar to that of (S)-ketamine.
Unlike (S)-ketamine, (S)-norketamine does not cause behavioral and biochemical abnormalities
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and could be a safer than (S)-ketamine too.

1. Background

The N-methyl-D-aspartate receptor (NMDAR) antagonist keta-
mine (Figure 1) was first synthesized in 1962 at the company
Park Davis with the aim of lessening the serious psychotomi-
metic/psychodysleptic side effects and abuse potential of
phencyclidine (PCP) (Ki = 0.06 uM for NMDAR for rat cortical
membranes) (Figure 1) [1]. Ketamine (Ki = 0.53 pM for
NMDAR), also known as (R,S)-ketamine, is a racemic mixture,
which contains equal parts of (R)-ketamine (or arketamine)
(Ki = 1.4 uM for NMDAR) and (S)-ketamine (or esketamine)
(Ki = 0.30 uM for NMDAR) (Figure 1) [1]. First human clinical
study of ketamine was conducted in 1964 by Dr. Edward
Domino and Dr. Guenter Corssen (University of Michigan). In
1970, ketamine was introduced into human use as an anes-
thetic drug. However, ketamine has some side effects, such as
psychotomimetic and dissociative effects, and abuse potential.
Ketamine has been used widely as a recreational drug [2,3].

Since Berman and colleagues reported antidepressant
effects of ketamine in patients suffering from a major depres-
sive disorder (MDD) [4], a lot of studies replicated its robust
antidepressant effects in MDD and bipolar disorder (BD)
patients. Since the monoaminergic antidepressants were
developed in the 1950s, the discovery of ketamine’s fast and
robust antidepressant actions is the greatest advance in the
depression research field in the last 60 years [5].

2. Antidepressant effects of (R,S)-ketamine in MDD
2.1. Single intravenous infusion

MDD is a severe mental illness that affects millions of people
worldwide, and leading to severe health and serious socio-
economic consequences. There are some limitations (e.g.
lower response rate and longer time lag) of the current anti-
depressants, like selective serotonin reuptake inhibitors
(SSRIs), serotonin and norepinephrine reuptake inhibitors
(SNRIs). Therefore, there is an urgent medical need for rapid-
acting antidepressants for patients who are refractory to the
traditional antidepressants.

Berman et al. [4] first reported that a single intravenous (i.v)
infusion of ketamine (0.5 mg/kg) produces an antidepressant
response in MDD patients. Subsequently, several randomized,
controlled single-infusion trials replicated ketamine’s antide-
pressant actions in treatment-resistant depression (TRD)
patients [6-9]. In all these studies, ketamine shows robust
antidepressant effect after 24 h post-infusion compared with
a saline-treated response. However, ketamine’s antidepressant
effects generally were abated by a few days to a few weeks
following a single infusion. Dissociative and psychotomimetic
effects were common after a single infusion in these studies.
These adverse reactions gradually disappeared within 20-
30 min after injection.
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Figure 1. Chemical structure of phencyclidine (PCP), (R S)-ketamine, enantiomers of ketamine and its metabolites norketamine and hydroxynorketamine (HNK). The

values in the parenthesis are Ki values for NMDAR [1,72].

Given the dramatic side effects to ketamine and none with
saline, early placebo-controlled ketamine trials are not truly
blind. To avoid the limitation, Murrough et al. [10] used an
active placebo, midazolam, because of its intravenously avail-
ability and ketamine-like pharmacokinetics. Ketamine
(0.5 mg/kg, i.v.) treatment group’s response rates (64%)
were significantly greater than midazolam (0.045 mg/kg, i.
v.) group’s response rate (28%). Furthermore, Murrough et al.
[11] demonstrated that suicide ideation score of ketamine
(0.5 mg/kg, i.v.)-treated group was lower compared to mid-
azolam (0.045 mg/kg, i.v.)-treated group, suggesting that
ketamine is useful for the rapid treatment of suicide ideation.
Subsequently, a recent study demonstrated that adjunctive
ketamine (0.5 mg/kg, i.v.) significantly reduced depressed
patients’ suicidal ideation compared with midazolam
(0.02 mg/kg, i.v.) [12]. It is noteworthy that the use of benzo-
diazepine is reported to interface ketamine’s antidepressant
actions in depressed patients [13,14].

2.2. Repeat intravenous infusion

In the previous open-label investigations and controlled trials,
ketamine’s response rates ranged from 25% to 85% at 24
h post-infusion and from 14% to 70% at 72 h post-infusion
[15]. Consequently, the safety and efficacy of repeated keta-
mine infusion were studied. Ten medication-free TRD patients
received six infusions over 12 days, and then assessed the
safety and efficacy of repeated ketamine treatment [16]. Nine
patients met the response criterion after the sixth infusions.
After sixth infusion, the Montgomery-Asberg Depression
Rating Scale (MADRS) scores had a mean reduction rate of
85%. However, 19 days after the sixth infusion, most of the

patients relapsed, just one patient remained minimal depres-
sive symptoms for more than 3 months.

In an open-label study, Murrough and colleagues gave 24
TRD patients six times infusions of ketamine (0.5 mg/kg, i.v.)
over a 12-day period [17]. They noted that 70.8% of patients
responded to treatment, and that, among responders, the
median time to relapse was 18 days after the last infusion.
Four patients even remained relapse-free until 83 days later.
More importantly, the treatments were well tolerated, without
serious adverse events and sustained increase in psychotomi-
metic side effects.

Singh et al. [18] performed a double-blind, randomized,
placebo-controlled study of ketamine (0.5 mg/kg, i.v., either
two or three times weekly for up to 4 weeks) in TRD patients.
In the twice-weekly dosing groups, the mean change of keta-
mine in MADRS score was —18.4. Meanwhile, in the thrice-
weekly groups, it was —17.7 for ketamine. Both regimens were
generally well tolerated. This study suggests that twice-weekly
and thrice-weekly infusion of ketamine (0.5 mg/kg, i.v.) simi-
larly maintained antidepressant efficacy [18].

2.3. Other administration routes

Besides intravenous infusion, ketamine also can be adminis-
tered through other multiple routes, such as intramuscular,
nasal, oral, rectal, and subcutaneous [19,20]. Intravenous
administration is 100% bioavailable, and intramuscular keta-
mine has a slightly lower bioavailability (93%) (Table 1) [19].
Because of extensive first-pass metabolism of ketamine,
oral’s bioavailability is lower (17-29%). Bioavailability of
intranasal and rectal administration is 8-45% and 11-25%,
respectively (Table 1) [19].



Table 1. Pharmacokinetic profiles of (R,S)-ketamine in humans.

Route Dose Bioavailability Tmax (min)
IV (intravenous) 1-4.5 mg/kg 100% 3

IM (intramuscular) 6.5-13 mg/kg 93% 5-10
Intranasal 0.5-1.0 mg/kg 8-45% 10-20
PO (oral) 0.25-0.5 mg/kg 17-29% 30
Rectal 9-10 mg/kg 11-25% 30-45

From Li et al. [19].

Loo and colleagues performed a small, placebo-controlled
trial to compare the antidepressant response of subcutaneous,
intramuscular, and intravenous ketamine administrations [21].
The results show that subcutaneous and intramuscular injec-
tions had a similar antidepressant response as intravenous
ketamine administrations. However, subcutaneous injection
was associated with fewest adverse effects.

A randomized control study showed that intranasal keta-
mine (50 mg) improved depressive symptoms within 24
h compared with placebo in MDD patients [22]. These patients
had failed at least one prior antidepressant trial. Without
serious psychotomimetic or dissociative effects and significant
changes in hemodynamic parameters, intranasal ketamine was
well tolerated for MDD patients. This study provides the first
controlled evidence for the rapid antidepressant effects of
intranasal ketamine.

In addition, over 28 days oral administration of ketamine
(0.5 mg/kg/day) yielded positive results [23]. The patients’
mood improved over the 28-day treatment period. Oral admin-
istration alleviated the level of symptom was the same as that
achieved by intravenous infusion of ketamine. Interestingly,
different with intravenous administrations, oral administrations
of ketamine did not show significant antidepressant effects
until day 14 of treatment, indicating that oral administration
of ketamine does not have rapid-acting antidepressant action.
Low bioavailability of oral administration may contribute to
slow-acting antidepressant actions of ketamine.

As mentioned above, sublingual administration bioavail-
ability is greater than orally. Lara and colleagues performed
a clinical trial to evaluate the tolerability and efficacy of the
sublingual formulation of ketamine (10 mg from a 100 mg/mL
solution for 5 min, then swallowed) [24]. According to their
findings, 20 of 26 (77%) patients with bipolar depression or
MDD reported improved and stable mood, cognition.
Sublingual administration patients had no euphoria, psychotic,
or dissociative symptomes, just had a mild and transient light-
headedness.

3. Antidepressant effects of (R,S)-ketamine in
bipolar depression

BD is a recurrent mood disorder. Depression, mania, and
mixed states are the hallmark that distinguishes BD from
MDD. However, BD patients experience depressive episodes
three times more often than they do manic and hypomanic
episodes. There is thus a great need for effective and safe
antidepressant treatment for BD patients.

There are three randomized clinical trial (RCT) studies focus on
ketamine antidepressant effect in depressed patients with BD. The
work published by Diazgranados et al. [25] describes that
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ketamine (0.5 mg/kg, i.v.) showed robust and rapid antidepressant
effects in TRD patients with BD. Subsequently, Zarate et al. [26]
replicated ketamine’s (0.5 mg/kg, i.v.) antidepressant efficacy in
another bipolar depression RCT study. Nugent et al. [27] demon-
strated cerebral metabolic correlates of antidepressant response
to ketamine (0.5 mg/kg, i.v.) in depressed patients with BD. In this
study, 21 depressed patients with BD underwent ['®F]-
fluorodeoxyglucose (FDG) and positron emission tomography
(PET) imaging after receiving a ketamine or placebo infusion.
Compared to placebo, ketamine (0.5 mg/kg, iv.) infusion
improved patients’ depression symptoms, and glucose metabo-
lism activity in the right ventral striatum correlated with the
change of MADRS scores. These alterations may partially underlie
ketamine’s mechanism of action [27].

Switch from depression to mania is a specific side effect when
use antidepressant to treat depression in BD patients [28]. It is
important to evaluate the switch mania risk when use ketamine
in BD patients. Administration of subanesthetic dose of ketamine
in BD patients may cause adverse effects, such as dissociative
symptoms [29,30]. However, the risk of depression switch to
mania has not yet been reported.

Taken together, a single infusion of ketamine may be con-
sidered to be a safe treatment in bipolar depression, although it
has a short duration of action. More RCTs are needed to explore
different administration routes of ketamine and to study how to
sustaining antidepressant response in patients with BD.

4. Antidepressant effects of (R,S)-ketamine in other
psychiatric disorders

Although the off-label use of ketamine in mood disorders such
as MDD and BD is popular, several studies have examined
ketamine to treat other psychiatric disorders, including post-
traumatic stress disorder (PTSD), obsessive-compulsive disor-
der (OCD), general anxiety disorder (GAD), social anxiety
disorder (SAD) [31].

PTSD has a lifetime prevalence of approximately 10%, with
women having a twofold greater risk than men [32]. McGhee
et al. [33] reported that patients receiving perioperative keta-
mine had a lower prevalence of PTSD than soldiers receiving
no ketamine during their surgeries in a military treatment
center. This study suggests prophylactic effects of ketamine
for stress-related psychiatric disorders, supporting from pro-
phylactic effects of ketamine in rodents [34,35]. Furthermore,
Feder et al. [36] reported that PTSD patients who received
ketamine (0.5 mg/kg, i.v.) had a significant reduction in PTSD
symptoms 24 h after infusion. These studies provide the evi-
dence for a rapid reduction in symptom severity following
ketamine infusion in PTSD patients. A retrospective study of
long-term oral ketamine for TRD and PTSD demonstrated that
inpatient hospital days and hospital admissions were reduced
by 70% and 65% following treatment, respectively [37].

Rodriguez and colleagues published a series of research of
ketamine in OCD patients. First, they reported a female patient
with treatment-resistant OCD who demonstrated complete
resolution of obsessions after a single ketamine infusion, and
the anti-OCD effect sustained for 7 days [38]. Subsequently, the
same group demonstrated that 50% of patients had a more
than 35% reduction in Yale-Brown Obsessive-Compulsive Scale
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scores in obsessions after intravenous ketamine (0.5 mg/kg) in
15 drug-free OCD patients [39]. Recently, combination with
a brief course of exposure-based cognitive behavioral therapy
(CBT) could help patients maintain ketamine’s effects [40].
Collectively, ketamine has a rapid anti-obsessional effect in
OCD patients with near-constant intrusive obsessions.
However, it should be noted that previous researches focused
on obsessions not compulsive symptoms. In contrast to depres-
sion symptoms, ketamine (0.5 mg/kg, iv.) did not produce
a significant improvement in OCD patients’ compulsive symp-
toms [41]. Nonetheless, future RCT study using a large sample
size will be helpful in examine whether both obsessions and
compulsions are responded to ketamine.

At present, there are two reports on the safety and efficacy
of ketamine in GAD and SAD. Glue et al. [42] recruited 15 GAD
patients and 18 SAD patients. Patients received one or two
weekly ketamine subcutaneously injection (1 mg/kg), and the
whole treatment lasted 3 months. Besides transient dissocia-
tive symptoms, weekly ketamine dosing was safe and well
tolerated. The patients showed improved social and/or work
function during after 3 months of treatment. Furthermore,
Taylor et al. [43] reported that a single infusion of ketamine
(0.5 mg/kg) was effective in reducing anxiety symptoms in
patients with SAD. Moreover, ketamine (0.25, 0.5, and
1.0 mg/kg, s.c, with 1 week between doses) dose-
dependently improved Fear Questionnaire, increased EEG
power most at high (gamma) frequency, and decreased it
most at low (delta) frequency in treatment-resistant patients
with GAD and SDA [44]. Collectively, it is likely that single or
repeated ketamine infusions may be a therapeutic alternative
for patients with GAD or SAD.

5. Biomarkers for ketamine’s antidepressant actions

A single subanesthetic dose of ketamine produces a rapid
antidepressant effect in about two-thirds of TRD patients,
and the effects can last for over 1 week. However, the
mechanism of ketamine’s antidepressant effect is unclear.
More importantly, predictable biomarkers that can distinguish
patients with and without a response remain to be identified.

The Val66Met (rs6265) polymorphism in the brain-derived
neurotrophic factor (BDNF) gene has been proposed as
a potential obstacles to the antidepressant response to ketamine
in patients with TRD [45]. The Val/Val carrier patients had a higher
antidepressant response to ketamine than the Met carriers. The
Met allele occurs at a 40-50% frequency within the Asian popu-
lation, more than the frequency in Caucasian populations
(20-30%) [46]. A recent study showed that the BDNF gene
(rs6265) was not a significant predictor of ketamine’s antidepres-
sant response in TRD patients in a Taiwan population [9].
Nonetheless, further study on the BDNF gene (rs6265) using
a large sample size with different ethnicity is needed.

Yang et al. [47] reported that serum levels of interleukin-6 (IL-
6) at baseline in the ketamine responder group were significantly
higher than those in the ketamine non-responder group, sug-
gesting that serum IL-6 levels at baseline could be a useful
predictive biomarker to select TRD patients with MDD or BD
who would best benefit from ketamine’s rapid antidepressant
action. Furthermore, Kiraly et al. [48] reported that several

cytokines showed significant changes in serum of TRD patients
after ketamine (0.5 mg/kg, i.v.). Low levels of fibroblast growth
factor 2 (FGF-2) at baseline were associated with treatment
response for ketamine. In contrast, Park et al. [49] reported that
changes in cytokines (IL-6 and TNF-a) levels post-ketamine were
not related to antidepressant response. A recent study [50]
reported that the decrease in TNF-a between baseline and
40 min post-infusion was positively correlated with a decrease
in MADRS scores across time in the ketamine (0.5 mg/kg) group,
suggesting that the rapid suppression of pro-inflammatory cyto-
kines may contribute to the rapid-antidepressant effects of keta-
mine. Nonetheless, further studies using larger sample sizes are
needed to assess the possibility of pro-inflammatory cytokines as
predictable biomarkers.

Kadriu and colleagues demonstrated that ketamine sig-
nificantly increased the osteoprotegerin (OPG)/receptor
activator of nuclear factor kB Ligand (RANKL) ratio and
plasma osteopontin (OPN) levels, significantly decreased
RANKL levels [51]. The study suggests that the OPG/RANK/
RANKL system may play a role in the antidepressant effects
of ketamine in TRD patients. Recently, Zhang et al. [52]
reported that (R)-ketamine, but not (S)-ketamine, signifi-
cantly attenuated increased plasma levels of RANKL in sus-
ceptible mice after chronic social defeat stress. In addition,
the authors reported a positive correlation between sucrose
preference and the OPG/RANKL ratio. These findings sug-
gest that inflammatory bone markers may play a role in the
antidepressant effects of ketamine [or (R)-ketamine] [52].

A metabolomics study using blood samples from a double-
blind, placebo-controlled crossover study of ketamine in medica-
tion-free TRD patients and healthy controls was reported [53].
After 4 h post-infusion, ketamine (0.5 mg/kg, i.v.) response
resulted in more pronounced effects in the kynurenine pathway
and the arginine pathway. Compared with non-responder,
responders to ketamine treatment had a larger decrease in
circulating kynurenine levels and a larger increase in the bioavail-
ability of arginine [53].

The molecular mechanisms underlying the antidepressant
effects of ketamine have been proposed from a number of
preclinical studies [5]. For example, Li et al. [54] reported the
mammalian target of the rapamycin (mTOR) signaling pathway is
highly correlated with the rapid antidepressant effects of keta-
mine. mTOR is a ubiquitous protein kinase involved in protein
synthesis and synaptic plasticity. Ketamine increased numbers of
synaptic signaling proteins and increased numbers and functions
of new spine synapses through activated the mTOR signaling
pathway in the rat prefrontal cortex [54,55]. Interestingly, Denk
et al. [56] reported for the first time evidence of increased mTOR
phosphorylation in a depressed patient after (S)-ketamine infu-
sion. The patient’s depressive symptoms improved rapidly after
an infusion of (S)-ketamine and did not return for 24 h.
Subsequently, Yang et al. [57] also showed that ketamine ame-
liorates depression rapidly with acute increases in the expression
of plasma mTOR in depressed patients. A recent preclinical study
demonstrated that mTOR signaling in the prefrontal cortex plays
a role in the antidepressant effects of (S)-ketamine, but not (R)-
ketamine [58], supporting the clinical data [56]. It is, therefore, of
great interest to study whether (R)-ketamine can affect mTOR
signaling in the blood from depressed patients.



6. (S)-ketamine’s antidepressant actions in
depressed patients

Ketamine is a racemic mixture containing equal parts of (R)-
ketamine (or arketamine) and (S)-ketamine (or esketamine).
(S)-ketamine (Ki = 0.30 uM for NMDAR) has an approximately
4-fold greater affinity for the NMDAR than the (R)-ketamine
(Ki = 1.4 pM for NMDAR) (Figure 1) [1]. Since the NMDAR
inhibition was believed to play a key role in the antidepressant
actions of ketamine, the Janssen Pharmaceutical Companies of
Johnson & Johnson selected (S)-ketamine as the novel
antidepressant.

A double-blind, placebo-controlled study showed that
a single infusion of (S)-ketamine (0.20 or 0.40 mg/kg, i.v. for
40-min) showed a rapid (within 2 h) and robust antidepres-
sant effects in TRD patients. Headache, nausea, and dissocia-
tion were the most common treatment-emergent adverse
events. However, these side effects were transient and did
not persist beyond 4 h from the start of the (S)-ketamine
infusion (Table 2) [59]. Due to tolerability reasons,
a retrospective study demonstrated that rapid infusion of (S)-
ketamine (0.25 mg/kg, i.v., for 10-min) is possibly not the
optimal choice to administer this drug for TRD (Table 2)
[60]. A case report showed that (S)-ketamine (0.22 mg/kg, i.
v., for 30-min) showed a robust and sustaining anti-suicidal
and antidepressant response in a female schizophrenic
patient accompany with severe post-psychotic depression.
Importantly, during the whole augmentation treatment per-
iod, relevant psychotic or dissociative symptoms which may
lead to a sustained remission of depressive symptoms and
suicidality were not shown (Table 2) [61].

A double-blind, placebo-controlled crossover study showed
that intranasal infusion of (S)-ketamine (84 mg) was associated
with cognitive performance decline at 40 min post-infusion in
healthy control subjects. In contrast, performance on these
tests did not differ significantly between (S)-ketamine and
placebo at 2, 4, or 6 h post-infusion [62]. Subsequently, a dou-
ble-blind, placebo-controlled study showed no significant

Table 2. Use of (S)-ketamine in patients with major depressive disorder.
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difference in driving performance 8 h after intranasal infusion
of (5)-ketamine (84 mg) in healthy control subjects [63].
Furthermore, recently, two phase 2 RCTs assessing intrana-
sal (S)-ketamine were reported. One study by Daly et al. [64]
reported good efficacy with a rapid decline in the depressive
symptoms and suicidality in patients that were given intrana-
sal (S)-ketamine (28, 56, or 84 mg twice weekly) in TRD
patients. Furthermore, a superior MADRS total score was
reported in all 3 (S)-ketamine groups compared to the pla-
cebo, and correlating with intranasal dose (Table 2) [64].
Moreover, a published study from Canuso et al. [65] high-
lighted the efficacy and safety of intranasal (S)-ketamine with
a rapid decline in the symptoms of depression and suicidality
in patients at imminent suicide risk. Along with antidepressant
therapy, (S)-ketamine (84 mg twice weekly for four weeks)
reduced significantly the suicidal symptoms and depressive
symptoms at both 4 and 24 h from the initial dose. However,
it should be noted that after 4 weeks of treatment, these
effects reported did not vary from those of the placebo
(Table 2). Furthermore, the differences in suicide risk scores
were not statistically significant at any time point between the
groups [65]. Dissociative symptoms began shortly after each
infusion with symptoms attenuating after the repeated dose.
Compared with the placebo group, adult TRD patients who
were prescribed (S)-ketamine had a significantly greater reduc-
tion in MADRS score from the baseline at day 28 (Table 2).

7. (R)-ketamine: a novel antidepressant candidate

Meta-analysis demonstrated that antidepressant effects of
non-ketamine NMDAR antagonists are less potent than keta-
mine [66-69]. Preclinical studies demonstrated that (R)-
ketamine showed greater potency and longer lasting antide-
pressant effects than (S)-ketamine in different animal models
of depression [70-75]. Importantly, unlike (S)-ketamine, (R)-
ketamine may not induce psychotomimetic side effects or
exhibit abuse potential in rodents and monkeys [71,76,771.

Sample Ketamine
Study design size dosing Outcome measures Results Limitations
Singh et al, 2016. [59] multi 30 IV: 0.20 mg/kg MADRS Esketamine showed a rapid (within 2 hours) and  Lack of CADSS
center, double blind, over robust antidepressant effect. Treatment- assessment; Small
randomized, 40 minutes emergent adverse events were dose sample size
crossover, placebo dependent.
controlled
Correia-Melo et al, 2017. [60] 27 IV: 0.25 mg/kg MADRS; Cal Thirteen patients (48.1%) showed therapeutic Small sample size; Lack
retrospective study over response within 1 week of intervention. Aimost  of control group
10 minutes 11.1% of patients have a very disturbing
experience.
Bartova et al, 2018. [61] 1 IV: 0.22 mg/kg MADRS Esketamine demonstrate a robust anti-suicidal and A case report;
case report over antidepressant effect after thrice weekly for Lack of control group
30 minutes 3 weeks in total.
Daly et al, 2018. [64] 67 Intranasal: MADRS Change in MADRS total score in all 3 esketamine Small sample size
multi center, double blind, 28 mg, groups was superior to placebo, with
randomized, placebo 56 mg or a significant ascending dose-response
controlled 84 mg twice relationship.
weekly
Canuso et al, 2018. [65] multi 68 Intranasal: MADRS A significantly greater improvement in MADRS Small sample size
center, double blind, 84 mg twice score was observed in the esketamine group
randomized, placebo weekly for compared with the placebo group at 4 hours
controlled 4 weeks and at 24 hours, but not at day 25.
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Furthermore, Hashimoto et al. [77] reported a marked reduc-
tion of dopamine D,,3 receptor binding in conscious monkey
striatum after a single infusion of (S)-ketamine but not that of
(R)-ketamine, suggesting that dopamine release by a single
dose of (S)-ketamine may be associated with acute psychoto-
mimetic and dissociative side effects in humans. Further study
is needed to examine whether repeated infusions of (R)-
ketamine can cause the dopamine release in the monkey
and human brain. In addition, unlike (R,S)-ketamine and (S)-
ketamine, (R)-ketamine had no effect to the expression of heat
shock protein HSP-70 (a marker for neuronal injury) in the rat
retrosplenial cortex [78]. Based on the above research results,
(R)-ketamine could be a safer antidepressant effect in animal
depression model than (S)-ketamine and (R,S)-ketamine
[79-83].

Clinical study of (R)-ketamine in depressed patients is not
yet reported although the use of (R)-ketamine in healthy con-
trol subjects was reported [84,85]. Further RCT studies will be
required to study antidepressant effects of (R)-ketamine in
depressed patients. Nonetheless, it is of great interest to per-
form direct comparisons between (R)-ketamine and (S)-
ketamine in depressed patients.

8. (S)-norketamine: an alternative antidepressant
for (S)-ketamine

Ketamine-induced side effects such as psychotomimetic
effects and abuse liability are associated with the potent
inhibition of the NMDAR in the brain. (S)-norketamine
(Ki = 1.70 uM for NMDAR) is metabolized from (S)-ketamine
by the microsomal cytochrome P450 system (Figure 1). Very
recently, Yang et al. [86] reported that (S)-norketamine exhibits
rapid and sustained antidepressant effects in rodent models of
depression. These effects are similar to that of the antidepres-
sant actions of (S)-ketamine. However, unlike (S)-ketamine, (S)-
norketamine does not cause behavioral and biochemical
abnormalities, such as abuse potential, prepulse inhibition
deficits, increases in baseline y-oscillations, and loss of parval-
bumin immunoreactivity in the medial prefrontal cortex [86].
(S)-norketamine may have fewer detrimental side-effects in
humans than (S)-ketamine because of the lower affinity of (S)-
norketamine for NMDAR. Taken together, (S)-norketamine
could be a safer alternative antidepressant than (S)-ketamine
for use in humans [86,871].

9. Expert commentary

Antidepressant research of ketamine for 18 years suggests that
ketamine is a prototype for the rapid-acting antidepressants.
Ketamine is also being proved as a treatment choice for other
psychiatric disorders such as OCD, PTSD, GAD, and SAD although
ketamine has detrimental side effects including dopaminergic side
effects (e.g. psychotomimetic effects, dissociative effects, addic-
tion, dependence) [69] and others (e.g., risk of hepatotoxicity,
cognitive deficits, ulcerative cystitis) [88,89]. Despite growing
enthusiasm for rapid implementation, further research will be
needed before it is appropriate to consider it a routine treatment
for depression and other psychiatry disorders.

Meta-analysis demonstrated that antidepressant effects of
non-ketamine  NMDAR antagonists [e.g. traxoprodil (CP-
101,606, rapastinel (GLYX-13), lanicemine (AZD6765), CERC
(MK-0657)) are less potent than ketamine [66,67], suggesting
that NMDAR inhibition may not play a key role in the anti-
depressant actions of ketamine. Preclinical data suggest that
(R)-ketamine would be an alternative antidepressant for (R,S)-
ketamine since (R)-ketamine may be free of side effects such
as psychotomimetic and dissociative effects and abuse liability
[79-83]. More importantly, (R)-ketamine exerted longer-lasting
antidepressant effects than (S)-ketamine in animal models of
depression. In the preclinical study, antidepressant effects of
(S)-ketamine was less potent than (R,S)-ketamine and (R)-
ketamine [73]. In addition, the order for neurotoxic effects
(known as Olney’s lesion) in rat retrosplenial cortex was (S)-
ketamine > (R,S)-ketamine > (R)-ketamine [78]. However, there
is a lack of clinical trial to compare the safety and efficacy of (R,
S)-ketamine, (R)-ketamine and (S)-ketamine in depressed
patients. Further understanding the precise mechanism(s)
underlying ketamine’s antidepressant using enantiomers of
ketamine and its metabolites will prove to unlock novel
insights into the neurobiology of depression and to develop
the novel antidepressants.

The Janssen Pharmaceutical of Johnson & Johnson presented
the five pivotal phase 3 trials of (S)-ketamine nasal spray in TRD
patients: three short-term studies, one withdrawal maintenance-
of-effect study, and one long-term safety study up to a year. The
flexibly dosed (S)-ketamine nasal spray, plus a newly initiated oral
antidepressant in adults with TRD showed a statistically signifi-
cant and clinically meaningful rapid reduction of depressive
symptoms, as compared with placebo nasal spray plus a new
oral antidepressant. In contrast, the data from a second study in
patients aged 65 and older with TRD with a similar design did not
show statistical significance for its primary efficacy endpoint.
Another study of (S)-ketamine (56 and 84 md for 4-weeks) in
TRD patients did not demonstrate statistical significance for the
primary endpoint, change in depression score from baseline to
four weeks. Long-term (16-weeks) study showed that patients
treated with (S)-ketamine nasal spray plus an oral antidepressant
had a 51% lower risk of relapse than patients in the oral anti-
depressant plus placebo nasal spray group. Long-term (up to 52-
weeks) open-label study showed that treatment with (S)-
ketamine nasal spray plus an oral antidepressant appeared to
be associated with sustained improvement in depressive symp-
toms at up to 52 weeks. Considering the mixed results of phase 3
trials for intranasal (S)-ketamine infusion, it seems that antide-
pressant actions of intranasal (S)-ketamine infusion in depressed
patients are less potent than intravenous (R,S)-ketamine infusion.
It is possible that mixed results of intranasal injection of (S)-
ketamine in TRD patients may, in part, be due to lower bioavail-
ability than intravenous administration of (S)-ketamine (Table 1).

In 2016, Zanos et al. [72] reported that metabolism of (R,
S)-ketamine to (2R,6R)-hydroxynorketamine (HNK) was essen-
tial for (R,S)-ketamine-mediated antidepressant activity in
rodents. However, recent studies reported that (2R,6R)-HNK
is not essential for antidepressant effects of (R)-ketamine,
although the conclusion needs to be replicated in future
studies [90-97]. As mentioned above, it should be noted
that intravenous infusion of (S)-ketamine has rapid-acting



antidepressant effects in TRD patients [59]. It is, therefore,
unlikely that (2R,6R)-HNK is essential for (R,S)-ketamine-
mediated antidepressant activity since (2R,6R)-HNK is not
produced in the humans from (S)-ketamine. Validation for
the clinical use of (2R,6R)-HNK in humans will be started at
the National Institute of Mental Health, USA. Therefore, it is
also of great interest to study direct comparisons between
(R)-ketamine and its final metabolite (2R,6R)-HNK in
depressed patients.

10. Five-year view

Clinical evaluation of (R)-ketamine in depressed patients has
yet to be published although preclinical studies suggest that
(R)-ketamine has greater potency and longer lasting antide-
pressant effects in comparison to (S)-ketamine in animal mod-
els of depression. Consequently, it would be of interest to
directly compare (R)-ketamine and (S)-ketamine in depressed
subjects, including those with TRD.

Lastly, it is important to note that ~30% of patients with
depression are treatment-resistant to current antidepressant
therapy having a therapeutic time lag from weeks to months.
Indeed, there are currently no drugs for suicidal ideation in
depressed patients. If (R)-ketamine demonstrated greater
potency and increased the antidepressant effect, with
decreased adverse effects in depressed patients compared to
(S)-ketamine or (R,S)-ketamine, (R)-ketamine would be an inno-
vative and valued antidepressant option. In a next 5-years,
results of (R)-ketamine in depressed patients will be available
and thereby give a clearer picture for future developments.

Key issues

® Depression affects nearly 20% of the population at some
point during the life span. The currently available antide-
pressants are effective in only about two-thirds of
depressed patients. There is a significant therapeutic time
lag of weeks of months. The development of rapid-acting
antidepressants which are effective in the TRD patients is
the unmet medical need.

® (R S)-ketamine caused rapid-acting and sustained antidepres-
sant effects in depressed patients, including TRD. In addition,
(R,S)-ketamine significantly reduced suicidal thoughts in
depressed patients. Furthermore, (R,S)-ketamine showed
antidepressant effects in patients with BD, PTSD, OCD,
GAD, and SAD. Thus, the discovery of antidepressant actions
of (R,S)-ketamine is the greatest breakthrough in the field of
depression in over 60 years.

® (RS)-ketamine is known to be the popular recreational drug.
Because of the hallucinatory and dissociative effects of the
drug, the recreational use of (R,S)-ketamine has been increas-
ingly reported in recent years. Although the concerns about
the safety of repeated (R,S)-ketamine infusions persist, it has
been used as an off-label treatment for psychiatric disorders.

® (R S)-ketamine is a racemic mixture containing equal parts of
(R)-ketamine (or arketamine) and (S)-ketamine (or esketamine).
(S)-ketamine shows an approximately 3-4 fold greater anes-
thetic potency and greater undesirable psychotomimetic side
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effects, compared with (R)-ketamine. The Janssen
Pharmaceutical of Johnson & Johnson has been developing
intranasal (S)-ketamine as antidepressant and anti-suicidal
drug.

® Preclinical studies reported that (R)-ketamine showed greater
potency and longer lasting antidepressant effects than (S)-
ketamine in animal models of depression. Unlike (S)-ketamine,
(R)-ketamine might not induce side effects (e.g., psychotomi-
metic and dissociative side effects, abuse liability).
Collectively, (R)-ketamine could be a safer antidepressant in
humans than (R S)-ketamine and (S)-ketamine. Further RCTs of
(R)-ketamine in depressed patients will be needed in a future.

Funding

This study was supported by the grants from: AMED, Japan to
K Hashimoto (grant no. JP18dm0107119), the National Nature Science
Foundation of China (81801341), the Medical and Public Health
Technology Research Projects of Wuxi Technology Bureau (CSE31N1723;
CSE31N1613) and the Wuxi Municipal Health and Family Planning
Commission research project (MS201704).

Declaration of interest

K Hashimoto is the inventor of filed patent applications on “The use of
R-ketamine in the treatment of psychiatric diseases’ and ‘(S)-norketamine
and salt thereof as pharmaceutical’ by the Chiba University. K Hashimoto
also declares that he has received research support from Dainippon
Sumitomo, Otsuka, and Taisho. The authors have no other relevant affilia-
tions or financial involvement with any organization or entity with
a financial interest in or financial conflict with the subject matter or
materials discussed in the manuscript apart from those disclosed.

Reviewer disclosures

Peer reviewers on this manuscript have no relevant financial or other
relationships to disclose.

References

Papers of special note have been highlighted as either of interest () or of

considerable interest («) to readers.

1. Ebert B, Mikkelsen S, Thorkildsen C, et al. Norketamine, the main
metabolite of ketamine, is a non-competitive NMDA receptor
antagonist in the rat cortex and spinal cord. Eur J Pharmacol.
1997;333(1):99-104.

2. Domino EF. Taming the ketamine tiger. Anesthesiology. 2010;113
(3):678-684.

3. Tyler MW, Yourish HB, lonescu DF, et al. Classics in chemical
neuroscience: ketamine. ACS Chem Neurosci. 2017;8(6):1122-1134.

4, Berman RM, Cappiello A, Anand A, et al. Antidepressant effects of

ketamine in depressed patients. Biol Psychiatry. 2000;47

(4):351-354.

This is the first paper showing antidepressant effects of keta-

mine in depressed patients.

5. Duman RS. Ketamine and rapid-acting antidepressants: a new era
in the battle against depression and suicide. F1000Res. 2018;7
(F1000Faculty Rev):659.

6. Zarate CA, Singh JB, Carlson PJ, et al. A randomized trial of an
N-methyl-D-aspartate antagonist in treatment-resistant major
depression. Arch Gen Psychiatry. 2006;63(8):856-864.

7. Price RB, Nock MK, Charney DS, et al. Effects of intravenous keta-
mine on explicit and implicit measures of suicidality in
treatment-resistant depression. Biol Psychiatry. 2009;66(5):522-526.



90

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20

21.

22.

23.

24,

25.

26.

27.

K. ZHANG AND K. HASHIMOTO

. Larkin GL, Beautrais AL. A preliminary naturalistic study of low-dose

ketamine for depression and suicide ideation in the emergency
department. Int J Neuropsychopharmacol. 2011;14(8):1127-1131.

. Su TP, Chen MH, Li CT, et al. Dose-related effects of adjunctive

ketamine in Taiwanese patients with treatment-resistant
depression. Neuropsychopharmacology. 2017;42(13):2482-2492.
Murrough JW, losifescu DV, Chang LC, et al. Antidepressant efficacy
of ketamine in treatment-resistant major depression: a two-site
randomized controlled trial. Am J Psychiatry. 2013;170
(10):1134-1142.

Murrough JW, Soleimani L, DeWilde KE, et al. Ketamine for rapid
reduction of suicidal ideation: a randomized controlled trial.
Psychol Med. 2015;45(16):3571-3580.

This is the first paper showing the effects of intravenous infu-
sion of ketamine for suicidal ideation in depressed patients.
Grunebaum MF, Galfalvy HC, Choo TH, et al. Ketamine for rapid
reduction of suicidal thoughts in major depression: a
midazolam-controlled randomized clinical trial. Am J Psychiatry.
2018;175(4):327-335.

Frye MA, Blier P, Tye SJ. Concomitant benzodiazepine use attenu-
ates ketamine response: implications for large scale study design
and clinical development. J Clin Psychopharmacol. 2015;35
(3):334-336.

Albot CS, Shiroma PR, Cullen KR, et al. The antidepressant effect of
repeat dose intravenous ketamine is delayed by concurrent benzo-
diazepine use. J Clin Psychiatry. 2017;78(3):e308-e309.

Aan Het Rot M, Ca Z, Ds C, et al. Ketamine for depression: where do
we go from here? Biol Psychiatry. 2012;72(1):537-547.

Aan Het Rot M, Collins KA, Murrough JW, et al. Safety and efficacy
of repeated-dose intravenous ketamine for treatment-resistant
depression. Biol Psychiatry. 2010;67(2):139-145.

Murrough JW, Perez AM, Pillemer S, et al. Rapid and longer-term
antidepressant effects of repeated ketamine infusions in
treatment-resistant major depression. Biol Psychiatry. 2013;74
(4):250-256.

Singh JB, Fedgchin M, Daly EJ, et al. A double-blind, randomized,
placebo-controlled, dose-frequency study of intravenous ketamine
in patients with treatment-resistant depression. Am J Psychiatry.
2016;173(8):816-826.

Li L, Vlisides PE. Ketamine: 50 years of modulating the mind. Front
Hum Neurosci. 2016;10:612.

. Peltoniemi MA, Hagelberg NM, Olkkola KT, et al. Ketamine: a review

of clinical pharmacokinetics and pharmacodynamics in anesthesia
and pain therapy. Clin Pharmacokinet. 2016;55(9):1059-1077.

Loo CK, Gélvez V, O’keefe E, et al. Placebo-controlled pilot trial
testing dose titration and intravenous, intramuscular and subcuta-
neous routes for ketamine in depression. Acta Psychiatr Scand.
2016;134(1):48-56.

Lapidus KAB, Levitch CF, Perez AM, et al. A randomized controlled
trial of intranasal ketamine in major depressive disorder. Biol
Psychiatry. 2014;76(12):970-976.

Irwin SA, Iglewicz A, Nelesen RA, et al. Daily oral ketamine for the
treatment of depression and anxiety in patients receiving hospice
care: a 28-day open-label proof-of-concept trial. J Palliat Med.
2013;16(8):958-965.

Lara DR, Bisol LW, Munari LR. Antidepressant, mood stabilizing and
procognitive effects of very low dose sublingual ketamine in refrac-
tory unipolar and bipolar depression. Int J Neuropsychopharmacol.
2013;16(9):2111-2117.

Diazgranados N, Ibrahim L, Brutsche NE, et al. A randomized
add-on trial of an N-methyl-D-aspartate antagonist in
treatment-resistant bipolar depression. Arch Gen Psychiatry.
2010;67(8):793-802.

Zarate Jr CA, Brutsche NE, Ibrahim L, et al. Replication of ketamine’s
antidepressant efficacy in bipolar depression: a randomized con-
trolled add-on trial. Biol Psychiatry. 2012;71(11):939-946.

Nugent AC, Diazgranados N, Carlson PJ, et al. Neural correlates of
rapid antidepressant response to ketamine in bipolar disorder.
Bipolar Disord. 2014;16(2):119-128.

28.

29.

30.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Viktorin A, Lichtenstein P, Thase ME, et al. The risk of switch to
mania in patients with bipolar disorder during treatment with an
antidepressant alone and in combination with a mood stabilizer.
Am J Psychiatry. 2014;171(10):1067-1073.

Romeo B, Choucha W, Fossati P, et al. Meta-analysis of short-and
mid-term efficacy of ketamine in unipolar and bipolar depression.
Psychiatry Res. 2015;230(2):682-688.

Niciu MJ, Luckenbaugh DA, lonescu DF, et al. Subanesthetic dose
ketamine does not induce an affective switch in three independent
samples of treatment-resistant major depression. Biol Psychiatry.
2013;74(10):e23-€24.

. Wilkinson ST, Toprak M, Turner MS, et al. A survey of the clinical,

off-label use of ketamine as a treatment for psychiatric disorders.
Am J Psychiatry. 2017;174(7):695-696.

Galea S, Nandi A, Vlahov D. The epidemiology of post-traumatic
stress disorder after disasters. Epidemiol Rev. 2005;27(1):78-91.
McGhee LL, Maani CV, Garza TH, et al. The correlation between
ketamine and posttraumatic stress disorder in burned service
members. J Trauma Acute Care Surg. 2008;64(2):5195-5199.
Brachman RA, McGowan JC, Perusini JN, et al. Ketamine as
a prophylactic against stress-induced depressive-like behavior.
Biol Psychiatry. 2016;79(9):776-786.

Mastrodonato A, Martinez R, Pavlova IP, et al. Ventral CA3 activa-
tion mediates prophylactic ketamine efficacy against
stress-induced depressive-like behavior. Biol Psychiatry. 2018;84
(11):846-856.

Feder A, Parides MK, Murrough JW, et al. Efficacy of intravenous
ketamine for treatment of chronic posttraumatic stress disorder:
a randomized clinical trial. JAMA Psychiatry. 2014;71(6):681-688.
Hartberg J, Garrett-Walcott S, De Gioannis A. Impact of oral keta-
mine augmentation on hospital admissions in treatment-resistant
depression and PTSD: a retrospective study. Psychopharmacology
(Berl). 2018;235(2):393-398.

Rodriguez Cl, Kegeles LS, Flood P, et al. Rapid resolution of obses-
sions after an infusion of intravenous ketamine in a patient with
treatment-resistant obsessive-compulsive disorder: a case report.
J Clin Psychiatry. 2011;72(4):567.

Rodriguez Cl, Kegeles LS, Levinson A, et al. Randomized controlled
crossover trial of ketamine in obsessive-compulsive disorder:
proof-of-concept. Neuropsychopharmacology. 2013;38(12):2475.
Rodriguez Cl, Wheaton M, Zwerling J, et al. Can exposure-based
CBT extend IV ketamine's effects in obsessive-compulsive disorder?
An open-label trial. J Clin Psychiatry. 2016;7(3):408.

Bloch MH, Wasylink S, Landeros-Weisenberger A, et al. Effects of
ketamine in treatment-refractory obsessive-compulsive disorder.
Biol Psychiatry. 2012;72(11):964-970.

Glue P, Neehoff SM, Medlicott NJ, et al. Safety and efficacy of
maintenance ketamine treatment in patients with
treatment-refractory generalised anxiety and social anxiety

disorders. J Psychopharmacol. 2018;32(6):663-667.

Taylor JH, Landeros-Weisenberger A, Coughlin C, et al. Ketamine for
social anxiety disorder: a randomized, placebo-controlled crossover
trial. Neuropsychopharmacology. 2018;43(2):325-333.

Shadli SM, Kawe T, Martin D, et al. Ketamine effects on EEG during
therapy of treatment-resistant generalized anxiety and social
anxiety. Int J Neuropsychopharmacol. 2018;8(1):717-724.

Laje G, Lally N, Mathews D, et al. Brain-derived neurotrophic factor
Val6é6Met polymorphism and antidepressant efficacy of ketamine in
depressed patients. Biol Psychiatry. 2012;72(11):e27-e28.
Hashimoto K. A BDNF Val66Met polymorphism
ketamine-induced rapid antidepressant action.
Psychopharmacol Neurosci. 2012;10(1):59-60.

Yang JJ, Wang N, Yang C, et al. Serum interleukin-6 is a predictive
biomarker for ketamine’s antidepressant effect in treatment-
resistant patients with major depression. Biol Psychiatry. 2015;77
(3):e19-e20.

Kiraly DD, Horn SR, Van Dam NT, et al. Altered peripheral immune
profiles in treatment-resistant depression: response to ketamine and
prediction of treatment outcome. Transl Psychiatry. 2017;7(3):e1065.

and
Clin



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Park M, Newman LE, Gold PW, et al. Change in cytokine levels is not
associated with rapid antidepressant response to ketamine in
treatment-resistant depression. J Psychiatr Res. 2017;84:113-118.
Chen MH, Li CT, Lin WC, et al. Rapid inflammation modulation and
antidepressant efficacy of a low-dose ketamine infusion in
treatment-resistant depression: a randomized, double-blind control
study. Psychiatry Res. 2018;269:207-211.

Kadriu B, Gold PW, Luckenbaugh DA, et al. Acute ketamine admin-
istration corrects abnormal inflammatory bone markers in major
depressive disorder. Mol Psychiatry. 2018;23:1626-1631.

Zhang K, Ma M, Dong C, et al. Role of inflammatory bone markers
in the antidepressant actions of (R)-ketamine in a chronic social
defeat stress model. Int J Neuropsychopharmacol. 2018;21
(11):1025-1030.

Moaddel R, Shardell M, Khadeer M, et al. Plasma metabolomic
profiling of a ketamine and placebo crossover trial of major depres-
sive disorder and healthy control subjects. Psychopharmacology
(Berl). 2018;235(10):3017-3030.

Li N, Lee B, RJ L, et al. mTOR-dependent synapse formation under-
lies the rapid antidepressant effects of NMDA antagonists. Science.
2010;329(5994):959-964.

Hashimoto K. Role of the mTOR signaling pathway in the rapid anti-
depressant action of ketamine. Expert Rev Neurother. 2011;11(1):33-36.
Denk MC, Rewerts C, Holsboer F, et al. Monitoring ketamine treatment
response in a depressed patient via peripheral mammalian target of
rapamycin activation. Am J Psychiatry. 2011;168(7):751-752.

Yang C, Zhou Z, Gao Z, et al. Acute increases in plasma mammalian
target of rapamycin, glycogen synthase kinase-3(3, and eukaryotic
elongation factor 2 phosphorylation after ketamine treatment in
three depressed patients. Biol Psychiatry. 2013;73(12):e35-e36.
Yang C, Ren Q, Qu Y, et al. Mechanistic target of
rapamycin-independent antidepressant effects of (R)-ketamine in
a social defeat stress model. Biol Psychiatry. 2018;83(1):18-28.
Singh JB, Fedgchin M, Daly E, et al. Intravenous esketamine in adult
treatment-resistant depression: a double-blind, double-randomization,
placebo-controlled study. Biol Psychiatry. 2016;80(6):424-431.

This is the first paper showing antidepressant effects of intra-
venous infusion of esketamine in TRD patients.

Correia-Melo FS, Argolo FC, Araujo-de-Freitas L, et al. Rapid infusion
of esketamine for unipolar and bipolar depression: a retrospective
chart review. Neuropsychiatr Dis Treat. 2017;13:1627-1632.
Bartova L, Papageorgiou K, Milenkovic |, et al. Rapid antidepressant
effect of S-ketamine in schizophrenia. Eur Neuropsychopharmacol.
2018 Aug;28(8):980-982.

Morrison RL, Fedgchin M, Singh J, et al. Effect of intranasal esketamine
on cognitive functioning in healthy participants: a randomized,
double-blind, placebo-controlled study. Psychopharmacology (Berl).
2018;235(4):1107-1119.

Van de Loo AJAE, Bervoets AC, Mooren L, et al. The effects of
intranasal esketamine (84 mg) and oral mirtazapine (30 mg) on
on-road driving performance: a double-blind, placebo-controlled
study. Psychopharmacology (Berl). 2017;234(21):3175-3183.

Daly EJ, Singh JB, Fedgchin M, et al. Efficacy and safety of intranasal
esketamine adjunctive to oral antidepressant therapy in
treatment-resistant depression: a randomized clinical trial. JAMA
Psychiatry. 2018;75(2):139-148.

Canuso CM, Singh JB, Fedgchin M, et al. Efficacy and safety of
intranasal esketamine for the rapid reduction of symptoms of
depression and suicidality in patients at imminent risk for suicide:
results of a double-blind, randomized, placebo-controlled study.
Am J Psychiatry. 2018;175(7):620-630.

Newport DJ, Carpenter LL, McDonald WM, et al. Ketamine and
other NMDA antagonists: early clinical trials and possible mechan-
isms in depression. Am J Psychiatry. 2015;172(10):950-966.
Kishimoto T, Chawia JM, Hagi K, et al. Single-dose infusion keta-
mine and non-ketamine N-methyl-D-aspartate receptor antago-
nists for unipolar and bipolar depression: a meta-analysis of
efficacy, safety and time trajectories. Psychol Med. 2016;46
(7):1459-1472.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

EXPERT REVIEW OF NEUROTHERAPEUTICS 91

Papadimitropoulou K, Vossen C, Karabis A, et al. Comparative
efficacy and tolerability of pharmacological and somatic interven-
tions in adult patients with treatment-resistant depression:
a systematic review and network meta-analysis. Curr Med Res
Opin. 2017;33(4):701-711.

Kokkinou M, Ashok AH, Howes OD. The effects of ketamine on
dopaminergic function: meta-analysis and review of the implica-
tions for neuropsychiatric disorders. Mol Psychiatry. 2018;23
(1):59-69.

Zhang J, Li S, Hashimoto K. R (—)-ketamine shows greater potency
and longer lasting antidepressant effects than S (+)-ketamine.
Pharmacol Biochem Behav. 2014;116:137-141.

This is the first paper comparing the antidepressant effects of
two ketamine enantiomers in mice.

Yang C, Shirayama Y, Zhang JC, et al. R-ketamine: a rapid-onset and
sustained antidepressant without psychotomimetic side effects.
Transl Psychiatry. 2015;5(9):e632.

This is the paper comparing the antidepressant effects and
side effects profiles of two ketamine enantiomers in rodents.
Zanos P, Moaddel R, Morris PJ, et al. NMDAR
inhibition-independent  antidepressant actions of ketamine
metabolites. Nature. 2016;533(7604):481-486.

Fukumoto K, Toki H, lijima M, et al. Antidepressant potential of
(R)-ketamine in rodent models: comparison with (S)-ketamine.
J Pharmacol Exp Ther. 2017;361(1):9-16.

Yang C, Qu Y, Abe M, et al. (R)-ketamine shows greater potency and
longer lasting antidepressant effects than its metabolite
(2R,6R)-hydroxynorketamine. Biol Psychiatry. 2017;82(5):e43-e44.
This is the first paper comparing the antidepressant effects of
(R)-ketamine and its metabolite (2R,6R)-HNK in mice with
depression-like phenotype.

Yang C, Qu Y, Fujita Y, et al. Possible role of gut-microbiota in the
antidepressant effects of (R)-ketamine in a social defeat stress
model. Transl Psychiatry. 2017;7(12):1294.

Yang C, Han M, Zhang JC, et al Loss  of
parvalbumin-immunoreactivity in mouse brain regions after
repeated intermittent administration of esketamine, but not
R-ketamine. Psychiatric Res. 2016;239:281-283.

Hashimoto K, Kakiuchi T, Ohba H, et al. Reduction of dopamine D,,3
receptor binding in the striatum after a single administration of
esketamine, but not R-ketamine: a PET study in conscious monkeys.
Eur Arch Psychiatry Clin Neurosci. 2017;267(2):173-176.

This is the first paper comparing the dopamine release from
presynaptic terminal after a single intravenous infusion of (R)-
ketamine (0.5 mg/kg for 40-min) or (S)-ketamine (0.5 mg/kg for
40-min) in conscious monkey.

Tian Z, Dong C, Fujita A, et al. Expression of heat shock protein
HSP-70 in the retrosplenial cortex of rat brain after administration
of (RS)-ketamine and (S)-ketamine, but not (R)-ketamine.
Pharmacol Biochem Behav. 2018;172:17-21.

Hashimoto K. The R-stereoisomer of ketamine as an alternative for
ketamine for treatment-resistant major depression. Clin
Psychopharmacol Neurosci. 2014;12(1):72-73.

Hashimoto K. R-ketamine: a rapid-onset and sustained antidepres-
sant without risk of brain toxicity. Psychol Med. 2016;46
(11):2449-2451.

Hashimoto K. Ketamine’s antidepressant action: beyond NMDA
receptor inhibition. Expert Opin Ther Targets. 2016;20
(11):1389-1392.

Hashimoto K. Detrimental side effects of repeated ketamine infu-
sions in the brain. Am J Psychiatry. 2016;173(10):1044-1045.
Hashimoto K. Rapid-antidepressant activity of ketamine: beyond
NMDA receptor. In: Hashimoto K, editor. The NMDA Receptors.
New York: Humana Press; 2017. p. 69-82.

White PF, Schiittler J, Shafer A, et al. Comparative pharmacology of
the ketamine isomers. Studies in volunteers. Br J Anaesth. 1985;57
(2):197-203.

Vollenweider FX, Leenders KL, Oye |, et al. Differential psychopathol-
ogy and patterns of cerebral glucose utilisation produced by (S)- and



92

86.

87.

88.

89.

90.

K. ZHANG AND K. HASHIMOTO

(R)-ketamine in healthy volunteers using positron emission tomogra-
phy (PET). Eur Neuropsychopharmacol. 1997;7(1):25-38.

Yang C, Kobayashi S, Nakao K, et al. AMPA receptor
activation-independent antidepressant actions of ketamine meta-
bolite (S)-norketamine. Biol Psychiatry. 2018;84(8):591-600.

This is the first paper comparing the antidepressant and side
effects of (S)-norketamine, (R)-norketamine, and (S)-ketamine
in rodents.

Hashimoto K, Yang C. Is (S)-norketamine an alternative antidepres-
sant for esketamine? Eur Arch Psychiatry Clin Neurosci. 2018 Jul 14.
Do0i:10.1007/s00406-018-0922-2.

Singh |, Morgan C, Curran V, et al. Ketamine treatment for depres-
sion: opportunities for clinical innovation and ethical foresight.
Lancet Psychiatry. 2017;4(5):419-426.

Short B, Fong J, Galvez V, et al. Side-effects associated with
ketamine use in depression: a systematic review. Lancet
Psychiatry. 2018;5(1):65-78.

Shirayama Y, Hashimoto K. Effects of a single bilateral infusion of
R-ketamine in the rat brain regions of a learned helplessness
model of depression. Eur Arch Psychiatry Clin Neurosci. 2017,267
(2):177-182.

91.

92.

93.

94,

95.

96.

97.

Shirayama Y, Hashimoto K. Lack of antidepressant effects of
(2R,6R)-hydroxynorketamine in a rat learned helplessness model: com-
parison with (R)-ketamine. Int J Neuropsychopharmacol. 2018;21
(1):84-88.

Zhang K, Fujita Y, Hashimoto K. Lack of metabolism in (R)-ketamine
‘s antidepressant actions in a chronic social defeat stress model. Sci
Rep. 2018;8(1):4007.

Hashimoto K, Shirayama Y. What are the causes for discrepancies of
antidepressant actions of (2R,6R)-hydroxynorketamine? Biol
Psychiatry. 2018;84(1):e7-e8.

Chaki S. Is metabolism of (R)-ketamine essential for the antidepres-
sant effects?. Int J Neuropsychopharmacol. 2018;21(2):154-156.
Yamaguchi JI, Toki H, Qu Y, et al. (2R,6R)-Hydroxynorketamine is
not essential for the antidepressant actions of (R)-ketamine in mice.
Neuropsychopharmacology. 2018;43(9):1900-1907.

Chang L, Toki H, Qu Y, et al. No sex-specific differences in the acute
antidepressant actions of (R)-ketamine in an inflammation model.
Int J Neuropsychopharmacol. 2018;21(10):932-937.

Zhang K, Toki H, Fujita Y, et al. Lack of deuterium isotope effects in
the antidepressant effects of (R)-ketamine in a chronic social defeat
stress model. Psychopharmacology (Berl). 2018;235(11):3177-3185.


https://doi.org/10.1007/s00406-018-0922-2

	Abstract
	1.  Background
	2.  Antidepressant effects of (R,S)-ketamine in MDD
	2.1.  Single intravenous infusion
	2.2.  Repeat intravenous infusion
	2.3.  Other administration routes

	3.  Antidepressant effects of (R,S)-ketamine in bipolar depression
	4.  Antidepressant effects of (R,S)-ketamine in other psychiatric disorders
	5.  Biomarkers for ketamine’s antidepressant actions
	6.  (S)-ketamine’s antidepressant actions in depressed patients
	7.  (R)-ketamine: anovel antidepressant candidate
	8.  (S)-norketamine: an alternative antidepressant for (S)-ketamine
	9.  Expert commentary
	10.  Five-year view
	Key issues
	Funding
	Declaration of interest
	Reviewer disclosures
	References



