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A B S T R A C T

In this review, we will discuss the safety of repeated treatments with ketamine for patients with treatment-resistant depression (TRD), a condition in which patients
with major depression do not show any clinical improvements following treatments with at least two antidepressant drugs. We will discuss the effects of these
treatments in both sexes at different developmental periods. Numerous small clinical studies have shown that a single, low-dose ketamine infusion can rapidly
alleviate depressive symptoms and thoughts of suicidality in patients with TRD, and these effects can last for about one week. Interestingly, the antidepressant effects
of ketamine can be prolonged with intermittent, repeated infusion regimens and produce more robust therapeutic effects when compared to a single infusion. The
safety of such repeated treatments with ketamine has not been thoroughly investigated. Although more studies are needed, some clinical and preclinical reports
indicated that repeated infusions of low doses of ketamine may have addictive properties, and suggested that adolescent and adult female subjects may be more
sensitive to ketamine's addictive effects. Additionally, during ketamine infusions, many TRD patients report hallucinations and feelings of dissociation and de-
personalization, and therefore the effects of repeated treatments of ketamine on cognition must be further examined. Some clinical reports indicated that, compared
to women, men are more sensitive to the psychomimetic effects of ketamine. Preclinical studies extended these findings to both adolescent and adult male rodents
and showed that male rodents at both developmental periods are more sensitive to ketamine's cognitive-altering effects. Accordingly, in this review we shall focus our
discussion on the potential addictive and cognitive-impairing effects of repeated ketamine infusions in both sexes at two important developmental periods: ado-
lescence and adulthood. Although more work about the safety of ketamine is warranted, we hope this review will bring some answers about the safety of treating TRD
with repeated ketamine infusions.

1. Introduction

Treatment-resistant depression (TRD) occurs in a subset of in-
dividuals suffering from major depressive disorder. TRD is diagnosed
following an insufficient treatment response to at least two classes of
typical antidepressants (Berlim and Turecki, 2007). Since over half of
TRD patients report thoughts of suicidality (Papakostas et al., 2003),
there is a crucial need for more effective and faster treatment options.
Recently, the N-methyl D-aspartate receptor (NMDAR) antagonist, ke-
tamine, has shown considerable promise as a fast-acting antidepressant
in patients with TRD, alleviating depressive symptoms and reversing
suicidal ideation within hours following a single, low-dose (0.5 mg/kg)
intravenous (i.v.) infusion, and having effects lasting up to one week, on
average (Ballard et al., 2014; Berman et al., 2000; Phelps et al., 2009;
Zarate et al., 2006). Meta-analyses examining the acute effects of
0.5 mg/kg ketamine (i.v.) also report a significant reduction in suicid-
ality 4 h post-infusion with effects maintained for up to one week
(Bartoli et al., 2017; Wilkinson et al., 2018). However, following acute
ketamine treatment, most patients remitted (DiazGranados et al., 2010;
Zarate et al., 2006), suggesting a need for repeated infusions to main-
tain long-term therapeutic efficacy. Thus, recent studies have shown

that TRD patients treated repeatedly with ketamine have superior
therapeutic outcome when compared to those treated with single in-
fusions. For example, ketamine administration every 2–3 days over a
two-week period, maintains the antidepressant response, increases the
percentage of patients responding to ketamine, and lengthens the
duration of antidepressant response after cessation of treatment (aan
het Rot et al., 2010; Murrough et al., 2013; Shiroma et al., 2014a).

Following the excitement and hype surrounding ketamine's fast-
acting antidepressant effects, numerous private clinics started offering
ketamine, sometimes in a repeated manner, as an off-label treatment for
TRD. The safety of such repeated ketamine infusions has not been fully
investigated in large clinical and well-powered studies. It is important
to keep in mind that ketamine is a schedule III drug, and has great
potential for abuse and dependence in humans (DEA, 2018; Chang
et al., 2016; Narendran et al., 2005; Schak et al., 2016). Also, ketamine
produces psychomimetic effects such as hallucinations and delusions
that can induce long-term cognitive deficits (D'Souza et al., 2012;
Stefanovic et al., 2009). However, ketamine is recreationally abused at
doses higher than what is used in the clinic, and it remains unclear
whether the effects observed at high doses would manifest at a clini-
cally relevant dose. For these reasons, administration of low-dose
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ketamine repeatedly over a defined or undefined period to treat de-
pression may pose a risk for both addiction and cognitive impairments,
and thus it is important for more studies to delve into the safety of such
treatments. Importantly, little is known regarding sex and age differ-
ences in sensitivity to ketamine's effects. Some animal studies indicated
an increased sensitivity in female rodents to ketamine's antidepressant
effects (Carrier and Kabbaj, 2013; Franceschelli et al., 2015; Saland
et al., 2017; Zanos et al., 2016), and in humans, ketamine abuse is most
common among adolescents and young adults (WHO, 2012). As such,
the purpose of this review is to discuss, in both rodents and humans, sex
differences in the addictive and cognitive effects of ketamine at two
developmental periods: adolescence and adulthood. We hope through
this review to gain some understanding of the safety of repeated, low-
dose ketamine infusions for the treatment of TRD.

2. The addictive potential of repeated low-dose ketamine
infusions

2.1. Clinical evidence

Double-blind, placebo controlled clinical studies have reported a
greater number of TRD patients responding to low-dose ketamine in-
fusions (0.5 mg/kg i.v. over 40 min) as well as sustained low-depressive
scores in repeated infusion as compared to single infusion paradigms
(Murrough et al., 2013; Shiroma et al., 2014a). Indeed, ketamine in-
fusions thrice weekly for two weeks decreased scores in both the
Montgomery-Asberg Depression Rating Scale (MADRS) (Murrough
et al., 2013), and the Visual Analog Scale (VAS) (Shiroma et al., 2014a).
Furthermore, the duration of antidepressant response after treatment
cessation was longer, and the rate of remission higher, in patients re-
ceiving repeated infusions (Shiroma et al., 2014a) versus those re-
ceiving a single infusion (Zarate et al., 2006). These data demonstrate
superior antidepressant efficacy of repeated ketamine infusions when
compared to single infusions.

The enhancement of antidepressant efficacy of low-dose ketamine
treatment under repeated infusion paradigms could be indicative of
behavioral sensitization to ketamine's antidepressant effects.
Sensitization occurs when the response induced by a drug increases
over time and is considered to reflect mesocorticolimbic reorganization
which occurs in people with addiction (Scofield et al., 2016; Wise and
Koob, 2014). However, a meta-analysis study comparing depression
scores from 11 separate studies in which ketamine was repeatedly in-
fused found no evidence of behavioral sensitization (Cho et al., 2005).
While this analysis seems to suggest that repeated low dose ketamine
infusions are safe, it is important to note that the studies described
above were conducted in non-depressed subjects in which the plasticity
of the reward circuitry has been shown to be very different from de-
pressed subjects (Admon and Pizzagalli, 2015; Felger et al., 2016;
Quevedo et al., 2017). Furthermore, other baseline alterations in TRD
patients as compared to healthy subjects, such as elevated levels of
inflammatory cytokines and adipokines, have been reported and in-
dicate different metabolism profiles which may impact sensitivity to a
drug over time (Kiraly et al., 2017; Machado-Vieira et al., 2017). A
large, well-controlled study examining both behavioral and neurophy-
siological differences in TRD patients receiving repeated infusions
compared to a single ketamine infusion across doses, other than the
standard clinically-prescribed dose of 0.5 mg/kg, i.v., is necessary to
determine whether or not sensitization to the antidepressant effects of
ketamine truly occur.

Neuroimaging studies have provided useful insights into the neu-
rocircuitry mediating ketamine's antidepressant effects. Reviewed in
Lener et al. (2017), the anterior cingulate cortex, in communication
with the medial prefrontal cortex (mPFC) and hippocampus, appear to
be keycircuitry mediating the acute antidepressant effects of ketamine
in healthy and depressed subjects. However, ketamine-induced brain
activation is more widespread, and includes regions of the reward-

circuitry, which is involved in the pathogenesis of depression as well as
addiction. Pharmacological magnetic resonance imaging (phMRI) ac-
quired during a single infusion of low-dose ketamine in healthy male
subjects revealed activation of the caudate and putamen regions as well
as the mPFC and dorsolateral PFC (dlPFC), all of which play important
roles in mediating the rewarding and/or reinforcing effects of drugs
such as cocaine, morphine, and alcohol (Doyle et al., 2013; Scofield
et al., 2016). High doses of ketamine have also been shown to alter
mPFC and dlPFC function since chronic ketamine abusers showed in-
creased dopamine 1 receptor binding due potentially to a reduction in
dopamine signaling in both regions (Narendran et al., 2005).

It is possible that reward-circuitry activation is partly responsible
for mediating the antidepressant actions of ketamine. Indeed, ventral
striatum activation during positron emission tomography (PET) ima-
ging was increased following two ketamine infusions (0.5 mg/kg, i.v.)
in depressed subjects and correlated with the score of antidepressant
response (Nugent et al., 2014). Along the same line, using magne-
toencephalography (MEG), subjects’ ratings of a “blissful state” during a
low-dose ketamine infusion (0.25 mg/kg bolus, 0.375 mg/kg/1 h, i.v.)
correlated positively with increased frontoparietal activation
(Muthukumaraswamy et al., 2015). Given that human cocaine addicts
also show frontoparietal activation when exposed to drug-related sti-
muli (Costumero et al., 2017), it is possible the same neurocircuitry
mediating the antidepressant effects of ketamine could also contribute
to its abuse potential. However, it should be noted that the neuroima-
ging studies, to date, have only examined the acute effects of ketamine;
thus, neuroimaging studies combined with chronic ketamine treatment
are necessary to elucidate the mechanism mediating the long-term
antidepressant effects of ketamine as well as its abuse potential.

In recent years, few case reports have documented the development
of a full-blown ketamine addiction following clinical treatment of de-
pression with repeated low-dose ketamine (Bonnet, 2015; Schak et al.,
2016). While definitive conclusions about these few cases cannot be
made, they highlight the need for more thorough research in humans to
address the addictive potential of repeated treatments with ketamine.
Statistics on ketamine abuse in the United States indicate that the
majority of ketamine abusers are young adults (WHO, 2012), while
ketamine abusers in East and Southeast Asia comprise in majority of
adolescents and young adults as well (UNODC, 2013). Given that de-
pression and addiction are the two most prevalent mental disorders
observed among adolescents and because of the high comorbidity rate
between them (Andrews et al., 2002; Kaminer et al., 2007), it is crucial
to explore the safety of repeated ketamine infusions at this critical
developmental period.

Additionally, depression is twice as prevalent in women as com-
pared to men (Whiteford et al., 2013), is highly comorbid with addic-
tion (Ng et al., 2017), and women who recreationally abuse ketamine
report more severe symptoms during withdrawal from ketamine, con-
comitant substance use, and more cognitive impairments when com-
pared to men (Chen et al., 2014). As we will discuss later, animal stu-
dies have also reported a heightened sensitivity to antidepressant and
addictive effects of ketamine in females compared to males (Carrier and
Kabbaj, 2013; Franceschelli et al., 2015; Schoepfer et al., 2017; Strong
et al., 2017; Zanos et al., 2016). The meta-analysis mentioned above
analyzed gender and age as factors across the 11 studies and found no
effect of either (Cho et al., 2005), and a recent report found no evidence
of gender nor age being significant predictors of ketamine's anti-
depressant efficacy (Niciu et al., 2014). Rather, Niciu et al., reported
that previous suicide attempts, body mass index, and a family history of
alcoholism to be significant predictors of antidepressant response. It
should be noted, however, that most clinical ketamine studies examined
the antidepressant effects of ketamine at one dose (0.5 mg/kg i.v.), and
therefore a dose-response study is necessary to further elucidate whe-
ther there are sex differences in ketamine's antidepressant effects in
humans. In fact, clinical trials are underway to examine the efficacy of
different doses of ketamine in adult men and women suffering from

C.E. Strong, M. Kabbaj Neurobiology of Stress 9 (2018) 166–175

167



TRD (doses ranging from 0.1 mg/kg to 0.5 mg/kg i.v.) (ClinicalTrials.
gov, Identifier: NCT01558063). Another clinical trial is also underway
to examine the effects of low-dose ketamine in adolescents with TRD
(ClinicalTrials.gov, Identifier: NCT02078817). These clinical studies
could clarify whether an interaction between sex and any of the three
aforementioned predictors of antidepressant response exists.

2.2. Preclinical evidence

In line with clinical studies, a single intraperitoneal (i.p.) injection
of low-dose ketamine (5–10 mg/kg) elicits rapid antidepressant-like
effects in adult male rodents, demonstrated by areduction in forced
swim test (FST) immobility time, an antidepressant effect that is sus-
tained for 3–7 days (Li et al., 2010; Autry et al., 2011). Furthermore,
our lab was the first to show that adult female rodents are more sen-
sitive to the acute antidepressant effects of ketamine, responding to a
dose (2.5 mg/kg, i.p.) that was sub-threshold in male rats (Carrier and
Kabbaj, 2013). These findings have since been replicated in rats and
mice Franceschelli et al., 2015; Zanos et al., 2016) and expanded upon,
as recent evidence suggests this increased sensitivity is mediated by the
presence of the ovarian hormones estrogen and progesterone (Dossat
et al., 2018; Saland et al., 2017) as well as sex differences in ketamine
metabolism (Zanos et al., 2016).

When compared to adult males, juvenile male rats are less sensitive
to ketamine's antidepressant effects. Indeed, they required a higher
dose of a single ketamine injection to elicit an antidepressant-like re-
sponse measured in the FST (20 mg/kg, i.p.) (Parise et al., 2013). Under
chronic treatment (20 mg/kg, i.p. bi-daily, 15 days) however, both ju-
venile and adult male rats showed an anti-depressant response mea-
sured in the FST, and anxiolytic response measured in the elevated plus
maze (EPM) (Parise et al., 2013). It remains unclear, however, whether
juvenile female rats also have a heightened sensitivity to ketamine's
antidepressant effects.

In C57BL/6J adult mice however, repeated ketamine treatment
(10 mg/kg; 21days) induced an antidepressant-like effect in male mice,
but induced anxiety and depressive-like behaviors in female mice
(Thelen et al., 2016), suggesting that the effects of repeated effects of
ketamine on depression like-behaviors might be species and sex speci-
fic.These findings also indicate a change in response to low-dose keta-
mine following repeated administration in both sexes. No studies so far
have examined the effects of such treatments in juvenile male and fe-
male mice.

It should be noted that the studies mentioned above assessed the
effects of repeated ketamine only in stress-naïve rodents. The ex-
amination of ketamine's effects in Wistar Kyoto (WKY) rats, which are
known to display putative depressive-like behaviors (Pare and Redei,
1993), revealed that 2-weeks of daily ketamine (0.5–2.5 mg/kg, i.p.)
injections to adult females resulted in a dose-dependent and prolonged
antidepressant effect (Tizabi et al., 2012), suggesting that the effects of
repeated ketamine administration produce differential antidepressant
effects depending on genetic predisposition and vulnerability to stress.
Recently, studies have reported the use of ketamine, albeit at higher
doses (30 mg/kg, i.p.), as prophylactic to prevent negative outcomes of
stressful situations. This was demonstrated in male mice where pro-
phylactic ketamine prior to stress reduced freezing in a fear con-
ditioning paradigm (McGowan et al., 2017). It will be thus interesting
to determine whether such effects seen in male adult mice would be
replicated in adult female and juvenile male and female mice.

Repeated administration of ketamine, which is necessary to sustain
an antidepressant response in humans, may have an abuse potential.
Ketamine, like most drugs of abuse, can induce sensitization to its lo-
comotor activating effects. In both sexes of rats, daily administration of
ketamine induces sensitization to its locomotor-activating effects
(Table 1) (Botanas et al., 2015; Wiley et al., 2011). Intermittent, every
other day administration of ketamine induced locomotor sensitization
in both sexes, but females were more sensitive as locomotor

sensitization occurred at lower doses (2.5 mg/kg, i.p.) when compared
to males (5 mg/kg, i.p.) (Schoepfer et al., 2017). Interestingly, beha-
vioral sensitization in both sexes was positively correlated with ΔfosB
–a marker of long-term plasticity-expression in the NAc (Schoepfer
et al., 2017).

When compared to male rats, the increased sensitivity of female rats
to the locomotor-activating effects of low-dose ketamine (2.5 mg/kg,
i.p.) was also maintained when ketamine was administered at longer
intervals (i.e. once weekly). Increased NAc shell dendritic spine density
and NAc protein expression of GluA1 was associated with the heigh-
tened locomotor response in both sexes, while other targets such as
ΔfosB, CaMKIIα, and BDNF were increased only in sensitized males but
not females (Strong et al., 2017). It is therefore clear that both male and
female rats develop sensitization to the locomotor activating effects of
ketamine, but with differing sensitivities.

Furthermore, the molecular mechanisms associated with behavioral
plasticity are sex-dependent. These studies highlight the importance of
potential sensitizing effects of repeated, low-dose ketamine adminis-
tration as well as the sex-specific mechanisms that may mediate keta-
mine sensitization.

Juvenile male rats injected with an effective antidepressant dose of
ketamine (20 mg/kg, i.p.) were more sensitive to its acute locomotor-
activating effects as compared to adults (Parise et al., 2013; Rocha
et al., 2017). However, sensitization to the locomotor activating effects
of ketamine occurred in both adolescent and adult male rats (Rocha
et al., 2017). At lower doses of ketamine (3–10 mg/kg, i.p.), which is an
ineffective antidepressant dose in male juvenile rats, adult, but not
juvenile male rats, developed ketamine-induced sensitization to its lo-
comotor activating effects (Wiley et al., 2008). Interestingly, at these
lower doses (3–10 mg/kg, i.p.), female juvenile and adult rats devel-
oped sensitization to ketamine locomotor activating effects (Wiley
et al., 2011). Together, these data indicate that, compared to juvenile
male rodents, juvenile female rodents are likely more sensitive to the
locomotor-activating effects of ketamine.

This differential sensitivity to ketamine in both sexes at the juvenile
period could be explained by levels of circulating gonadal hormones.
Indeed, estrogen and progesterone are detected in the bloodstream
around PND 28, albeit at lower concentrations when compared to
adults (Vetter- O’Hagen and Spear, 2012), and given the potential role
ovarian hormones play in enhancing ketamine's reinforcing properties
in adult rodents (Wright et al., 2017), the same could be true for ju-
venile rodents. In support of this idea is the fact that the locomotor-
activating effects of low-dose ketamine in preadolescent animals
(< PND28) was similar between males and females (McDougall et al.,
2017). It is also possible that ketamine metabolism is different between
juveniles and adults as well as males and females since there are sex-
divergent changes in various metabolic enzymes across the rodent
lifespan. In fact, the P450 family of enzymes, which make up the first
phase of drug metabolism for many drugs including ketamine
(Santamaria et al., 2014; Zheng et al., 2017), decrease across the life-
span in both sexes of mouse (Fu et al., 2012).

Conditioned place preference (CPP) and conditioned place aversion
(CPA) are models of Pavlovian conditioning that pairs a conditioned
stimulus (a previously neutral stimulus, i.e. novel environment) with an
unconditioned stimulus (i.e. drug injection) to ascertain positive (CPP)
or negative (CPA) associations between the two stimuli (Tzschentke,
2007; Scofield et al., 2016). It is well established that low doses of
ketamine (5–10 mg/kg, i.p.) induce CPP in male rodents (Table 1)
(Botanas et al., 2015; Li et al., 2008; Schoepfer et al., 2017; Suzuki
et al., 2000). However, low-dose ketamine (5 mg/kg, i.p.) induced CPA
in female rats, suggesting that the “rewarding” effects of ketamine at
low doses may be sex-specific (Schoepfer et al., 2017). Furthermore,
weekly administration of ketamine during the conditioning phase did
not induce CPP or CPA in males and, as shown earlier with shorter
conditioning sessions, produced a CPA in female rats (Strong et al.,
2017). These studies suggest that, in male subjects, the “rewarding”
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properties of ketamine at low doses may be more prevalent when the
conditioning sessions are shorter time intervals apart (daily versus
weekly), and that female rodents may be more sensitive to the aversive
effects of low-dose ketamine. It should be noted, though, that drugs
inducing aversion can still induce locomotor sensitization and have
reinforcing properties, as is the case with alcohol (Rustay et al., 2001;
Camarini and Pautassi, 2016). In fact, ketamine at low doses induces
CPA in female rats, but the same doses cause sensitization to their lo-
comotor activating effects and as we will see later have reinforcing
effects.

The rewarding properties of low-dose ketamine in juvenile rodents
have not been thoroughly investigated. In the one study that has ex-
amined this topic, juvenile male rats chronically administered low
doses of ketamine (5, 10, and 20 mg/kg, i.p.) failed to form a place
preference at any dose tested, indicating that ketamine may not be
rewarding in this age group (Parise et al., 2013). More work is therefore
necessary, in both sexes, to fully elucidate the rewarding properties of
repeated exposure to low-dose ketamine in younger animals. The re-
inforcing properties of ketamine at high doses is evident as demon-
strated by adult male rodents’ propensity to self-administer ketamine
(0.5 mg/kg/infusion, i.v.) under various schedules of reinforcement
(Caffino et al., 2016, 2017; DeLuca and Badiani, 2011; van der Kam
et al., 2007; Venniro et al., 2015). Escalation of ketamine self-admin-
istration is observed as the schedule of reinforcement is increased from
fixed ratio 1 (FR1) to FR5 and occurs in a dose-dependent manner, as
demonstrated by increased number of ketamine infusions at the highest
dose (0.5 mg/kg, i.v.) compared to the lowest dose tested (0.125 mg/kg,
i.v.) (DeLuca and Badiani, 2011). While DeLuca and Badiani tested low-
dose ketamine self-administration in male rats, there is only one study
to date to investigate this in both sexes, which assessed intermittent,

low-dose ketamine self-administration under an FR1 schedule of re-
inforcement (Wright et al., 2017) (Table 1). Male rats and female rats in
proestrous acquired ketamine self-administration, while females in
diestrous did not, implicating a potential role for ovarian hormones in
mediating the reinforcing effects of low-dose ketamine. Furthermore,
males and females in proestrous, but not diestrous, reinstated to cues,
but not to ketamine, indicating that ketamine-related cues play a cru-
cial role in mediating ketamine craving and relapse behaviors in both
sexes (Wright et al., 2017). Based on the data presented above, it is
clear that ketamine, at low doses, even if administered intermittently,
can elicit abuse potential in both sexes, though female rodents are more
sensitive to these effects. Additionally, the enhanced sensitivity of fe-
male rodents to the reinforcing properties of low-dose ketamine might
be mediated by ovarian hormones. No studies to date have examined
ketamine self-administration in juvenile rodents, making it difficult to
assess the reinforcing and motivational properties of ketamine within
this subpopulation. While locomotor sensitization suggests a similar
abuse potential profile in juvenile rodents as compared to adults, where
females are more sensitive to the locomotor-activating effects of keta-
mine as compared to males, more CPP and self-administration studies
are necessary to further our understanding of the safety of repeated
ketamine infusions among the adolescent population.

Studies examining ketamine self-administration at low doses have
not yet examined the molecular mechanisms underlying ketamine's
reinforcing effects. At high doses, ketamine self-administration in adult
rats induces phosphorylation of calcium calmodulin kinase II alpha
(CaMKIIα) in the nucleus accumbens (NAc), which leads to increased
transcription and facilitation of AMPAR trafficking to the membrane
(Kristensen et al., 2011) and increased phosphorylation of the GluN2B
subunit of the NMDAR (Caffino et al., 2017), which has a higher

Table 1
Summary of the addictive properties of low-dose ketamine in rodents and molecular correlates. Female adolescent and adult rodents are more sensitive to the
locomotor-activating effects of ketamine. The reinforcing properties of ketamine in females are mediated by the presence of ovarian hormones.

Sex Age Dose R.O.A. Treatment Regimen Behavioral Response Molecular Change References

Male Adult 100 μg per inf i.v. 1x/4 days ↑ FR1 self-administration n/a (Wright et al., 2017)
↑ cue-induced reinstatement

2.5 mg/kg i.p. 1x/2 days no change ↑NAc ΔfosB (Schoepfer et al., 2017)
Weekly no change ↑ NAc shell spines (Strong et al., 2017)

5 mg/kg i.p. Daily ↑ locomotor sensitization n/a (Botanas et al., 2015)
↑ CPP

1x/2 days ↑ locomotor sensitization ↑NAc ΔfosB (Schoepfer et al., 2017)
Weekly ↑ locomotor sensitization ↑ NAc ΔfosB (Strong et al., 2017)

↑ NAc GluA1
↑ NAc BDNF
↑ NAc CaMKIIα
↑ NAc shell spines

10 mg/kg i.p. Daily ↑ locomotor sensitization n/a (Wiley et al., 2008)
↑ CPP n/a (Li et al., 2008)

1x/2 days ↑ locomotor sensitization ↑ NAc ΔfosB (Schoepfer et al., 2017)
↑ CPP

Female Adult 100 μg per inf i.v. 1x/4 days ↑ FR1 self-administration (proestrous) n/a (Wright et al., 2017)
↑cue-induced reinstatement (proestrous)
↓FR1 self-administration (diestrous)
↓ cue-induced reinstatement (diestrous)

2.5 mg/kg i.p. 1x/2 days no change ↑NAc ΔfosB (Schoepfer et al., 2017)
Weekly ↑ locomotor sensitization (diestrous) ↑ NAc shell spines (Strong et al., 2017)

5 mg/kg i.p. 1x/2 days ↑ locomotor sensitization ↑NAc ΔfosB (Schoepfer et al., 2017)
↓ CPP

Weekly ↑ locomotor sensitization ↑ NAc GluA1 (Strong et al., 2017)
↓ CPP (diestrous) ↑ NAc core spines

↑ NAc shell spines
10 mg/kg i.p. Daily ↑ locomotor sensitization n/a (Wiley et al., 2011)

1x/2 days ↑ locomotor sensitization ↑NAc ΔfosB (Schoepfer et al., 2017)
Male Adolescent 10 mg/kg i.p. Daily no change n/a (Wiley et al., 2007)

20 mg/kg i.p. Daily ↑ locomotor sensitization no change in CPP n/a (Rocha et al., 2017)
n/a (Parise et al., 2013)

Female Adolescent 10 mg/kg i.p. Daily ↑ locomotor sensitization n/a (Wiley et al., 2011)

(inf = infusion; i.p. = intraperitoneal; CPP = conditioned place preference; NAc = nucleus accumbens; GluA1 = AMPA receptor 1; CaMKIIα = calcium calmodulin
kinase II alpha).
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sensitivity to calcium (Ca2+) than other NMDA subunits (Evans et al.,
2012). These molecular changes induce a hyperexcitable state in the
NAc, which is also observed following chronic exposure to other drugs
of abuse such as alcohol, another NMDAR-antagonist (Ron and Barak,
2016). It is therefore important to examine whether these molecular
changes will also occur at therapeutic low doses of ketamine, and it is
particularly important to further delve into the molecular mechanisms
mediating the reinforcing properties of chronic exposure to low-dose
ketamine as a treatment for depression.

Examination into the consequences of repeated treatment with ke-
tamine, an NMDAR-antagonist, during adolescence is still lacking but is
extremely important given the large-scale reorganization and receptor
pruning occurring in the brain at this time-sensitive period (Spear,
2000). For instance, expression of the obligatory GluN1 subunit of the
NMDAR fluctuates in a brain-region specific manner such that PFC
GluN1 expression peaks in early postnatal days (PNDs) and steadily
declines throughout adulthood (Ontl et al., 2004) whereas hippocampal
GluN1 expression rapidly increases from PND2-10 and remains stable
into adulthood (Sans et al., 2000). Interestingly, female rodents show a
more robust GluN1 enhancement in the PFC compared to males, though
this has yet to be examined in the hippocampus (Ontl et al., 2004).

The GluN2 subunit also peaks in early PNDs throughout the brain. A
“switch” in expression levels of GluN2A and GluN2B occurs such that
GluN2B expression peaks prenatally and declines over time whereas
GluN2A expression gradually increases over time (Sans et al., 2000;
Laurie et al., 1997). Given the enhanced Ca2+-permeability of GluN2B
(Monyer et al., 1994; Paul and Connor, 2010) and its role in mediating
the addictive properties of ketamine (Caffino et al., 2017), repeated
treatment with ketamine across different developmental periods could
have differential effects given that its putative mechanism of action is
through the blockade of NMDARs. As such, it is particularly important
to examine the effects of repeated, low-dose ketamine can have on the
developing brain.

3. Cognitive deficits induced by repeated ketamine infusions

3.1. Clinical evidence

Ketamine induces schizophrenia-like symptoms and leads to deficits
in memory recall and executive functions (Liang et al., 2013, 2015;
Newcomer et al., 1999; Tang et al., 2015). The severity of these deficits
varies with the individual, the dose, and the chronicity of intake. Most
available data examining the effects of ketamine on cognition was
collected in ketamine users. While infrequent ketamine users (∼1x/
month) show elevated levels of dissociative symptoms, frequent keta-
mine users (> 4x/week) display feelings of dissociation along with
long-lasting deficits in recognition memory and working memory
(Morgan et al., 2010). In addition, frequent users continue to experi-
ence memory deficits three days after drug use as well as after pro-
longed abstinence periods (> 30 days) (Curran and Monaghan, 2001;
Liang et al., 2013). Furthermore, about a third of ketamine-dependent
subjects suffered from substance-induced psychotic disorder (Liang
et al., 2015). In TRD patients administered a single, low-dose infusion
of ketamine, patients experience dissociative effects and transient def-
icits in memory recall that dissipate within two hours (Adler et al.,
1998; Malhotra et al., 1996; Murrough et al., 2015). This has since been
extended to studies examining the effects of repeated, low-dose

ketamine infusions and suggests that a portion of patients experience
transient dissociative effects that do not seem to be long-lasting (Cusin
et al., 2017; Diamond et al., 2014; Shiroma et al., 2014b). Despite this,
low-dose ketamine still leads to delusions and mild hallucinations and it
remains unknown whether longer treatment timeframes will lead to
cognitive deficits. For these reasons, it is tremendously important to
further examine the cognitive side effects of receiving repeated, low-
dose ketamine infusions for the treatment of depression.

Cognitive impairments in attention, memory, and executive func-
tion are usually associated with depressive disorders (reviewed in Roca
et al., 2015). Interestingly, TRD patients with lower baseline levels of
neurocognitive performance respond better to acute antidepressant ef-
fects of ketamine and do not exhibit cognitive impairments. Contrast-
ingly, TRD patients with higher baseline neurocognitive performance
were more likely to not benefit from ketamine's antidepressant effects
and they experience cognitive deficits in working memory and pro-
cessing speed (Murrough et al., 2015). A follow-up study reported that
reduced baseline cognition predicted ketamine's antidepressant efficacy
in patients administered six infusions thrice weekly (Shiroma et al.,
2014b). Supporting the idea that ketamine-induced cognitive deficits
occur in only a subset of TRD patients, it was recently reported that six
low-dose ketamine infusions over two weeks caused amnesia and de-
personalization in one third of patients while two thirds reported
thoughts of derealization (Cusin et al., 2017). Accordingly, these stu-
dies suggest that baseline cognition could be used as a predictor of
ketamine antidepressant efficacy and highlight the importance of in-
dividual differences in the cognitive-impairing effects of ketamine,
further supporting the need for more studies examining the long-term
consequences on cognition of repeated exposures to low doses ketamine
to treat depression. Given that baseline neurocognitive performance
predicts the antidepressant efficacy of ketamine, it is possible that ke-
tamine is rescuing the homeostatic imbalance in cognition that some
TRD patients experience. While the common ketamine dose adminis-
tered to TRD patients (0.5 mg/kg, i.v.) may be necessary for these in-
dividuals, patients with higher baseline cognition may require a much
lower dose of ketamine.

Interestingly, patients with a family history of alcoholism report no
instances of dissociative symptoms when receiving low-dose ketamine
(0.5 mg/kg, i.v.) infusions (Fig. 1) (Petrakis et al., 2004). In fact, sub-
jects with a family history of alcoholism are less sensitive to the effects
of the NMDAR-antagonist, memantine, likely because of increased
NMDAR-function (Jamadar et al., 2012). Furthermore, subjects with a
family history of alcoholism show baseline deficits in executive function
and working memory, as demonstrated by their low performance scores
on the Wisconsin Card Sorting Task (Gierski et al., 2013), and post-
mortem human studies showed increased expression of Grin2B mRNA
in the PFC and hippocampus of alcohol-dependent subjects (Farris and
Mayfield, 2014; Zhou et al., 2011), suggesting that the level of baseline
cognitive performance may be mediated by NMDAR-function and could
be altered by ketamine.

Contrastingly, patients with schizophrenia, which is associated with
NMDAR-hypofunction (Seshadri et al., 2018), are more sensitive to
ketamine's cognitive-impairing effects, compared to healthy human
subjects (Lahti et al., 2001). Indeed, acute infusion of ketamine
(0.5 mg/kg, i.v.) re-activated states of psychosis in many schizophrenic
patients tested (Lahti et al., 1995).

Though the effects of ketamine at doses lower than 0.5 mg/kg, i.v.

Fig. 1. Schematic representing the inverse relationship
between the level of ketamine-induced antidepressant
response and cognitive deficits experienced during a ke-
tamine infusion. When administered a single, low-dose
ketamine infusion (0.5 mg/kg, i.v.), patients exhibiting
fewer cognitive impairments experience an increased
antidepressant response. (TRD = treatment resistant de-
pression).
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have not yet been examined in the context of cognition in TRD patients,
healthy volunteers still experience dissociative effects when adminis-
tered 0.3 mg/kg, i.v., but not 0.1 mg/kg, i.v. while schizophrenic pa-
tients experience these symptoms across all doses (Lahti et al., 1995,
2001).

These data suggest that baseline cognition may predict sensitivity to
the cognitive-altering effects of ketamine. Future studies should con-
sider screening for baseline cognitive performance prior to treating TRD
patients with repeated ketamine infusions.

Gender and gonadal hormones seem to be important factors when
examining ketamine's effects on cognition. A meta-analysis examining
studies administering acute ketamine infusions with doses ranging from
0.5 to 1.3 mg/kg, i.v., reported that men are more sensitive to keta-
mine-induced deficits in memory and verbal recall (Morgan et al.,
2006). Specifically, men administered a single ketamine infusion dis-
played enhanced verbal and subjective memory impairments, as mea-
sured by the Hopkins Verbal Learning Task and Clinician-Administered
Dissociative States Scale (CADSS) (Morgan et al., 2006). At baseline
conditions, women show better verbal recall memory when compared
to men (Sundermann et al., 2016), an effect likely associated with cir-
culating levels of estrogen (Hampson, 1990). Estrogen enhances
NMDAR function and increases synaptogenesis in the hippocampus
(Gazzaley et al., 1996; Tuscher et al., 2016a; b), thus it is possible that
fluctuating levels of ovarian hormones in women, especially estrogen,
can be protective against deficits in cognitive function induced by low-
dose ketamine.

Healthy volunteers subjected to phMRI testing during an acute in-
fusion with low-dose ketamine displayed increased BOLD activation
throughout the PFC that was attenuated by pre-treatment with either
the antipsychotic, risperidone, or the anticonvulsant, lamotrigine
(Doyle et al., 2013). Given that these drugs act on a variety of receptors
such as dopamine and serotonin receptors as well as GABA and gluta-
mate receptors, respectively, it is possible that the cognitive-impairing
effects of ketamine are mediated by a wide variety of neurotransmitter
systems. It should be noted, though, that the brain circuits mediating
ketamine responses could be different in depressed patients compared
to healthy controls. The PFC plays a critical role in executive function
and memory processing and does not reach full maturation until around
25 years of age in humans (Tsujimoto, 2008). For this reason, and be-
cause the cognitive deficits induced by ketamine likely implicate a
circuit including the PFC, it is important to further explore the con-
sequences of repeated ketamine treatments in TRD adolescents. Though
the first clinical trial for treating adolescents with TRD is still un-
derway, the study description indicates that adolescents will be ad-
ministered repeated, low-dose ketamine infusions and subjected to both
the BPRS and CADSS to examine the effects of ketamine on cognition
within this age group (ClinicalTrials.gov, Identifier: NCT02078817),
which will hopefully provide insight into these effects in a younger
population.

3.2. Preclinical evidence

In animal models, the effects of ketamine on cognition depend upon
dose, whether the drug is administered acutely or chronically, as well as
stress conditions. For example, stress-naïve male rats subjected to the
five-choice serial reaction time task (5-CSRTT), which measures sus-
tained attention and memory processing speed by testing the time it
takes a rodent to detect and respond to a brief cue light that is randomly
associated with a particular hole, exhibit deficits when administered
both low and high doses of ketamine. Indeed, an acute, low-dose ke-
tamine (10 mg/kg, i.p.) injection attenuated both attention and pro-
cessing speed on the 5-CSRTT in male rats, and chronic exposure to a
high dose of ketamine (30 mg/kg, i.p.) also induced deficits in attention
and processing speed, though the deficits induced by chronic, high-dose
ketamine were greater and sustained for a longer time period than the
deficits observed following acute, low-dose ketamine (Nikiforuk and

Popik, 2014a). The cognitive deficits induced by ketamine appear to be
heavily time-dependent as well, since one report indicated deficits on
an attentional set-shifting task (ASST), which measures executive
function by testing for food reward via odor discrimination, when low-
dose ketamine (10 mg/kg, i.p.) was administered 50 min prior to testing
but not when ketamine was administered 3 and 24 h prior to testing,
suggesting that the cognitive-impairing effects of low-dose ketamine are
transient (Kos et al., 2011). Interestingly, though, chronically stressed
male rats exposed to ASST, displayed baseline deficits in the ASST that
were rescued by acute, low-dose (10 mg/kg, i.p.) administration of
etamine (Nikiforuk and Popik, 2014b). These data suggest that while
acute, low-dose ketamine may enhance cognitive deficits in stress-naïve
rodents, it actually rescues stress-induced cognitive deficits in chroni-
cally stressed male rodents.

Chronic administration of high doses of ketamine (30 mg/kg, i.p.) to
stress-naïve male rats also induced deficits in a novel object recognition
(NOR) task, which measures recognition memory by testing the amount
of time a rodent spends with a novel compared to a familiar object
(reviewed in Neill et al., 2010). These behavioral deficits were asso-
ciated with decreases in the number of hippocampal and PFC GA-
BAergic parvalbumin neurons (Hauser et al., 2017; Keilhoff et al., 2004)
and increased glutamate receptor binding sites and dopamine 2 re-
ceptor (D2R) binding sites (Becker et al., 2003), suggesting that chronic
exposure to a high dose of ketamine induces a hyperexcitable state.

Repeated administration of ketamine at low doses (5 mg/kg, i.p.) to
male mice induced hippocampal CA3 cell death, demonstrated by ca-
space-3 labeling, suggesting that repeated exposure to low doses of
ketamine induces apoptotic effects in stress-naïve male rodents
(Majewski-Tiedeken et al., 2008) (Table 2). It is therefore important to
examine whether similar effect would be observed in mice that were
chronically stressed.

Given that the age and sex can influence sensitivity to ketamine's
antidepressant and addictive effects, it is imperative to understand the
effects of repeated, low-dose ketamine treatments have on cognitive
performance and the molecular changes associated with it in both sexes
as well as during different developmental periods. Sub-chronic ex-
posure to a high dose of ketamine (30 mg/kg, i.p.), used as a putative
animal model of schizophrenia, induces cognitive behavioral deficits in
a sex-dependent manner. When assessing short- and long-term memory
function with the hole-board test, which measures the number of times
a previously trained rodent visits food-reward associated holes, male
rats were more sensitive to ketamine-induced deficits in working and
long-term memory compared to female rats. However, when tested for
pre-pulse inhibition (PPI), which assesses sensory gating by measuring
a startle reflex following an auditory cue, ketamine induced deficits in
female but not male rats (Kekesi et al., 2015). Deficits in PPI are as-
sociated with an inability to filter irrelevant sensory inputs (Neill et al.,
2010), and animal models of schizophrenia reliably reduce pre-pulse
inhibition of the acoustic startle reflex (reviewed in Neill et al., 2010).
Evidence from female rodents suggests that the presence of ovarian
hormones may protect against deficits in PPI since ovariectomy (OVX)
reduced while estrogen rescued PPI deficits in a dose-dependent
manner (Van den Buuse and Eikelis, 2001). Furthermore, OVX female
rats displayed a reduction in PPI following acute, low-dose adminis-
tration of ketamine (10 mg/kg, i.p.) that was subsequently rescued
following treatment with estrogen and progesterone, but not estrogen
on its own (van den Buuse et al., 2015).

Similarly, repeated administration of low-dose ketamine (5 mg/kg,
i.p.) to neonate rat pups tested for PPI in adulthood led to reductions in
the percentage of PPI in males and females in diestrous while actually
improving percentage of PPI in female rats in proestrous, the estrus
phase when circulating estrogen and progesterone are at their highest
levels. Interestingly, neither male nor female rats tested for PPI in
adolescence displayed deficits, suggesting that adolescent rats of both
sexes may be less susceptible to impairments in sensory gating (Celia
Moreira Borella et al., 2016). In adults, changes in PPI behavior was
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associated with enhancement of hippocampal oxidative stress pathways
in males and females in diestrous, but not in proestrous females, as
demonstrated by reduced levels of glutathione (GSH) and increased
levels of malondialdehyde (MDA) and nitrite (Celia Moreira Borella
et al., 2016) (Table 2). These results suggest that sensory gating deficits
induced by low-dose ketamine are mediated, at least in part, by oxi-
dative stress pathways in a sex- and cycle dependent manner.

While male rodents were more sensitive to the memory-impairing
effects of ketamine at high doses, neonatal administration of low-dose
ketamine (5 mg/kg, i.p.) induced spatial working memory deficits in
adult males and females (Celia Moreira Borella et al., 2016). Further-
more, adolescent male rodents administered ketamine neonatally dis-
play impairments in spatial working memory, tested by the y-maze,
whereas adolescent females were unaffected, suggesting that adoles-
cent, but not adult, male rats are more sensitive to the memory-im-
pairing effects of ketamine (Celia Moreira Borella et al., 2016). Given
that this is the only study to date to examine the effects of repeated,
low-dose ketamine on cognition in both sexes and ketamine adminis-
tration occurred neonatally, it is difficult to interpret whether the ob-
served effects would be the same if ketamine administration occurred
during adulthood. Furthermore, all of the above-mentioned studies
occurred in stress-naïve rodents, and given that stress itself can induce
cognitive deficits, it remains unclear what the effect of repeated treat-
ment with low-dose ketamine would be on cognition in a chronically
stressed state in both sexes.

Acute ketamine administration (25 mg/kg, i.p.) to adolescent male
rats (∼4 weeks old) led to deficits in the NOR task, suggesting deficits
in long-term memory retrieval (Silvestre de Ferron et al., 2015). The
observed memory impairments in juvenile male rats were associated
with a loss of NMDA-dependent long-term depression (LTD) in the
hippocampus that was mediated by enhanced function of the GluN2B
subunit (Silvestre de Ferron et al., 2015). Since the NOR is a hippo-
campus-dependent task (reviewed in Cohen and Stackman, 2015), this
suggests that the loss of LTD induced a hyperexcitable state in the
hippocampus that may have mediated the impairments in memory re-
trieval of juvenile male mice (Silvestre de Ferron et al., 2015).

Chronic exposure to a higher dose of ketamine (20 mg/kg, i.p.) is
necessary to elicit an antidepressant-like response in juvenile male mice
(Parise et al., 2013). This treatment regimen not only impairs memory

but also induces a delayed onset of aberrant social behavior in juvenile
mice. In the radial arm water maze test, which assesses spatial working
memory, chronic administration of ketamine (20 mg/kg, i.p.) to juve-
nile male mice, from PND weeks 4–7, increased latency as well as the
number of errors that occurred to find a hidden platform, a deficit that
was normalized when the mice were tested later in adulthood (Nagy
et al., 2015). In the social interaction test, repeated exposure to keta-
mine (20 mg/kg, i.p.) during adolescence, from PND weeks 4–7, did not
alter any measures of social interaction in juvenile mice, but social
interaction was disturbed when mice became adults (Nagy et al., 2015).

Repeated administration of ketamine (20 mg/kg, i.p.) to adult male
mice leads to impairments in working memory, tested by the radial arm
maze, and a reduction in hippocampal excitatory amino acid trans-
porter-2 (EAAT2) (Featherstone et al., 2012). EAAT2 is an astrocytic
transporter that regulates glutamate clearance, and a reduction in
EAAT2 expression can lead to increased extracellular glutamate over-
flow that can bind to glutamate receptors on nearby neurons and en-
hance long-term potentiation (Shen et al., 2011). Repeated ketamine
(20 mg/kg, i.p.) administration to juvenile male mice, from PND weeks
4–7, does not affect hippocampal EAAT2 expression when measured
during the same period, but leads to a reduction in its expression when
measured during adulthood (Dodman et al., 2015). Furthermore, ju-
venile male mice exposed to ceftriaxone, an EAAT2-antagonist, did not
exhibit ketamine-induced reduction in hippocampal EAAT2 expression
during adulthood. These results suggest that repeated, low-dose keta-
mine administration restricted to the period of adolescence leads to
cognitive impairments that are mediated by increased extracellular
glutamate as a result of reduced glutamate clearance, and can have
long-lasting behavioral and molecular effects in adulthood.

Altogether, the data suggest that adolescent male rodents are more
sensitive to the memory-impairing effects of repeated, low-dose keta-
mine administration, an effect likely mediated by a loss of hippocampal
LTD and an enhancement in glutamatergic signaling. However, no
studies to date have examined the effects of repeated, low-dose keta-
mine in chronically stressed adolescents, which may have different ef-
fects on cognition and neural circuitry. Thus, while studies are begin-
ning to shed light on the effects of low-dose ketamine during
adolescence, it is difficult to interpret in the context of depression.

Table 2
Summary of the cognitive-impairing effects of ketamine and their molecular correlates. Male adolescent and adult rodents are more sensitive to ketamine-induced
impairments in memory. Ovarian hormones protect against ketamine-induced cognitive impairments.

Sex Age Dose Treatment Regimen Stress Behavioral response Molecular effect References

Male Adult 5 mg/kg sub-chronic NS n/a ↑ CA3 caspace 3 activation (Majewski-Tiedeken et al., 2008)
↓ PPI ↑ HPC oxidative stress (Celia Moreira Borella et al., 2016)
↓ y-maze

10 mg/kg acute NS ↓ 5-CSRTT time n/a (Nikiforuk and Popik, 2014a,b)
CUS rescued ASST deficit n/a (Nikiforuk and Popik, 2014a,b)

20 mg/kg chronic NS ↑ radial arm maze latency ↓ HPC EAAT2 expression (Featherstone et al., 2012)
Female Adult 5 mg/kg sub-chronic NS ↑ PPI in proestrous n/a (Celia Moreira Borella et al., 2016)

↓ PPI in diestrous
↓ y-maze in proestrous
↓ y-maze in diestrous

10 mg/kg acute NS ↓ PPI in OVX females n/a (van den Buuse et al., 2015)
↑ PPI in E2+P4 females

Male Adolescent 5 mg/kg sub-chronic NS no effect on PPI n/a (Celia Moreira Borella et al., 2016)
↓ y-maze

20 mg/kg chronic NS ↑ radial arm maze latency ↓ HPC EAAT2 expression in adulthood (Nagy et al., 2015; Dodman et al., 2015)
↑ SIT duration in adulthood rescued with EAAT2 antagonist

25 mg/kg acute NS ↓ NOR ↓ HPC LTD (Silvestre de Ferron et al., 2015)
Female Adolescent 5 mg/kg sub-chronic NS no effect (PPI) n/a (Celia Moreira Borella et al., 2016)

no effect (y-maze)

(NS= non-stressed; CUS = chronic unpredictable stress; PPI = pre-pulse inhibition; 5-CSRTT = 5 choice serial reaction time test; ASST = attentional set-shifting
task; OVX = ovariectomized; E2 = estrogen; P4 = progesterone; SIT = social interaction test; NOR = novel object recognition; HPC = hippocampus;
EAAT2 = excitatory amino acid transporter 2; LTD = long-term depression.
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4. Conclusion

Both preclinical and clinical studies indicate that repeated treat-
ment with low-dose ketamine infusions can have addictive properties
and induce cognitive deficits. Animal studies suggest that adolescent
and adult female rodents are more sensitive to ketamine's abuse po-
tential, while adolescent and adult male rodents are more sensitive to
the memory-impairing effects following repeated ketamine exposure.
Furthermore, the presence of ovarian hormones enhances sensitivity to
the abuse potential of low-dose ketamine. In humans, it remains unclear
whether women are more sensitive to the antidepressant and addictive
potential of ketamine since most studies only examine one dose
(0.5 mg/kg, i.v.). A clinical trial examining the effects of ketamine
across a wide range of doses is currently underway, though, and should
provide insight on any effect of gender on antidepressant response in
the near future (ClinicalTrials.gov, Identifier: NCT01558063). Animal
studies examining the effect of repeated, low-dose ketamine exposure
suggest that adolescent and adult male rodents are more sensitive to
cognitive deficits induced by ketamine. The presence of ovarian hor-
mones protects against ketamine-induced cognitive deficits since fe-
male rodents with high levels of estrogen and progesterone are un-
affected by these adverse symptoms. In humans, it has been reported
that men are more sensitive to the impairments ketamine causes on
both episodic and semantic memory following repeated, low-dose in-
fusions. While no studies to date have reported on the effects of keta-
mine in human adolescents with TRD, a clinical trial administering
repeated, low-dose ketamine infusions is currently underway
(ClinicalTrials.gov, Identifier: NCT02078817), which should provide
insight on both the antidepressant and cognitive effects within this
subpopulation.

5. Unanswered questions

Regarding the safety of repeated ketamine infusions, it remains
unclear whether ketamine treatment for TRD further increases risk for
the development of addiction. While it is important to further examine
the addictive properties of ketamine, repeated low-dose infusions have
had groundbreaking therapeutic value in reducing suicidal ideation in
TRD individuals. From the literature reviewed above, it is clear that
ketamine, at low doses, has addictive properties. It remains unclear,
though, if repeated infusions of ketamine will increase propensity for
ketamine abuse or relapse to other addictive drugs following anti-
depressant treatment. To answer this, studies examining the effects of
slow, low-dose ketamine infusions on subsequent ketamine self-ad-
ministration are necessary. Additionally, there is evidence that (R)-ke-
tamine has less addictive properties compared to (S)-ketamine, but (S)-
ketamine is currently being tested in clinical trials because of its re-
duced psychotomimetic features and increased antidepressant efficacy
(Andrade, 2017), despite the fact that the psychotomimetic effects of
ketamine may actually improve antidepressant efficacy (Luckenbaugh
et al., 2014; Sos et al., 2013). Studies examining the antidepressant
effects of repeated (R)-ketamine infusions across different doses are also
necessary to potentially reduce risk for abuse and cognitive deficits.
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