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Abstract

Ketamine, a dissociative anesthetic and psychedelic compound, has revolutionized the field of
psychopharmacology by showing robust, and rapid-acting antidepressant activity in patients
suffering from major depressive disorder (MDD), suicidal tendencies, and treatment-resistant
depression (TRD). Ketamine’s efficacy, however, is transient, and patients must return to the clinic
for repeated treatment as they experience relapse. This is cause for concern because ketamine is
known for its abuse liability, and repeated exposure to drugs of abuse often leads to drug abuse/
dependence. Though the mechanism(s) underlying its antidepressant activity is an area of current
intense research, both clinical and preclinical evidence shows that ketamine’s effects are mediated,
at least in part, by molecular adaptations resulting in long-lasting synaptic changes in mesolimbic
brain regions known to regulate natural and drug reward. This review outlines our limited
knowledge of ketamine’s neurobiological and biochemical underpinnings mediating its
antidepressant effects and correlates them to its abuse potential. Depression and addiction share
overlapping neural circuitry and molecular mechanisms, and though speculative, repeated use of
ketamine for the treatment of depression could lead to the development of substance use disorder/
addiction, and thus should be tempered with caution. There is much that remains to be known
about the long-term effects of ketamine, and our lack of understanding of neurobiological
mechanisms underlying its antidepressant effects is a clear limiting factor that needs to be
addressed systematically before using repeated ketamine in the treatment of depressed patients.

Introduction

Ketamine was first discovered in the 1960s as a novel anesthetic which induced a typical
state of dissociative anesthesia by its non-competitive blocking of the N-methyl-D-Aspartate
(NMDA) receptor. It gained widespread popularity due to its high margin of safety and low
need for intubation and monitoring. It came to be successfully used as an anesthetic in the
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emergency room, in pediatric and geriatric anesthesia, and is routinely used as a tranquilizer
in veterinary medicine [96]. However, the use of ketamine was limited due to its strong
psychotomimetic effects seen during the recovery phase from anesthesia. This side effect
made ketamine extremely popular during the “rave-era” as a party or club drug. It was
heavily abused by recreational drug users in order to experience the psychotomimetic
phenomena which users termed as “K-hole”: a hallucinatory out of body feeling [96]. In the
early 21st century, the severe, widespread, neurotoxic potential of ketamine on the
developing brain was demonstrated, further decreasing its clinical use [65]. However, the
recent discovery of its rapid-acting antidepressant effects in patients who typically do not
respond to traditional antidepressant therapy has brought this drug renewed limelight [61].
This rediscovery of ketamine appears to have been embraced all over the world, with
ketamine’s recreational use increasing dramatically over the past few years
[23,24,72,112,18,1086].

Here, we begin by reviewing literature on ketamine’s pharmacology, followed by evidence
of its rapid acting, antidepressant efficacy, especially in patients suffering from treatment-
resistant depression (TDR). Both clinical and preclinical studies are reviewed demonstrating
a robust antidepressant effect with differences in response based on different dosing
regimens. This is followed by a discussion of clinical and preclinical findings pointing to
ketamine’s abuse potential. Based on empirical evidence demonstrating a close overlap in
the dysregulation of the mesolimbic dopaminergic reward system in both depression and
addiction, we hypothesize the use of ketamine as an antidepressant activates neural pathways
and mechanisms closely implicated in drug addiction, leading to vulnerability for the
potential development of a substance use/abuse disorder. The primary aim of this review is
therefore to highlight the overlap in brain regions and neural circuits involved in drug
addiction, and are also activated by ketamine, as well as outline the close overlap in the
molecular mechanisms mediating both drugs of abuse and ketamine’s antidepressant effects
that may lead to the development of addiction. Thus, although efficacious as a rapid-acting
antidepressant, repeated ketamine use in the treatment of depression may need to be
tempered with caution due to its abuse potential. More research is needed in understanding
this overlap between the antidepressant and addictive effects triggered by ketamine, and
pharmacological agents need to be developed that prevent its abuse potential while boosting
its antidepressant effects.

Ketamine pharmacology

Ketamine was first synthesized in 1962 by Parke-Davis industries as an alternative to
phencyclidine (PCP). The underlying motivation behind its development was to synthesize a
drug which could have the same anesthetic and analgesic effects of PCP without the severe
side effects (i.e., delirium and strong psychosis) that emerged during the recovery phase
from anesthesia [96]. Ketamine succeeded in drastically reducing the duration and severity
of these side effects while being a good anesthetic with analgesic properties, and a high
margin of safety. In addition, it proved to be different from most barbiturate and gaseous
anesthetics of that time due to its rapid-acting anesthetic effects, without compromising
cardiopulmonary functioning, by reducing the chances of respiratory failure during the
anesthesia phase. This property increased ketamine’s approval as an anesthetic safely
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administered via several routes [109]. Consequently, it became popular in the emergency
room (ER) and the battle field where analgesia and safety were of utmost importance [58].
Currently, ketamine is commonly used in the ER, and in specialized pediatric and geriatric
anesthesia due to its immediate sedative effects and high safety margins [49].

Pharmacokinetics and pharmacodynamics of ketamine

Ketamine has a molecular weight of 238 g/mol and is an aryl-cyclo-alkylamine with a single
asymmetrical carbon. This gives rise to the two enantiomers of ketamine: S(+)-ketamine and
R(-)ketamine. Ketamine is normally available and used in its racemic (optically inactive;
containing equal amounts of Sand R enantiomers) form as a slightly acidic (pH 3.5-5.5)
aqueous solution containing benzothonium chloride or chlorbutanol as preservative [113].
Ketamine is lipid soluble and therefore can be easily and extensively distributed throughout
the body. It does not bind to plasma proteins readily and hence has high bioavailability when
injected intravenously (i.v.; 100% in <1 minute) or intramuscularly (i.m.; 93% in <5
minutes) [104]. Ketamine reaches its targets rapidly and induces anesthetic effects within
minutes. It has a high clearance rate that equals that of liver blood flow leading to a short
elimination half-life of 2-3 hours in humans, and about 30 minutes in rodents [113].
Ketamine gets metabolized to norketamine (80%), and 4- and 5-hydroxyketamine (20%) by
cytochromes belonging to the P450 system and several microsomal enzymes within 30
minutes after administration [113]. Norketamine is an active metabolite that has analgesic
properties of its own [155], and a longer elimination rate persisting in the system for more
than 5 hours. This leads to accumulation of norketamine in the system, especially when
ketamine is administered as a continuous perfusion, and it has been proposed to be the cause
of tachyphylaxis seen after ketamine [64]. The majority of ketamine’s metabolism occurs in
the liver [137], along with substantial metabolism occurring in the kidneys, intestines, and
lungs [41]. Ketamine’s metabolism and clearance can be modified by the use of enzyme
inducers like rifampicin [133], enzyme inhibitors, and benzodiazepines.

Ketamine induces a very characteristic “dissociative anesthetic state” in which there is a
functional separation between the thalamo-cortical and limbic systems [26]. In this state,
sensory input is received by the cortex but prevented from further propagation to the
association cortices [26]. The depth of anesthesia, after a typical anesthetic dose of 1-2
mg/Kkg, i.v., induces a surgical plane with the absence of motor responses to nociceptive
stimuli [177]. Varying the doses of ketamine has differential effects. Subanesthetic doses
(0.1 - 0.8 mg/kg, i.v.), for example, induce psychological/psychedelic effects, while higher
doses induce anesthetic and analgesic effects (2 — 5 mg/kg, i.v.). The psychedelic effects are
observed as a side-effect during the “awakening phase” or “emergence phase” from
anesthesia, and are characterized by auditory and visual hallucinations, synesthesia,
impressions of unreality or depersonalization, alterations in bodily perceptions, and
proprioceptive impairments [26]. Several preclinical studies have shown ketamine to induce
widespread neurotoxicity when used repeatedly, specifically in the developing brain
[45,137]. In addition, ketamine is also known for its relatively strong abuse potential
[96,119]. These “sideeffects” have been a major reason for limiting the use of ketamine as
an anesthetic and a potent analgesic. However, recent findings of ketamine’s potential as a
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rapid-acting antidepressant, especially for TRD [12,9], has once again put this controversial
drug back into the limelight.

Mechanisms of Action

The major therapeutic effects of ketamine are believed to be mediated via selective,
noncompetitive antagonism of the N-methyl-D-aspartate (NMDA) receptor. However, over
the years, researchers have come to understand that ketamine’s neuropharmacology is far
more complex than its mere inhibition of the NMDA receptor. Due to its complex
neuropharmacology, ketamine gives rise to several effects besides anesthesia, and its
neuropharmacological effects can be explained via two mechanisms of action: glutamate-
dependent and glutamate-independent mechanisms.

Glutamate-dependent mechanisms

Ketamine’s most important clinical effects (i.e., anesthesia, analgesia and, recently, as
antidepressant) have been explained via its interaction with the NMDA receptor and its
effects on glutamatergic neurotransmission. The NMDA receptor belongs to a family of
ionotropic glutamate receptors which bring about depolarization of the neuronal membrane
by allowing the influx of NaZ* ions and, more predominantly, Ca2* ions. This depolarization
leads to excitation of the neuron. NMDA receptors are expressed throughout the nervous
system. Functionally, they mediate sensory inputs to spinal cord, thalamus and the cerebral
cortex. They also regulate emotional responses and play a major role in learning and
memory, and the induction of long-term potentiation (LTP). Opening of the NMDA receptor
requires the binding of glutamate and glycine simultaneously, and a membrane
depolarization that releases the Mg2* ion present within the channel of this receptor. The
binding site for non-competitive antagonists, both ketamine and Mg?2*, are deep within the
channel pore lining areas of the NMDA receptor [72] (see Figure 1). Upon ketamine’s
inhibition of the NMDA receptor, there is a net decrease in the excitatory neurotransmission
which is the known basis of ketamine’s anesthetic effect. The “emergence phenomena” (i.e.,
delirium and psychosis) observed during ketamine-induce anesthesia is typical of NMDA
receptor antagonism. NMDA receptor antagonism by ketamine also leads to hypofunction of
the NMDA receptor [134], resulting in schizophrenia-like symptoms [124].

The analgesic effects of ketamine can be explained by the interaction between NMDA and
opioid receptors. Upon activation of opioid receptors, protein kinase C (PKC)
phosphorylates the NMDA receptor. This phosphorylation relieves the Mg2* blockade of the
channel and allows for Ca2* influx, which further activates a cascade of molecular changes
involving PKC activation and transcriptional changes, leading to the development of
tolerance towards opioids that results in hyperalgesia. Ketamine’s blockade of NMDA
receptors prevents this phosphorylation from happening, and leads to analgesia [114,13]. In
chronic pain conditions, ketamine block of the NMDA receptor results in pain sensitization
even after repeated nociceptive stimulation (i.e., “wind-up™). This is useful in reducing
allodynia and hyperalgesia [59].

Ketamine blockade of the NMDA receptor has also been reported to have antidepressant
effects in clinical and preclinical models [7,141]. This effect has been proposed by the
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disinhibition hypothesis. Within the framework of this hypothesis, ketamine blockade of
NMDA receptors on GABAergic interneurons prevents GABA release thereby allowing
increased glutamatergic release into the synapse. This blockade of NMDA receptors leads to
an increase in AMPA receptor expression and insertion into the synaptic terminal. This
eventually leads to synaptic remodeling and neurogenesis, causing increased connectivity
between neurons and antidepressant effects (for more extensive details see 104).

Glutamate-independent mechanisms

Potentiates inhibitory effects of GABA: GABA is the predominant inhibitory
neurotransmitter of the nervous system. Unlike other anesthetics, ketamine’s potentiation of
the GABAA receptor is controversial. Although /in vivo studies have suggested involvement
of GABA receptor in ketamine’s clinical effects, /n vitro studies have shown that ketamine
neither enhances the GABA receptor activity nor its function [2, 31]. However, other /n
vitro studies have indicated that ketamine may enhance GABA receptor mediated
inhibition [67,123]. These inconsistent findings were delineated and explained by Wang et
al., wherein they demonstrated that ketamine induces its clinical effects via increase in the
activity of the extrasynaptic GABA, receptors in the hippocampus and cortex [174].
However, further studies need to be conducted to elucidate the exact mechanisms involved in
the final outcome of the behavioral and clinical effects observed in vivo.

Interaction with monoaminergic system: Ketamine causes the release of monoamines
and inhibits their reuptake [138]. It stimulates noradrenergic neurons by inhibiting the
reuptake of norepinephrine from circulation [74]. It increases serotonin release and inhibits
the serotonin transporter increasing overall serotonin levels in the brain [105]. This, in turn,
is believed to mediate hippocampal neurogenesis through the increased expression of
insulin-like growth factor-1 (IGF-1). Ketamine also inhibits the reuptake of dopamine via
mechanisms similar to those employed by cocaine [106]. These interactions have been
implicated, at least partially, in the induction of the psychedelic, addictive, and
antidepressant effects of ketamine (reviewed in 104).

Inhibitor of acetylcholine release: At clinically-relevant doses, ketamine has an
antagonistic effect on cholinergic neurons of the hippocampus and the striatum. This
antagonism is mediated via its ability to block nicotinic and muscarinic acetylcholine
receptors present on these neurons which cause release of acetylcholine. This antagonistic
action of ketamine on the cholinergic neurons has been shown to give rise to the hypnotic
effects of ketamine-induced psychosis [165].

Interactions with sodium-, L-type calcium- and potassium-channels: Ketamine
induces local anesthesia via its effects on Na2* channels [47]. Some of the hallucinogenic
effects of ketamine have been attributed to its interaction with L-type Ca2* channels [79].
Neuron K* channels have been shown to be inhibited by ketamine, and it is postulated that
the neuroprotective effects of ketamine are, in part, attributed to this inhibition of the K*
channels [48,142].
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Ketamine and depression

Historically, depression has been thought of as a disorder of the monoaminergic system
typically because of the drugs used for its treatment. However, there now exists several
alternate hypotheses, including that of the glutamatergic system’s involvement in the
etiology and treatment of depression, and TRD [148]. Although ketamine’s antidepressant
effects in some clinical settings had been observed since the 1970°s (reviewed in 26), a link
between glutamate and depression was first reported by Trullas and Skolnick nearly 25 years
ago: They demonstrated that competitive, channel-blocking and glycine-site NMDA receptor
antagonists were effective in animal models of depression [167]. Thereafter, Berman et al.
(2000) demonstrated rapid antidepressant effects of ketamine in patients suffering from
intractable depression [8]. These studies brought a renewed interest in understanding the
mechanisms by which ketamine brings about antidepressant effects. In the following section
we give a brief overview of clinical and preclinical evidence demonstrating the
antidepressant properties of ketamine.

Clinical evidence

Since Berman’s original 2000 study, a number of controlled clinical trials have reported the
robust, short term effectiveness of i.v. infusions of ketamine in inducing rapid antidepressant
effects in patients suffering from depression and TRD (reviewed in 9). However, these
effects are limited by a short-term antidepressant response, high incidences of relapse, lack
of established dose-response relationships, and a need for studies assessing the efficacy and
safety of repeated ketamine administration in order to prolong the antidepressant response.

Several clinical studies have shown that an infusion of a single subanesthetic dose (0.5
mg/kg, i.v.) of ketamine, over a 40 minute duration, significantly reduced depressive
symptoms when compared to saline or midazolam placebo controls [8,122,196]. The
reduction in depressive symptoms occurred within hours of ketamine administration, with
peak effects observed 24 hours post infusion, and lasting for up to seven days. These
antidepressant effects, however, were shown to last a maximum of approximately two-
weeks, with almost all TRD patients relapsing by day 14 post-administration. Subsequent
studies have also demonstrated ketamine’s efficacy in reducing suicidal ideation [32]. A
review of nine meta-analyses [10] of acute phase randomized short-term trials reported that
ketamine had robust and rapid response in reducing depressive symptoms in TRD patients.
However, these effects were acute, and depressive symptoms returned within two weeks of
drug administration. In order to extend ketamine’s antidepressant effects, chronic
administration of ketamine has been assessed. In a study conducted by aan het Rot et al.
(2010), repeated infusions (six i.v. infusions administered over an 11-day period) of
ketamine significantly decreased depressive symptoms when compared to single infusion
[1]. These patients achieved symptom remission for up to 19 days post last ketamine
infusion; however, 9 out of 11 patients relapsed soon after that. Response rates of up to 90%
were reported by Murrough et al. (2013b) in controlled trials of TRD patients after repeated
administration of ketamine (six treatments of 0.5 mg/kg ketamine administered i.v. thrice/
weekly for two weeks) [123]. Another meta-analysis reported that serial ketamine infusions
(mostly six i.v. infusions over a period of 12-14 days) induced high remission rates and even
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greater reduction in depressive symptoms than single infusion of ketamine at 4 and 24 hours,
and at 7 and 12-14 days [27]. These effects lasted throughout the treatment period and
extended for up to 20 days post last infusion, after which time close to 90% of all patients
relapsed. Evidence towards a dose-related response of ketamine’s antidepressant effects was
provided by a meta-analysis conducted by Xu et al. (2015). According to this report,
reduction in depressive symptoms with a subthreshold dose (six trials of 0.5 mg/kg, i.v.) was
significantly higher than low-doses (three separate trials of 0.1-0.4 mg/kg, i.v.; or 50 mg
intranasal, and 0.1-0.5 mg/Kkg, i.v., i.m., or subcutaneously (s.c.)) of ketamine [189]. Another
double-blind, placebo-controlled pilot study with four TRD patients revealed that the highest
decrease in depressive symptoms was a result of the highest ketamine dose received (four
doses of 0.4 mg/kg infused over 2-5 minutes) when compared to low dose (four doses of 0.1
mg/kg infused over 2-5 minutes) [82]. Based on these reports, it is evident that ketamine has
robust acute antidepressant effects, and that prolongation of antidepressant effects requires
administration of multiple doses over time and/or increases in dosing regimens. To date,
however, there are limited data regarding the long-term safety and efficacy of repeated
administration of ketamine for depression. No controlled or uncontrolled longitudinal
clinical nor preclinical studies exist assessing long-term maintenance of ketamine’s initial
antidepressant effects. This issue is of great importance because recent reports have
indicated that a subset TRD patients who were repeatedly treated with ketamine developed
ketamine dependence, indicative of ketamine’s abuse potential [12,94,150]. Additional
safety concerns about ketamine’s long-term use as an antidepressant stem from adverse
effects reported in ketamine abusers which include neurocognitive dysfunction, dizziness,
nausea, anxiety, and development of urinary cystitis and adverse changes in brain structure
and function [121,173,187].

Preclinical evidence

Preclinical studies utilizing different behavioral paradigms commonly used for inducing and
assessing depressive-like phenotypes have paralleled clinical findings demonstrating
ketamine’s antidepressant effects (see Table 1; reviewed in 105). Table 1 summarizes results
from studies demonstrating ketamine’s ability to reverse increased immobility, reduce stress-
induced anhedonia and novelty suppressed feeding, and ability to increase social interaction
in both male and female animals after antidepressant treatment. Ketamine doses ranging
from 0.5 mg/kg to up to 160 mg/kg administered intraperitoneally have been shown to have
antidepressant efficacy in stress naive, and to alleviate depressive-like symptoms in stress-
induced animal models of depression (Table 1; reviewed in 14). From all of these various
studies it can be concluded that ketamine’s effects were protracted, and that a single dose of
the drug can produce antidepressant effects lasting from a few hours to several days (Table
1) [3,68,69,163,193]. Repeated, as well as administration of higher doses, demonstrated
longer-lasting antidepressant-like effects (Table 1) [50,93,136,163]. The results from these
studies parallel the clinical data and provide additional support for ketamine’s antidepressant
effects. As with the clinical data, there is a severe lack of preclinical studies looking at the
long-term safety and efficacy of chronic ketamine administration.
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Ketamine and addiction

Ilicit use of ketamine began in the United States in the 1970s [156] and soon spread more
widely aided by the emergence of the “rave” culture [67]. Recreational misuse was also
expanded by the resulting delirium and psychosis (i.e., emergence phenomena) experienced
during the recovery phase of ketamine anesthesia. When used at subanesthetic doses (0.5-
1.5 mg/kg, i.v., or 4-5 mg/kg, i.m.), ketamine induces a “psychedelic” state of mind. This
psychedelic state incentivized users to begin illicit use of ketamine. There has been a
significant increase in the incidence of illicit use of ketamine globally over the past few
years [22,30,31,97,143,152]. The worldwide prevalence of ketamine abuse is not known;
however, lifetime incidence rates are around 0.1% in the United States [147], and about 4%
in the United Kingdom [115]. Although ketamine use is not as widespread as other abused
drugs, it is a preferred drug in party settings. Ketamine insufflation induces rapid
psychedelic effects in abusers, and its short elimination half-life has been suggested to
promote bingeing, and its increased appeal as a party drug over longer-lasting hallucinogens
such as LSD or ‘magic’ mushrooms [115]. Taken together, ketamine’s psychedelic effects
and short half-life make it an appealing drug for party-goers suggesting a strong potential for
its abuse. Since its resurgence as a rapid acting antidepressant, understanding its abuse
potential has become extremely important.

Clinical evidence of abuse

Studies with healthy volunteers demonstrated that the subjective feelings of “high” are
increased upon ketamine use [80]. Morgan et al. (2004) demonstrated that i.v. infusion of
subanesthetic doses (0.4 mg/kg and 0.8 mg/kg) to healthy ketamine-naive volunteers
increased the “liking” and “wanting” of ketamine in a dose-dependent manner. These effects
were rapidly induced as both groups liked and wanted more ketamine shortly after drug
administration. Notably, towards the end of the 80-minute infusion, the low-dose group (0.4
mg/kg) continued to like and want ketamine while the high-dose group (0.8 mg/kg)
significantly reduced their ratings [120]. This demonstrated that low doses of ketamine
infusion, those within antidepressant range, may have stronger abuse potential. This finding
is a serious cause of concern as the lower end of the dose preferred by recreational users (0.5
mg/kQ) is also being used as an antidepressant. The incidence of ketamine dependence is
unknown due to the lack of studies demonstrating compulsive patterns of ketamine-seeking
behavior. Most of the extant literature includes case reports or small-scale studies
[63,116,135]. Within these studies, frequent users report compulsive patterns of drug using
without stopping until supplies ran out. In frequent users, ketamine dose has been shown to
escalate by 600% from first use to current use [117]. Hair analysis of infrequent users
showed doubling of ketamine concentrations over a period of one year, whereas in frequent
users, there was no change in ketamine concentrations [121]. Ketamine tolerance has also
been shown to develop in users over time. However, there seems to be a maximum dose
beyond which abusers do not experience the addictive effects of ketamine. This effect,
including the development of ketamine tolerance, has been attributed to induction of liver
enzymes and neuronal adaptations which decrease user’s sensitivity to the drug [119].
Evidence for the development of a withdrawal syndrome upon ketamine abstinence is
conflicting. Cravings, anxiety, sweating and shaking have been reported to be common
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withdrawal symptoms in frequent users upon ketamine abstinence [28]. However, cravings
for the drug are the primary cause of failure towards abstinence. In a study by Morgan et al.
28 out of 30 frequent users reported that they failed to discontinue ketamine use due to
intensity of these cravings [117]. Cognitive impairments were only present in frequent
ketamine users, while infrequent or recreational ketamine use did not appear to cause any
long-lasting cognitive deficits [118,126]. More specifically, frequent use caused visual and
spatial working memory impairments, and these deficits may be reversible as observed in
ex-ketamine users who had been abstinent for at least a year [121]. Together, this evidence
indicates that ketamine possesses a strong abuse potential when used at subanesthetic doses,
which are within the dose range commonly used to treat depression. However, studies
providing evidence demonstrating either a severe addiction, or lack thereof, for ketamine are
lacking. This may be due to the fact that the prevalence use rate in the United States is about
0.1%, and does not represents a public health concern as with other abused drugs.
Nevertheless, the use of ketamine at subanesthetic doses must be regarded with caution due
to its obvious abuse potential.

Preclinical evidence of ketamine abuse

A recent increase in preclinical studies to evaluate ketamine’s abuse potential may be
indicative of this “side-effect” as being a cause of concern. The following section
summarizes some of the most recent studies demonstrating ketamine’s abuse potential.

It has been demonstrated that rodents show addictive-like behaviors upon ketamine
administration under various drug administration conditions. Li et al. in 2008 and Botanas et
al. in 2015 independently demonstrated that male rats showed increased preference for
environments associated with ketamine exposure as measured in the conditioned place
preference (CPP) paradigm when exposed to 5 and 10 mg/kg ketamine, respectively [13,86].
In another study by Schoepfer et al. both male and female rats developed CPP to ketamine at
a dose of 5 mg/kg [153]. However, Parise et al. reported that adolescents male rats (postnatal
day 35) did not develop CPP to a wide range of ketamine doses (5, 10, 20 mg/kg) [136]. The
mechanisms underlying these discrepancies are unknown. It is possible that these differences
may be age-dependent, as ketamine has been used for sedation successfully for decades in
pediatric populations, potentially making it suitable for its use as an antidepressant in
adolescence [33]. Increased ketamine-induced locomotor sensitization has been
demonstrated in both male and female rodents at 2.5, 5 and 10 mg/kg doses after daily or
weekly treatment regimens [153,159,161,179,180]. Locomotor sensitization was also
observed in rats following repeated intermittent ketamine dosing [166]. In addition, both
male and female rats self-administer ketamine readily, and show an increased intake of the
drug [184,188] thus demonstrating the rewarding and reinforcing properties of ketamine.
Thus, ketamine’s rewarding, reinforcing and locomotor-activating effects are present in both
male and female rodents at clinically-relevant antidepressant doses. Additionally, some of
these studies have reported sex-differences wherein females appear to be more sensitive to
ketamine’s abuse potential than males, as well as showing age- and dose-dependent effects
(reviewed in [16]).
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Ketamine regulation of the overlapping neural circuitry between depression and addiction

It is well known that depression and addiction are highly comorbid. While much has been
elucidated about the neural basis of drug abuse, and more recently depression, how and
where in the brain these conditions converge is unknown. A reason for these highly
comorbid conditions may be due, at least in part, to an overlap in the neural circuitry known
to regulate mood and responses to natural and drug rewards which, when dysregulated,
contributes to the pathophysiology of both of these disorders. The mesolimbic reward
circuit, constituting of the dopaminergic projections arising in the ventral tegmental area
(VTA) and projecting to the nucleus accumbens (NAC), is of special interest. This is due to
this circuit’s role in the control of motivation and hedonic value under normal conditions,
and alterations in reward and motivational processes play a central role in the manifestation
of core symptoms of both MDD and drug addiction [44,77,125,129,185]. Dysfunction of
this neural pathway, better known for mediating drug abuse/addiction, is also involved in the
negative affective state (i.e., anhedonia) associated with depression. In this section, studies
involved in understanding the roles of dopaminergic and glutamatergic systems in addiction
and depression are reviewed to demonstrate an overlap of the neural circuitry between them.
Projections from the reward circuit to the dorsal striatum, frontal cortex, hippocampus,
lateral habenula and parts of the amygdala are also included in this section due to their
reported involvement in both depression and addiction.

The VTA sends dopaminergic (DA) projections to the dorsal striatum, the NAc, the
hippocampus, and medial prefrontal cortex (mPFC). Differential effects occurring as a
function of these circuits have been observed in different animal models of depression. For
example, optogenetic stimulation of VTA-NAc DA projecting neurons, but not VTA-mPFC
DA projecting neurons, induced social withdrawal and anhedonia (i.e., depression-like
behaviors) after exposure to subthreshold social defeat stress, while inhibition of both
projections reversed these effects [20]. These differential effects are dependent on the stress
levels induced by the different paradigms. For example, while a subthreshold social defeat
was able to induced depressive-like behaviors due to the stimulation of VTA-NAc DA
projections, under chronic mild stress conditions this stimulation produces an
antidepressant-like phenotype [19,73]. The VTA-NACc projections are known for playing a
prominent role in drug reward, development of cue-induced drug seeking, drug self-
administration, and transition from drug use to compulsive drug taking. All drugs of abuse
activate DA projections from the VTA to NAc, dorsal striatum, hippocampus, and the mPFC
[77]. A couple of studies have demonstrated ketamine’s ability to increase burst firing and
firing rate of VTA DA neurons and reverse depression phenotypes [7,90]. These data point
to an overlap in the functioning of the VTA-NAC circuit in depression and addiction, and
further shows ketamine’s ability to modulate its functioning, making it a prominent brain
pathway that can be affected by ketamine in either of these disorders.

Dysregulation of the NAc has been associated with reduced motivation and increased
anhedonia in models of depression. In models of drug addiction, the NAc has been shown to
be involved in drug reward prediction, drug-taking behavior, and cue-elicited drug seeking
and reinstatement [73,129]. Medium spiny neurons (MSNSs) of the NAc are differentially
enriched with DA type-1 (D1) or type-2 (D2) receptors. The activation of either receptor
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subtype gives rise to circuits regulating contrasting motivational states (i.e., either reward or
aversion). More specifically, activation of the D1-containing MSNs leads to induction of
reward-related behaviors while activation of D2-containing MSNs leads to aversion-related
behaviors. The NAc also receives overlapping projections from the hippocampus, amygdala
and the prefrontal cortex that mediate aspects of motivated, goal-directed behaviors such as
drug seeking and social interaction [57]. Belujon and Grace (2014) demonstrated ketamine’s
ability to increase the synaptic input from hippocampus to the NAc in the depressive
phenotypes induced in rats exposed to the learned helplessness procedure [7]. An imbalance
in the functioning of either the neuronal circuits or inputs from various input areas has been
implicated in the pathophysiology of addiction and depression [19,44] thereby
demonstrating a significant overlap in the functioning of the NAc in the manifestation of
either of these disorders.

The hippocampus and frontal regions of the cerebral cortex, including the anterior cingulate
cortex (ACC), are known to also play a significant role in depression and responses to
antidepressant drugs [38,40]. Brain imaging studies have demonstrated decreased blood flow
and reduced activity of the hippocampus and frontal cortex in depressed patients [108].
Neuroimaging studies have also demonstrated that depressed patients show blunted activity
and decreased responses to reward-related tasks due to reduced connectivity in the reward-
related networks of the prefrontal-striatal regions. These deficits in network connectivity are
significantly associated with cognitive deficits (including learning and memory) and
depression severity in depressed patients [56]. The addiction literature also demonstrates that
prefrontal cortex attributes salience to neutral stimuli associated with drug-reward contexts,
as well as maintaining control over goaldirected behaviors, while the hippocampus has been
implicated in the formation of drug-context memories, drug-cue associations, and
reconsolidation of drug memories [77]. Protracted abstinence from drugs of abuse leads to
overactivation of the glutamatergic systems in the frontal cortex that mediates strong
craving-like responses via glutamatergic activation of the NAc [110,186], thus indicative of
this circuit’s importance in cravings associated with drugs of abuse. In addition, the
hippocampus has been implicated in reinstatement of drug-taking behavior leading to
relapse via cue and contextual triggers [81]. As previously stated, continued use of ketamine
in frequent users is primarily attributed to the cravings experienced during drug abstinence.
Chronic treatment with ketamine for the treatment of depression may therefore have the
potential of leading to craving-induced continued use in patients [144]. However, there is a
lack of empirical evidence supporting this claim and further research exploring this aspect is
severely needed.

The lateral habenula has been recently identified as an important region involved in
regulating depressive-like behavior. Increased activation of neurons projecting from the
lateral habenula to the VTA has been observed in mice expressing depressive phenotypes
following exposure to the learned helplessness and the chronic social defeat paradigms
[19,85]. The addiction literature also implicates the lateral habenula in mediating
physiological and behavioral responses to drugs of abuse. Several studies have demonstrated
its role in controlling the firing of VTA DA neurons [77]. More recently, the lateral habenula
has also been implicated in regulating DA release within the VTA via NMDA receptor
blockade by ketamine. Specifically, ketamine block of glutamatergic input to the lateral
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habenula disinhibits VTA DA neurons thus resulting in increased DA neurotransmission
[192].

Together, the reviewed evidence indicates that there is an overlap in the neural circuitry
involved in both depression and addiction. An imbalance in the functioning of this circuitry
gives rise to either, or both disorders (i.e., comorbidity; see Figure 2). Both depression and
addiction entail long-lasting changes in the functioning of neural networks that are
associated with mood, reward, and motivation. A relatively recent study also demonstrated
the ability of a single, subanesthetic dose of ketamine to induce large-scale, persistent
reconfigurations of the cortical and subcortical areas of the mesolimbic DA reward pathway
[99]. Therefore, the use of any pharmaceutical agent with abuse liability such as ketamine
has the potential to activate and induce changes in these overlapping networks. Although
there is some evidence demonstrating that different subpopulations of neurons within these
neural circuits are responsible for either addictive or depressive behaviors [19,44], the use of
ketamine as an antidepressant has a strong potential to cause non-selective widespread
effects which may lead to development of addiction in depressed patients being treated with
ketamine for prolonged periods of time [128]. However, sufficient empirical data
demonstrating ketamine’s effects (acute, chronic, immediate or long-lasting) on the
functioning of these neurocircuitry is severely lacking. In paradigms that have applied
multiple ketamine injections for up to 15 days, addictive potential/abuse liability of ketamine
has not been addressed [50,69,136,163,164]. Neither have the studies demonstrating long
term effects of ketamine treatment addressed its influence towards abuse liability [176].
Unless evidence indicating safety of its repeated and long-term use is obtained, the
possibility of adverse addictive phenotype due to ketamine’s antidepressant use cannot be
negated.

Overlap in the molecular pathways inducing antidepressant and abuse potential of

ketamine

Depression is a complex disorder. Pathophysiological evidence has ascribed dysregulation of
several brain regions and neurotransmitter systems including dopaminergic, glutamatergic,
GABAergic and serotonin. Within the context of this review, only the changes in
neurobiological mechanisms on dopaminergic and glutamatergic systems that are influenced
by ketamine are discussed in the following section.

Animal models of depression show that loss in function and atrophy within mesolimbic
brain regions are due to stress-induced decrease in synapses, reduction in the number and
density of dendritic spines, and reduction in the number of glial cells [40]. A single
subanesthetic dose of ketamine has been shown to increase synaptic activity within two
hours after ketamine administration. Levels of synaptic proteins are also increased after
ketamine, indicating an increase in synapse number [87]. This finding coincides with the
timeline for therapeutic antidepressant effects of ketamine in both human and animal
studies, and supports the conclusion that ketamine induces rapid antidepressant effects by
reversing synaptic deficits, and possibly atrophy, through the revival and enhancement of
synaptic connections. Interestingly, the addiction literature also ascribes the development of
addictive phenotypes to synaptogenesis, increased dendritic branching, and enhanced

Behav Brain Res. Author manuscript; available in PMC 2021 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kokane et al.

Page 13

synaptic activity of mesocorticolimbic regions [77,78,171]. Therefore, it is possible that the
enhanced synaptic activity brought about by ketamine may also function to induce an
addiction-vulnerability phenotype.

The neurophysiological effects of subanesthetic ketamine are long lasting, with increased
cortical excitability still being evident up to four hours after drug exposure [25]. This may be
indicative of lasting activation of downstream molecular pathways initiated by ketamine’s
block of NMDA receptors. Tonic disinhibition of GABAergic interneurons has been
proposed to be the mechanism of action underlying ketamine’s antidepressant effects.
Briefly, tonic inhibition of GABAergic interneurons via ketamine block of the NMDA
receptors on these interneurons causes disinhibition of the glutamatergic neurons leading to
increased synaptic glutamate. This, in turn, induces synaptic insertion of AMPA receptors,
eventually leading to synaptic potentiation and synaptogenesis [39]. This mechanism of
action is currently the leading working hypothesis underlying ketamine’s antidepressant
effects. Because of the widespread presence of glutamatergic neurotransmission within the
brain, these ketamine-induced effects can be assumed to constitutively enhance
glutamatergic neurotransmission within the reward circuitry and contribute to its abuse
potential.

Animal models of depression have demonstrated that chronic stress leads to long lasting
increase in DA neurotransmission that eventually results in dampening of emotional
reactivity towards natural rewards, thus leading to anhedonia [129]. Given that DA
neurotransmitter system plays a role in depression, a potential mechanism of action leading
to depressive phenotypes may involve stress-induced dysregulated dopaminergic inputs from
the VTA [57,140]. While the VTA-NAc reward circuit receives glutamatergic inputs from
prefrontal cortex, hippocampus, amygdala, and peptidergic inputs from the hypothalamus,
the VTA also sends out reciprocal dopaminergic projections to these brain regions, thus
ketamine disinhibition of glutamatergic inputs may be involved in modulation of these VTA
DA projections. Additionally, ketamine has a strong affinity for D2 receptors, and has been
proposed to also enhance DA release via blockade of DA reuptake [71]. Hence, there seems
to be a synergistic effect of ketamine on the DA neurotransmission which may, in part, play
arole in ketamine’s antidepressant effects. However, a mechanistic model of ketamine’s
antidepressant effect via the DA system has not yet been established and further research
exploring this is needed.

Neurotrophic factors play an important role in activity-dependent synaptic plasticity in the
adult brain, as well as maintenance and survival of neurons. Brain-derived neurotrophic
factor (BDNF) is the most highly expressed neurotrophic factor in the brain and strongly
regulates activity-dependent synaptic plasticity. Stress, and consequently depression, have
been shown to directly affect levels of BDNF. Several preclinical studies have reported that
stress reduces the levels of BDNF mRNA expression in the prefrontal cortex as well as
overall circulating BDNF levels in the brain [40]. Ketamine’s antidepressant efficacy has
been blocked in BDNF-knockout mice [3], and is also rendered ineffective in mice
expressing human BDNF carrying the Val66Met mutation [21,194]. Depressed patients
carrying this mutated BDNF allele also show decreased response to ketamine’s
antidepressant effects [83]. This mutation blocks the activity-dependent release of BDNF,
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indicating that synaptic activity may be required for the release of BDNF and the subsequent
antidepressant effects of ketamine [3]. These data support ketamine’s protracted effects on
the increase in postsynaptic AMPARs in that AMPAR-mediated synaptic potentiation would
be required for the activity-dependent release of BDNF and subsequent antidepressant
effects via synaptogenesis and increased synaptic spine density. As long as these effects on
BDNF release are restricted to the prefrontal cortex and hippocampus, ketamine could be
considered a safe drug for use as an antidepressant. However, ketamine is a “promiscuous”
drug and there are no empirical data demonstrating that its effects are specific to the
prefrontal cortex and hippocampus. Increased expression of BDNF in the mesolimbic DA
system has been shown to be associated with the induction of depressive symptoms seen
during withdrawal in drug addicted individuals [6,11,51,89,170]. Increases in BDNF
expression have also been associated with increased drug cravings [146]. Therefore, if
ketamine increases BDNF expression in the mesolimbic DA system of depressed patients, it
might induce craving in these patients increasing their risk for abusing ketamine (see Figure
3).

The glycogen synthase kinase-3 (GSK-3) is a serine/threonine kinase originally
characterized as a regulator of glycogen metabolism. GSK-3 exists in the form of two
functionally distinct isomers: GSK-3a and GSK-3p. Both are constitutively active and get
rapidly deactivated by phosphorylation. GSK-3 has been found to be widely distributed in
the CNS and has been implicated in several normal and pathological processes, including
glycogen metabolism, regulation of cell proliferation, induction of long-term depression,
neurodegeneration in Alzheimer’s disease, schizophrenia, and depression [103]. Levels of
GSK-3p have been reported to be significantly increased in depressed patients, and ketamine
treatment has been shown to increase the phosphorylation of this protein [9,88,194]. Mutant
mice expressing GSK-3p, which lack the inhibitory phosphorylation sites, have been shown
to be resistant to ketamine’s antidepressant effects [95]. This indicates that ketamine’s
antidepressant effects may be mediated via increases in the phosphorylation of GSK-3p (p-
GSK-3p). Interestingly, GSK-3p has been implicated in the activation of ketamine’s
psychotomimetic effects such that co-administration of GSK-3p antagonists with a single
subanesthetic dose of ketamine inhibits the psychotomimetic effects [18]. Nevertheless,
previous studies have demonstrated increased expression and activity of GSK-3p upon
administration of a single subanesthetic dose of other NMDA receptor antagonists such as
MK-801 and PCP [18]. A possible explanation for these contradictory results may be
dependent on the immediate, as well as protracted effects of ketamine on NMDA receptor
and glutamatergic signaling. Immediate blockade of NMDA receptors by ketamine might be
involved in increasing the activity of GSK-3p, causing the psychotomimetic effects seen
early on after administration of subanesthetic ketamine, while the protracted effects on the
glutamatergic transmission would be responsible for the increased phosphorylation and
subsequent inhibition of GSK-3p. This kinase also plays a major role in drug addiction due
to its role in modulating DA, glutamate and serotonin transmission [4]. Studies have shown
that a single injection of cocaine or methamphetamine increased expression and activity of
GSK-3, while self-administration of these drugs reduced p-GSK-3p in the limbic forebrain,
NAc, and amygdala. Similarly, self-administration of ketamine decreases p-GSK-3p levels
in the caudate putamen, VTA, and NAc, but not in the prefrontal cortex and hippocampus
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[62]. Thus, the differential effects of ketamine on the expression and activity of GSK-3p
may be considered to be dose and time dependent. In summary, a single subanesthetic dose
of ketamine increases activity of GSK-3p immediately following administration.
Subsequently, protracted effect(s) of a single subanesthetic dose of ketamine would result in
decrease activity of GSK-3p, which might be responsible for ketamine’s antidepressant
effects. Conversely, repeated administration of ketamine would increase GSK-3f expression
and activity which is implicated in the development of addiction and addictive behaviors.

Miller et al. in 2014 showed that GIuN2B-null mutant mice had increased activated
mammalian target of rapamycin (MTOR) and reduced depression-like behavior, and these
effects could not be enhanced further with ketamine treatment [112]. Overall, evidence from
this study demonstrated that ketamine’s antagonism of the NMDA receptor may not be the
only mechanism regulating its antidepressant activity. Ketamine has also been hypothesized
to have direct intracellular effects by entering the cell and its different organelles (lysosomes
and endoplasmic reticulum) due to its lipid-solubility and low molecular weight [84]. The
predicted mechanisms for its action would be via its activation of mMTORCL1 branch of the
mTOR pathway through entry into lysosomes. Activation of the mTOR pathway would then
lead to expression of proteins involved in synaptogenesis, which would eventually induce
the antidepressant effects associated with ketamine exposure [84]. Activation of the mTOR
signaling pathway has also been implicated in drug addiction. Specifically, mTOR signaling
gets activated in the presence of cocaine and during cocaine CPP and self-administration
paradigms (reviewed in 95). Data from our laboratory implicates the mTOR signaling
pathway in mediating sex-differences in drug addiction in that females show increased
cocaine CPP along with increased expression of mTOR in the VTA, NAc and dorsal striatum
than males [76]. Taken together, these data implicate the involvement of mTOR signaling in
drug addiction (see Figure 3), in that increased mTOR signaling may underlie the
neurobiological basis of addiction and addictive behaviors.

From the above discussion, it is evident that the involvement of overlapping neurotransmitter
systems and molecular mechanisms in addiction and the antidepressant effects of ketamine
provide a strong case towards potential of ketamine abuse when used repeatedly for the
treatment of depression.

Conclusions and Future directions

Strong evidence exists supporting ketamine’s rapid acting antidepressant effects. These
effects, however, are transient and do not last for more than two weeks, and in order to
extend these antidepressant effects, repeated ketamine treatment appears necessary.
However, clinical studies of repeated ketamine infusions have shown limited success, with
depressive symptoms remaining low throughout the course of the treatment, but patients
relapsing soon after treatment cessation. There also seems to be a dose-dependent effect of
ketamine on depressive symptoms, with higher doses (0.4 mg/kg vs. 0.1 mg/kg) prolonging
the antidepressant effects, yet higher doses have the potential to cause strong
psychotomimetic effects. A recently reported case study showed development of alcohol
abuse and subsequent suicide death of a patient suffering from TRD and undergoing
unsupervised ketamine therapy. The patient was asked to take 0.5-1 mL of 150 mg/mL
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ketamine intranasally once every four hours as required. The patient reported using more
than the prescribed dose of ketamine to keep the antidepressant effects longer, along with
increased alcohol consumption. He also reported using ketamine even when not feeling
depressed because he “liked” the “trippy” feeling that he got after consuming the drug.
Ultimately, after three years of using ketamine for his depression, the patient died in a fatal
car crash. Autopsy findings indicated blood alcohol levels of 0.133%, and family members
reported that the patient’s death was a suicide facilitated by alcohol consumption [150]. This
case study speculated that unregulated use of ketamine as an antidepressant led to alcohol
dependence and subsequent death of the patient. Long term safety and efficacy of repeated
ketamine treatment lacks empirical evidence and until dosing regimens and potential abuse
patterns are not determined, ketamine’s antidepressant use may need to be tempered with
caution. Future studies should focus on systematically understanding how repeated ketamine
treatment would affect other systems, especially the mesolimbic DA reward system, and also
investigate possible mechanisms or strategies that could restrict or eliminate its abuse
potential.

Ketamine’s abuse potential, especially when used repeatedly as an antidepressant, can also
be illustrated by its effects on VTA DA neuronal activity. The study by Belujon and Grace
(2014) mentioned previously, demonstrated that repeated injections of subanesthetic doses
of ketamine reversed learned helplessness behaviors, confirming the antidepressant action of
ketamine. They also reported that 20 minutes after ketamine administration, the activity of
the VTA DA neurons was restored back to normal levels in these animals. Two hours after
ketamine administration, there was a significant increase in the VTA DA neuronal activity in
both control and helplessness-induced animals indicating that ketamine’s protracted effects
increased DA neuronal activity in the VTA [7]. These effects on DA neuronal activity
remained consistent even 24 hours after ketamine administration. The authors attributed
these changes to long-lasting effects on synaptic plasticity mediated by ketamine’s action on
glutamatergic signaling. They also suggested that ketamine induces antidepressant effects by
stimulating the reward pathway and reversing the hyposensitivity to rewarding stimuli [7].
How much of this reversal in reward pathway activation is sufficient for long-lasting
permanent remission from depression remains unknown. Until these mechanisms have been
delineated, it would be unsafe to use ketamine repeatedly for the treatment of depression due
to its strong abuse potential.

Ketamine interacts with several different receptors and proteins, including opioid, serotonin,
and acetylcholine receptors, and its ability to induce global “reconstruction” of neural
circuitry [99] demonstrates its capacity to affect several neural systems at the same time.
Therefore, understanding the effects of ketamine’s use as an antidepressant on different
neurotransmitter systems is critically important. Indeed, more evidence addressing
ketamine’s antidepressant use and its association to non-glutamatergic neurotransmitter
systems and non-NMDA receptor proteins is much needed. It is well known that ketamine
interacts with all the opioid receptors, likely contributing to the many effects seen after
ketamine exposure [98]. There are three known opioid receptors: mu, kappa, and delta,
which are found in high densities in limbic regions known to mediate mood and responding
to natural and drug reward [98]. Mu receptors, in particular, regulate mood [157] and the
rewarding properties of drugs of abuse (e.g. cocaine, amphetamine, morphine) [169], while
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increased activity of kappa receptors is associated with depression [15]. Two recent studies
showed that, in humans, pretreatment with the mu receptor antagonist naltrexone (50 mg/kg)
attenuates the antidepressant and anti-suicidal effect of 0.5 mg/kg ketamine infusion,
findings potentially indicating that the antidepressant and anti-suicidal activity of ketamine
is mediated through the opioid system [182,183]. These studies received a flurry of interest,
and although they had several limitations and would need to be replicated with rigor, they
raised concerns because ketamine acting via an opioid-mediated mechanism could
potentially worsen the harm of current opioid drug epidemic [107]. Given ketamine’s history
as a drug of abuse, determining whether opioid receptor stimulation mediates its
antidepressant effects is of great importance. Development of anhedonia is a cardinal feature
of depression and is a result of dysregulated motivation, reinforcement learning, and reward-
based decision making. Thus, dysregulation of the reward pathway is a potent precursor for
depression [178]. Within this framework, if ketamine reduces depression, it may do so by
potentiating the reward pathway and clearing out the deficits therein via permanent synaptic
changes in this pathway. This would mean that ketamine’s long-term effects in depressed
patients may be occurring by permanently potentiating the reward pathway, and thus
supporting the view that repeated ketamine treatment would repeatedly activate reward
pathways involved in the development of drug addiction.

Interestingly, there are novel studies reporting ketamine’s efficacy in the treatment of
substance use disorders (SUDs) combined with psychotherapeutic intervention (reviewed by
47). These studies have shown positive effects of ketamine on drug use rates, craving,
motivation, abstinence, and withdrawal symptoms of cocaine, heroin, alcohol and cannabis.
However, these studies do not report individual’s dependence or motivation for ketamine
abuse/addiction. The effects presented in these studies might be a case of drug substitution
[132]. Another important aspect to consider is that most of these studies have used
antidepressant (0.5-0.8 mg/kg) and higher doses of ketamine (2-2.5 mg/kg), with maximum
effects towards control of SUDs seen with higher doses of ketamine. Further delineation of
the effects from these studies need to be carefully investigated with larger sample sizes and
robust controls.

Together, this evidence indicates that ketamine’s effects can be derived from multiple
mechanisms that could be working in sequence or parallel. The use of ketamine for the
treatment of depression has raised serious concerns across the field, ranging from the
scarcity of data on efficacy and safety, to its potential for misuse [52,151,168]. While most
acknowledge these concerns and propose the use of this drug with caution [46,151], there
are no current clinical guidelines for the long-term use of ketamine [162], thus clinicians
may have to rely on their own expertise and responsibility to do no harm [157].
Unfortunately, ketamine is currently available, often without psychiatric monitoring, in
commercial clinics across the US [128,131,154,158], and barriers such as inability to pay for
treatment may turn patients to self-medicate by seeking cheaper or illegal alternatives
[111,181]. More research delineating ketamine’s mechanisms of actions to find ways to
regulate them during treatment to help potentiate ketamine’s antidepressant actions while
inhibiting potential addictive effects is paramount. Exploring strategies using ketamine-like
pharmacological agents, or co-administration of sub-effective doses of ketamine in
combination with agents devoid of abuse liability such as antidepressants, or antagonists of
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group Il metabotropic glutamate (mGlu) receptors (mGlu2/3 subtypes), which have been
shown to have antidepressant properties, may open up new avenues to prevent ketamine
misuse. Until there is more evidence available on the dosing and long-term safety and
efficacy of its repeated use, enthusiasm about ketamine’s antidepressant effects must be
tempered with caution.
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Figure 1.
The NMDA receptor comprises of two N1 sub-units and two N2A/N2B, or one N2A and

one N2B subunit. Ketamine binds within the channel of the NMDA receptor and acts as a
non-competitive antagonist of the NMDA receptor. Inhibition of the NMDA receptor by
ketamine prevents the influx of Ca2* and/or Na* ions thus preventing neuronal membrane
depolarization. This decreases the probability of neuronal firing, preventing further
propagation of the neuronal signal, neurotransmitter release or downstream signaling
mechanisms. (Figure modeled after Pham and Gardier, 2019 [138]).
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Figure 2.
Involvement of overlapping neurocircuitry in both addiction and depression. Neural changes

occuring along the mesolimbic dopaminergic reward pathway in drug addiction strongly
overlap with those occurring within the same areas in depression. In both addiction and
depression changes occur within the medial prefrontal cortex (mPFC), nucleus accumbens
(NAC), dorsal hippocampus (DHipp), ventral hippocampus (VHipp), hypothalamus (HTH),
Lateral Habenula (LHb), and amygdala (AMY). Neural changes induced by ketamine mimic
those induced by other drugs of abuse.

Behav Brain Res. Author manuscript; available in PMC 2021 April 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kokane et al.

,{.

T e

|'\-' 5
1

gl %
f’/gq.: %

Page 31

Fru-Halamie FusldAwamns

=10, Fok e
B
|| ot
1 i
F g w
3 .|| ! L1

Figure 3.
Ketamine’s inhibition of the NMDA receptor results in increases in glutamatergic

neurotransmission. Red indicates inhibitory effects. Green indicates disinhibitory,
facilitatory effects. When on board, ketamine causes the inhibition of GABAergic
interneurons by blocking the NMAD receptors on the GABAergic interneurons, resulting in
disinhibition. This, in turn, increases AMPA receptor expression resulting in synaptic
strengthening. Brain-derived neurotrophic factor (BDNF) synthesis and translation is
mediated by evoked and spontaneous activity. During normal function, spontaneous NMDA
receptor activation and Ca2*-dependent second messengers cause the eEF2 kinase (eEF2K)
to dephosphorylate eEF2. Ketamine causes the inhibition of eEF2K, which induces an
increase in phosphorylated eEF2 (p-eEF2), and a resultant increase in BDNF translation and
protein synthesis [114]. Ketamine causes the activation of the mTOR signaling pathway,
promoting synaptogenesis. All of these molecular changes appear to underly ketamine’s
rapid antidepressant effects, and possibly its potential addiction liability. (Figure modeled
after Monteggia et al., 2013.[114])
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Summary of preclinical studies demonstrating ketamine’s antidepressant effects /n vivo.

Species/strain

Ketamine dose

Behavioral effects

Yilmaz et al. 2002 [193]

Male Wistar rats
(280-310 g)

Single dose of 1 mg/kg i.p.

Decreased immobility in the forced swim test (FST) for
up to 10 days post injection.

Garcia et al. 2008 [50]

Male Wistar rats
(300-350 g)

5, 10, 15 mg/kg i.p.
once daily for up to 12
days

All doses decreased immobility in the FST.

Maeng et al. 2008 [102]

Male mice (20-25 g)

Single dose of 0.5, 2.5, 10
mg/kg i.p.

All doses rescued learned helplessness 24 h post
treatment. 2.5 mg/kg dose decreased immobility in the
FST 30 mins, and 2 weeks post treatment.

Cruz et al. 2009 [29]

Male Swiss mice (25—
350)

Single dose of 6.35-50
mg/kg i.p.

12.5, 25 mg/kg doses decreased immobility in the FST 24
h post treatment. 50 mg/kg dose decreased immobility in
the FST and the tail suspension test (TST) 24 h post
treatment.

Engin et al, 2009 [42]

Male Sprague Dawley

Single dose of 10, 50

Both doses decreased immobility in the FST.

rats (180-360 g) mg/kg i.p.
Ghasemi et al. 2010 Male NMRI mice Single dose of 0.55 mg/kg 2, 5 mg/kg doses decreased immobility in the FST 45
[53] (23-300) i.p. mins post treatment.
Li et al. 2010 [87] Male Sprague Dawley Single dose of 10 mg/kg Antidepressant-like effects seen 24 h post treatment as
rats (150-250 g) i.p. measured by the FST, learned helplessness, and novelty

suppressed feeding tests. Effects lasted for up to 2 days
post treatment. Increased sucrose preference 1, 3, 5, and 7
days post treatment.

Autry et al. 2011 [3]

Male C57BL/6 mice
(6-8 weeks old)

Single dose of 3 mg/kg i.p.

Decreased immobility in the FST 30 mins post treatment
effects lasting up to 1-week.

Bechtholt-Gompf et al.
2011 [5]

Male Swiss and
C57BJ/6 mice (8

Single dose of 0.5, 2.5,

12.5, 40, 80, 160 mg/kg i.p.

160 mg/kg dose decreased immobility in the FST 1 h post
treatment in the C57BL/6 mice, but not at 7 days post

weeks) treatment.
Koike et al. 2011 [75] Male ICR mice (25— Single dose of 3-30 mg/kg Decreased immobility in the FST only by the 30 mg/kg
350Q) i.p. dose
Reus et al. 2011 [145] Male adult Wistar rats | Single dose of 5, 10 mg/kg Decreased immobility in the FST only the 10 mg/kg dose
(60 days old) i.p. 1 h post treatment.
Wang et al. 2011 [175] Male Wistar rats (60 Single dose of 15 mg/kg Decreased immobility in FST 1 h post treatment.
days old) i.p.
Lindholm et al. 2012 Adult male C57BL/6 Single dose of 20, 50 Decreased immobility in the FST 45 minutes post
[93] mice mg/kg i.p. treatment, but not at 7 days.
Ma et al, 2012 [100] Male C57BL/6 mice Single dose of 10 mg/kg Decreased immobility in the FST and TST 48 h post-
i.p. treatment. Increased sucrose preference 24 h, 4, 6, and 8

days post treatment.

Tizabi et al. 2012 [164]

Male and female
Wistar rats

0.25-5.0 mg/kg i.p. once
daily for 10 days

No acute/chronic effect on the Wistar rats. Immobility in
the FST was decreased in Wistar Kyoto rats for up to 1
week by the 5.0 mg/kg dose. Low doses did not show
long lasting effects in either strains.

Carrier & Kabbaj 2013
[16]

Male and female
Sprague Dawley rats
(200-270 g)

Single dose of 2.5-10
mg/kg i.p.

Decreased latency to feed 24 h post treatment in novelty
suppressed feeding test. Sucrose preference was increased
in males 48 h post treatment. Decreased immobility in the

FST in both males and females 30 mins post treatment.

Gigliucci et al. 2013
[55]

Male Sprague Dawley
rats (280-320 g)

Single dose of 1025 mg/kg

Decreased immobility in the FST 1 and 24 h post
treatment. Pretreatment with 3 doses of ketamine (at 24, 5
and 1 h prior to testing) was ineffective.

Liu et al. 2013 [95]

Male Sprague Dawley
rats (150-250 g)

Single dose of 1, 10 mg/kg
ip.

Decreased immobility in the FST 24 h and 1 week after
10 mg/kg.
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Species/strain

Ketamine dose

Behavioral effects

Parise et al. 2013 [136]

Male Sprague Dawley
rats (post-natal day
35-49)

5, 10, 20 mg/kg i.p. twice
daily for 1 or 15 days

Decreased immobility in the FST (10/20 mg/kg) 24 h
after second injection. Effects lasted for up to 2 months
after chronic treatment cessation.

Yang et al. 2013 [191]

Male Wistar rats
(180-220 g)

Single dose of 10 mg/kg
i.p.

Decreased Reduced immobility in the FST 30 mins post
treatment.

Gideons et al. 2014 [54]

Male C57BL/6 mice
(6-8 weeks)

Single dose of 3 mg/kg i.p.

Decreased immobility in the FST for up to 24 h post
treatment. Decreased latency to feed 30 mins post
treatment in novelty suppressed feeding test.

Donahue et al. 2014

Male C57BL/6 mice

Single dose of 2.5 or 20

Increased social interaction score 24 h post treatment in

[35] (6-8 weeks) mg/kg i.p. animals treated with 20 mg/kg ketamine dose.
Francesschelli et al. Adult male and Single dose of 3, 5, 10 For females, all three doses decreased immobility in the
2015 [45] female C57BL/6 mice mg/kg i.p. FST 30 mins post treatment. For males, 5 and 10 mg/kg

doses decreased immobility in the FST 30 mins post
treatment. At 24 h post treatment, both males and females
continued to show decreased immobility in the FST at 10
mg/kg dose.

Jett at al. 2015 [68]

Male Sprague Dawley

Single dose of 10 mg.kg

Decreased immobility in the FST 7 days post treatment.

rats (220-300 g) i.p.
Zanos et al. 2015 [195] Male Swiss mice (8 Single dose of 10 mg/kg Decreased immobility 1 h post treatment in the FST and
weeks old) i.p. TST.
Chiu et al. 2015 [23] Male CD-1 mice Single dose of 2.5, 50 No effects with single dose of 2.5 mg/kg. Decreased

mg/kg i.p. plus pre-
treatment with lithium
(600/1200 mg/L)

immobility in the FST and TST when 2.5 mg/kg was
coupled with Lithium (Li) (60/1200 mg/L). Decreased
immobility in the FST and TST when 50 mg/kg was
coupled with Li (60/1200 mg/L).

Lin et al. 2016 [91]

Male Swiss mice (30—
45 g, 8 weeks old)

Single dose of 3, 10, 15, 30
mg/kg i.p.

10 and 15 mg/kg decreased immobility in the FST 1, and
7 days post treatment. 10 mg/kg decreased latency to feed
1 h post treatment.

Sarkar & Kabbaj 2016
[149]

Male and female
Sprague Dawley rats
(200-270 g)

Single dose of 2.5, 5 mg/kg
i.p.

Decreased immobility in the FST 72 h post treatment. In
males, increased sucrose preference 24 h post treatment.

Sun et al. 2016 [160]

Male Sprague Dawley
rats (250-300 g)

Single dose of 10 mg/kg
i.p.

Decreased immobility in the FST and increased sucrose
consumption in sucrose preference test 72 h post
treatment.

Thelen et al. 2016 [163]

Male and female
C57BL/6 mice (8-12
weeks old)

3-10 mg/kg i.p. once daily
for 21 days

No change in spontaneous locomotor activity. Decreased
immobility in the FST in males (10 mg/kg). Females
showed increased immobility in the FST (indicative of
increase in depression-like behavior).

Chowdhury et al. 2017

Male Sprague Dawley

Single dose of 3, 30, 80

30 mg/kg decreased immobility in the FST 24 h post

rats (180-220 g) mg/kg i.p. treatment.
Dong et al. 2017 [37] Male C57BL/6 mice Single dose of 10 mg/kg Decreased immobility in the TST 24 h post treatment and
(8 weeks old, 20-25 i.p. in the FST 48 h post treatment. Increased sucrose
9) preference for up to 7 days post treatment.
Popik et al. 2017 [141] Male Swiss mice (18- | Single dose of 5, 10, 15,25 | Immobility was reduced in the FST for all doses except 5
229) mg/kg i.p. mg/kg 30 mins post treatment. This effect was lost at 24 h

post treatment. All doses except 5 mg/kg increased
sucrose preference 48 h post treatment.

Donegan & Lodge 2017 | Male Sprague Dawley Single dose of 10 mg/kg Decreased immobility in the FST 30 mins and 7 days post
36 rats (250-275 g) i.p. treatment.
Jiang et al. 2017 [69] Male Sprague Dawley 10 mg/kg i.p. once daily Decreased immobility in the FST 24 h post treatment.
rats (250-350 g) for 15 days Reduced immobility was sustained 7 weeks post

treatment. Increased sucrose preference 24 h and 7 weeks
post treatment.

Iniguez et al. 2018 [66] Female C57BL/6 Three doses of 20 mg/kg Increased interaction ratio in a social interaction test
mice (8 weeks old) i.p. immediately post treatment.
Maciel et al. 2018 [101] Male Wistar rats (60 Single dose of 15 mg/kg Decreased immobility in the FST 8 days post treatment.
days old) i.p.
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Species/strain

Ketamine dose

Behavioral effects

Wang et al. 2018 [176]

Male C57BL/6 mice
(4-week-old, 16-19 g)

Two doses of 30 mg/kg
i.p., 14 days apart

Reduced immobility in the FST 28 days post treatment.

Zhang et al. 2018 [197]

Male C57BL/6 mice
(8 weeks old, 20-25
9)

Single dose of 10 mg/kg
i.p.

Decreased immobility in the TST 4 h post treatment.
Increased sucrose preference 2, and 5 days post treatment.

Hare et al. 2019 [60]

Male and female

Single dose of 10 mg/kg

Decreased immobility in the FST 24 h post treatment.

C57BL/6 mice i.p.
Newman et al. 2019 Female Swiss mice Single dose of 20 mg/kg Increased social contact in chronically defeated female
[130] (12 weeks old) i.p. mice 24 h post treatment.

Behav Brain Res. Author manuscript; available in PMC 2021 April 20.



	Abstract
	Introduction
	Ketamine pharmacology
	Pharmacokinetics and pharmacodynamics of ketamine
	Mechanisms of Action
	Glutamate-dependent mechanisms
	Glutamate-independent mechanisms
	Potentiates inhibitory effects of GABA:
	Interaction with monoaminergic system:
	Inhibitor of acetylcholine release:
	Interactions with sodium-, L-type calcium- and potassium-channels:


	Ketamine and depression
	Clinical evidence
	Preclinical evidence

	Ketamine and addiction
	Clinical evidence of abuse
	Preclinical evidence of ketamine abuse
	Ketamine regulation of the overlapping neural circuitry between depression and addiction
	Overlap in the molecular pathways inducing antidepressant and abuse potential of ketamine

	Conclusions and Future directions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1

