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Ketamine was first synthesized in the early 1960s in search for anesthetic compounds and
has been a mainstay for anesthesia since its approval by the United States Food and Drug
Administration (USFDA) in 1970 [1]. Early clinical observations suggested that ketamine
had a profile that differed from more traditional anesthetics, including producing a
disconnected dreamlike state, and it was therefore referred to as a “dissociative” anesthetic
[2,3]. For many years, the emphasis of ketamine research and clinical work focused on its
anesthetic properties. More recently, however, there has been a growing interest in effects of
ketamine at subanesthetic doses. This was sparked, in part, by the finding of rapid, long-
lasting antidepressant properties at low doses, and to be effective in individuals who are
resistant to traditional antidepressants [4]. It is therefore now categorized as a rapid-acting
antidepressant (RAAD) effective in treatment-resistant (TRD) individuals. The rapid
response is especially exciting since traditional antidepressants, such as serotonin reuptake
inhibitors (SSRIs), can take several weeks to produce a therapeutic response. Moreover,
ketamine’s pharmacological effects are unique compared to traditional antidepressants and it
therefore represents the first of a potential novel class of psychotherapeutic drugs. After
considerable clinical and preclinical work in the area, esketamine (the S(+) enantiomer of
ketamine) was approved by the USFDA in 2019 for TRD [5]. There has been a burst of
research into ketamine to better understand the mechanisms that underlie its antidepressant
effects (see Fig. 1). Concerns about side effects, including dissociative effects and abuse
potential, prevent its broad use and lead to hope that, by better understanding its
mechanisms, alternatives can be developed.

The use of ketamine for non-medical purposes emerged concurrently with its use as an
anesthetic among young people seeking its unique dissociative effects [6,7]. Ketamine abuse
remained at relatively low, but consistent levels for many years. However, a significant
escalation in use began in the early 2000s, which was associated with the dance club and
rave scene [8-10]. Because of its use in these settings, ketamine has sometimes been
referred to as a “club drug.” Among the effects sought by users include a euphoric rush,
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altered senses, melting into surroundings, visual hallucinations, out-of-body experiences,
and giggliness [8,9]. Although many use it intermittently in weekend party settings, the use
of ketamine can escalate to a compulsive addiction-like pattern (see [11] for review). A
better understanding of its effects will help with the prevention and treatment of ketamine
abuse and addiction.

The focus of this special issue of Behavioural Brain Research is the effects of ketamine at
subanesthetic doses, and in particular, the antidepressant effects and abuse potential. For this
issue, we brought together an impressive group of scientists whose work leads to a better
understanding of this fascinating compound. Eight of the contributions are literature reviews
that address the mechanisms of ketamine action,while twelve are empirical papers that offer
new insight into ketamine’s short and long-term effects at low doses. Together they provide
a state-of-the-art look at the current status of research on subanesthetic ketamine.

Among the many top scientists who contributed to this Special Issue, we’d like to first
acknowledge Dr. Edward Domino, who has been working on ketamine and related drugs for
more than 60 years. Dr. Domino was a key scientist in the early development of ketamine,
and was, in fact, the lead author on the first publication to examine the effects of ketamine
(then known as CI-581) in humans [3]. In 2010, Dr. Domino summarized his personal
decades-long scientific odyssey with ketamine in a paper aptly entitled “Taming the
Ketamine Tiger” [2]. In the current review paper, Domino and his colleagues evaluate the
pharmacological profile of ketamine and some of the key targets that are likely involved in
its antidepressant actions [12].

Sial et al. (2020) offer an excellent overview of the current understanding of potential
mechanisms that underlie ketamine’s antidepressant effects, including circuitry and
intracellular signaling molecules [13]. They summarize clinical studies and preclinical work,
address conflicts and controversies, as well as identify gaps in knowledge. This review paper
is the perfect place to start for anyone interested in the broad view of the topic. Similarly,
Carreno et al. (2020) review the antidepressant effects of ketamine, including brain circuits,
synaptic mechanisms and intracellular signaling pathways [14]. They focus on a circuit from
the ventral hippocampus to the medial prefrontal cortex that they believe is essential to the
sustained antidepressant effects of the drug. Based on preclinical work, they point to novel
drug classes that impact on GABAergic signaling in this pathway that may replicate the
antidepressant effects of ketamine with fewer adverse effects.

Three of the review papers focus on the role of stress in the antidepressant effects of
ketamine. Rincdn-Cortés and Grace (2020) summarize preclinical research on the ability of
ketamine to both prevent and reverse the impact of stress on brain and behavior [15]. They
hone-in on the role of dopaminergic dysfunction in the mesolimbic system as a key pathway
in depression-related symptoms. They suggest that affective regulation involves a balance
between specific pathways that drive or reduce mesolimbic dopamine system function. The
dysregulation of this system by stress, a key risk factor for the development of major
depressive disorder (MDD), is stabilized by low doses of ketamine. Polis, Fitzgerald, Hale
and Watson [16] also address stress in their review paper. The first half of their review
summarizes the potential molecular targets and circuits involved in ketamine’s
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antidepressant actions. The second half addresses variability in responses to ketamine in
animal models of antidepressant action and the potential role of stress and other factors in
this variability. It is essential to better understand these factors in preclinical studies to
assure that different laboratories are investigating the same phenomenon when trying to
elucidate the antidepressant effects of ketamine. Abdallah and Krystal [17] provide a short
review and perspective on human and animal research related to chronic stress pathology
and its relationship to depression and the antidepressant effects of ketamine. They make the
point that multiple psychiatric disorders — including MDD, bipolar depression, posttraumatic
stress disorder (PTSD), generalized anxiety disorder (GAD) and obsessive-compulsive
disorder — are related to chronic stress and synaptic dysconnectivity, and that addressing
synaptic dysfunction leads to positive therapeutic outcomes. They then offer a series of
recommendations on how the field can move toward a cure, rather than simply treatments for
MDD and other stress-related disorders.

Grabski, Borissova, Marsh, Morgan and Curran [18] address a very different and very
important topic related to the antidepressant actions of ketamine — whether the psychoactive
effects (such as the dissociative, psychotomimetic, hallucinogenic or mystical effects)
contribute to the therapeutic response. These effects are often dismissed as unwanted side
effects; however, if they are related to treatment efficacy, then it would be counterproductive
to seek alternatives to ketamine that fail to produce these effects. Indeed, there is evidence
that the psychoactive properties of psychedelic drugs, such as psilocybin and MDMA,
contribute to their therapeutic actions [19,20] so it is reasonable to ask the same of the potent
dissociative, ketamine. After reviewing the literature, Grabski and coworkers conclude that
there is currently insufficient evidence to answer the question, and they offer guidance for
future work on the topic.

The review paper from Kokane et al. [21] brings together the two major themes of this
special issue by addressing the common molecular mechanisms that underlie the abuse of
ketamine and its antidepressant effects. They begin by reviewing ketamine’s molecular
targets and then summarize the evidence for its antidepressant effects and abuse potential.
They then point to the mesolimbic dopamine system as key to both the antidepressant effects
and the abuse potential of ketamine, and highlight specific downstream messengers,
including brain-derived neurotrophic factor (BDNF), glycogen synthase kinase-3, and
mammalian target of rapamycin.

Together, these review papers offer an excellent state-of-the-art overview on the
pharmacological profile of subanesthetic ketamine, and the mechanisms that contribute to its
antidepressant effects and abuse potential. Moreover, they point to gaps in the literature and
fruitful directions for future research. In addition to these reviews, this special issue includes
twelve empirical papers that add significantly to the current understanding of ketamine’s
actions in preclinical models for the study of MDD and addiction related behavior.

The empirical papers in this special issue addressed three major overarching themes: RAAD
properties of ketamine, short-term and long-term effects of ketamine during development,
and effects of ketamine related to drug abuse and addiction. The RAAD properties of
ketamine have been recapitulated in preclinical models of stress over the past decade
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[5,22,23]. Here, several lines of work corroborate and expand on the ability of subanesthetic
doses of ketamine to reverse stress-induced maladaptive behavior across different animal
models of depression-related symptomatology [24—-26]. Specifically, Ecevitoglu and
colleagues report that oral administration of ketamine (0.4 mg/day) decreases behavioral
despair on the forced swim test, a traditional antidepressant-like response, without altering
memory performance in adult male rats [27]. Likewise, Kim and Monteggia demonstrate
that low (5 mg/kg), but not high (50 mg/kg), doses of ketamine increase BDNF, while
facilitating synaptic potentiation within the CAL region of the hippocampus. This work
reveals novel neurobiological mechanisms that may underlie ketamine’s fast antidepressant-
like effects in the mouse forced swim test [28]. Given that chronic and/or traumatic stress
exacerbates the development of mood-related disorders, and MDD is a risk factor for low
bone mineral density, Xiong and colleagues evaluated the effects of (R)-ketamine on
depression-related behavior and inflammatory bone markers in male mice exposed to
chronic social defeat stress [29]. Their work shows that (R)-ketamine (10 mg/kg), but not its
metabolite (2R,6R)-hydroxynorketamine (10 mg/kg), is able to reverse the social defeat-
induced behavioral alterations observed, as well as the stress-induced changes of molecular
markers associated with bone formation and resorption. Similarly, Mastrodonato and
colleagues assessed whether ketamine would protect against inflammatory stressors in a
mouse model that screens for antidepressant-like effects [30]. Specifically, they tested if
ketamine (30 mg/kg) would produce prophylactic-like effects against inflammatory-induced
vulnerability (i.e., an injection of lipopolysaccharide) on contextual fear conditioning and
the forced swim test in adult male mice [31]. They revealed that ketamine was effective in
attenuating learned fear while inducing antidepressant-like effects on the forced swim test in
mice undergoing inflammatory stress. Importantly, these preclinical findings suggest that
ketamine not only reverses stress-induced maladaptive behavior, but that it may also be a
treatment option for individuals suffering from TRD and comorbid osteoporosis and/or
inflammation-related illnesses.

The short-term behavioral and neurobiological effects of ketamine exposure, in adult
organisms, have been the focus of basic researchers over the years. However, less is known
about the actions of ketamine across different stages of development. Addressing this issue,
Wei and colleagues found that ketamine’s rapid antidepressant-like effects, using adolescent
male mice as a model system, are mediated by its ability to facilitate fear memory extinction
via hippocampal presynaptic-mediated plasticity processes [32]. Following on their prior
work demonstrating that ketamine facilitates short-term fear conditioned memory processes
in adult rodents [33], Radford and colleagues assessed whether ketamine would influence
fear memory in a longer timeframe. Interestingly, they found that ketamine does not
influence long-term conditioned fear learning/extinction [34]; yet, Radford and his team
report that ketamine history mediates a sustained increase in progesterone and
corticosterone, implicating potential enhanced vulnerability for the development of fear-
related disorders, such as PTSD and GAD, later in life. This is an intriguing finding, given
that ketamine is commonly administered to traumatically injured victims to provide sedation
and analgesia [35]. As such, their findings highlight the need for future basic research to
examine for enduring effects of ketamine exposure.
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As discussed above, ketamine is a drug with abuse potential, and as such, basic researchers
are exploring the mechanisms that underlie its addiction-related properties. For example,
Trujillo and Heller examined behavioral sensitization, a phenomenon associated with
motivation to seek drug, and demonstrated that both novel environments and social
experiences facilitate the development of ketamine-induced locomotor sensitization [36].
Interestingly, the factors that influence the development of ketamine-induced locomotor
sensitization are uniquely expressed across development and as a function of sex [37].
However, the neural mechanisms of ketamine’s locomotor activating effects are not fully
understood. To address this gap in the literature, the laboratories of Crawford and
McDougall, in two papers, evaluated the role of monoamine neurotransmission in ketamine-
induced locomotor activity across age and sex [38,39]. Incorporating a series of elegant
pharmacological experiments, they report that ketamine-induced locomotion is partially
dependent on both dopamine and serotonin systems, since pharmacological depletion of
these neurotransmitters (but not norepinephrine) attenuate the locomotor activating effects of
ketamine differentially across the prepubertal, adolescent, and adult stages of development.

A fascinating paradox of ketamine is that it is a drug with abuse potential, however it also
has potential for the treatment of addiction [40,41]. To investigate the neurobiological
mechanisms that contribute to its therapeutic effects in addiction Piva et al. [42] explored the
ability of ketamine to interfere with renewal or reconsolidation of a reward memory.
Ketamine was given at a low subanesthetic dose 24 h prior to testing for renewal or
reconsolidation of lever-pressing for sucrose reward following extinction. It was found that
ketamine interfered with renewal of responding but did not interfere with reactivation of
contextual memory. In parallel they demonstrated changes in glutamatergic receptors in
amygdala, hippocampus and nucleus accumbens, which may contribute to the behavioral
changes induced by ketamine.

While the short-term effects of subanesthetic doses of ketamine are being uncovered, less is
known about the long-term effects that may arise in later life as a function of ontogenic
ketamine exposure [43,44]. Extending on this important line of work, Bates and Trujillo
evaluated how exposure to this NMDA receptor blocker, during adolescence or adulthood,
influenced the expression of locomotor sensitization or cognitive functioning, 20 days after
ketamine exposure [45]. They found that ketamine pretreatment induced persistent
locomotor sensitization in animals pre-exposed to ketamine in adulthood, but not
adolescence — thus, revealing that ketamine history induces long-lived alterations on
addiction-related behavior, but not cognitive ability, as a function of age. Similarly, Franco
and colleagues evaluated how pre-pubertal exposure to ketamine influenced responses to
alcohol seeking behavior during adolescence [46]. Here, adopting the conditioned place
preference approach [47], they demonstrated that early-life exposure to ketamine reduced
the preference for environments paired with alcohol during adolescence. However, altered
shifts in drug-reward response are likely dependent on the age of ketamine pre-exposure, as
others have reported increases in cocaine and sucrose preference in adulthood as a function
of adolescent ketamine pre-treatment [43]. Collectively, these basic research studies show
that while ketamine exerts acute beneficial pharmacotherapeutic properties (on
neuropsychiatric-related behavior) it also results in enduring reward-related side effects in
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later life. These studies point toward future research on both the therapeutic and unwanted
effects of ketamine exposure.

Research into the subanesthetic effects of ketamine, to understand both its therapeutic effects
in MDD and its abuse potential, is growing at a high rate (Fig. 1). The current special issue
of Behavioural Brain Research contributes significantly to a better understanding of these
areas and points in promising directions for future research. As we look toward the future it
will be important for the field to arrive at a better understanding of preclinical models of
ketamine’s antidepressant effects, and in particular, the variability in responses both across
and within laboratories, and the potential role of stress in this variability. Further research
into the intersection between ketamine, stress, learning, and depression will also be
beneficial. It needs to be noted, however, that there are some effects of ketamine that cannot
be easily studied in animal models, such as the mystical/spiritual states, that will require
human subjects to fully understand the therapeutic effects of the drug. Finally, studies on the
factors that contribute to non-medical use of ketamine and ketamine addiction are needed to
prevent and treat problematic use, as is research on potential long-term consequences of
ketamine use (both disadvantageous and beneficial). It is expected that research on ketamine
will continue at a rapid pace with the potential to significantly benefit health and well-being.
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Fig. 1.
Number of publications on ketamine indexed in PubMed each year from 1965 to 2019,

based on a simple keyword search. Note the upward incline beginning in the late 1990s, and
then escalating in the past decade, illustrating the tremendous growth in research on the
compound.
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