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Abstract

In 2017, 7.1% of US adults were diagnosed with depression, and 50% of patients
received medication to treat their depression. Depression can cause severe interruptions in an
individual’s cognitive functioning and behaviors like sleeping, eating, working, and socializing.
Unfortunately, approximately 40% of patients do not respond to treatment with monoaminergic
medications (e.g. Prozac®) and therapeutic effects may be delayed 2-8 weeks. Due to these
therapeutic shortcomings, faster acting and more efficacious treatments are needed. Recent
preclinical findings indicate potential for glutamatergic drugs like (R,S)-ketamine and (2R,6R)-
hydroxynorketamine to produce more rapid and longer-acting therapeutic effects. The
antidepressant effectiveness of (R,S)-ketamine for many patients is undisputed; however, the
antidepressant efficacy of the ketamine metabolite (2R,6R)-hydroxynorketamine is disputed.
Despite an incomplete understanding of the mechanism of action, the FDA approved (S)-
ketamine (esketamine; Ketanest®, Spravato®) for treatment-resistant depression in March 2019.
Excitement for a better treatment, however, is lessened by reports indicating that some patients
may experience severe side effects like reduced cognitive functioning a day or more after (S)-
ketamine treatment. In sum, some glutamatergic drugs like (R,S)-ketamine are effective in
treating depression, but potential side-effects and abuse liability may limit their clinical use. This
provides a strong impetus to further examine and compare the antidepressant efficacy and side-
effects of (R,S)-ketamine, the ketamine isomers (R)-ketamine, (S)-ketamine, and the ketamine
metabolite (2R,6R)-hydroxynorketamine. The current study measured the effects of (R,S)-
ketamine, (R)-ketamine, (S)-ketamine, and (2R,6R)-hydroxynorketamine on C57bl/6 mice in
three preclinical behavioral assays; differential-reinforcement-of-low-rate responding (DRL),

drug discrimination, and spontaneous alternation in a Y-maze. These assays provide measures of
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antidepressant-like effects, discriminative stimulus effects, and cognitive effects of drugs,
respectively. Results indicated that (R,S)-ketamine, (S)-ketamine, and (2R,6R)-
hydroxynorketamine produced significant antidepressant-like effects in the DRL task. No
significant effect was found with (R)-ketamine in the DRL task. The lack of effect in the DRL
task may be due to the slower metabolism of (R)-ketamine compared to (S)-ketamine and the 10-
minute pretreatment time used in the present study. In the drug discrimination experiment, both
isomers substituted for (R,S)-ketamine; the effective dose of (S)-ketamine was lower than (R)-
ketamine and this indicates greater potency in this experiment. (2R,6R)-Hydroxynorketamine did
not substitute for (R,S)-ketamine at the tested doses. In the Y-maze experiment, (R,S)-ketamine
and (S)-ketamine reduced spontaneous alternation 24-hours after injection. No effect on
spontaneous alternation was observed with (R)-ketamine and (2R,6R)-hydroxynorketamine at the
tested doses. The results from the Y-maze experiment indicate that (R)-ketamine and (2R,6R)-
hydroxynorketamine may have less effect on cognition than (R,S)-ketamine and (S)-ketamine.
The present study reports novel findings regarding the antidepressant-like effects, subjective
effects, and cognitive effects of (R,S)-ketamine, its isomers, and the metabolite (2R,6R)-
hydroxynorketamine. The results of the present study and many other preclinical studies suggest
that clinical research is warranted for the (R)-ketamine (arketamine) isomer and the ketamine

metabolite, (2R,6R)-hydroxynorketamine.
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Effects of (R,S)-ketamine and (2R,6R)-hydroxynorketamine: a preclinical study

Major depressive disorder is the most common mental health disorder and a major cause
of disability-adjusted life years lost worldwide (Murray & Lopez, 1996; Kessler, 2012; World
Health Organization [WHO], 2019). In 2012, the U.S. lifetime prevalence rate for depression
was over 16% (Kessler et al., 2012). During 2013-2016, 8.1% of persons in the U.S. aged 20 and
over had depression in any given two-week period (Brody, 2018). In 2005, treatment and loss of
productivity due to depression was estimated to have cost the US $173.2 billion; which increased
to $210.5 billion in 2010 (Greenberg, Fournier, Sisitsky, Pike, & Kessler, 2015). About 80% of
adults with depression in the U.S., report some difficulty with work and social activities because
of their depression (Brody, 2018). Depression is associated with persistent symptoms that extend
well beyond momentary sadness (National Institute of Mental Health [NIMH], 2016).
Depression can cause severe interruptions in an individual’s thoughts, by affecting emotions and
cognitive functioning, and behaviors like sleeping, eating, working, and socializing (NIMH,
2013). Symptoms may range from mild to severe and to be diagnosable as defined by the
Diagnostic and Statistical Manual (DSM-5) of the American Psychiatric Association, symptoms
must persist for at least two weeks (see Table 1; NIMH, 2013; Uher, Payne, Pavlova, & Perlis,
2014; American Psychiatric Association, 2017). Fortunately, some patients are successful in

reversing their depressive symptoms with treatment (Marken & Munro, 2000; Rush et al. 2004).
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Table 1. DSM-5 criteria for major depressive disorder

Symptom Frequency requirements
Depressed mood (subjective or observed) Most of the day, nearly every day
Loss of interest or pleasure (anhedonia) Most of the day, nearly every day
Change in weight or appetite Appetite: nearly every day
Insomnia or hypersomnia Nearly every day

Psychomotor retardation or agitation Nearly every day

Loss of energy or fatigue Nearly every day

Worthlessness or guilt Nearly every day

Impaired concentration or indecisiveness Nearly every day

Thoughts of death or suicide attempt Thoughts: recurrent

Suicide attempt: any

At least five symptoms must be present during the same two-week period and one must be either
depressed mood, or loss of interest or pleasure (symptoms are summarized here; for use in a
clinical setting, refer to the DSM-5 manual; American Psychiatric Association, 2013; Uher et al.,

2014).
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Treatment of depression

Clinicians may decide to treat depressed patients with pharmacological treatments, non-
pharmacological treatments, or both; a commentary on the factors important for this decision are
beyond the scope of the present study, however, the Sequenced Treatment Alternative to Relieve
Depression (STARED) multicenter trial offers insight on supplementation strategies or the use of
non-pharmacological treatments (see Rush et al., 2004). For a patient’s initial episode of
depression, a treatment regimen that includes both medication and therapy is the most successful
regimen option for treating depressive symptoms (Bandelow et al., 2015). Medication alone is
more successful than therapy alone, and physical exercise or taking a placebo is better than doing
nothing (Bandelow et al., 2015). Treatment of depression may include administration of
monoaminergic antidepressant drugs, generally classified as selective serotonin reuptake
inhibitors (SSRIs), tricyclic antidepressants (TCAS), or monoamine oxidase inhibitors (MAQIS)
(Williams et al., 2000; Rush et al., 2004). SSRIs may be chosen as an initial treatment because of
the higher tolerability and near absent risk for overdose lethality observed with SSRI treatment
(MacGillivray et al., 2003). Unfortunately, between 34% and 46% of patients do not respond to
treatment with these drugs (MacGillivray et al., 2003; Hillhouse & Porter, 2015). In addition, the
effectiveness of monoaminergic drugs, newer and older, does not significantly differ (Williams
et al., 2000). Moreover, therapeutic effects associated with monoaminergic drugs require daily
administration, and therapeutic effects may be delayed by 2-8 weeks; this delay may further
worsen disability-adjusted life year loss (Marken & Munro, 2000; MacGillivray et al., 2003). If a
patient has no improvement after the first-line treatment, then clinicians may augment with a
second component (e.g., cognitive behavioral therapy) or replace with another treatment (Rush et

al., 2004). A patient with depression may be considered to have treatment-resistant depression
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when six-weeks of continuous antidepressant treatment fails to produce alleviate symptoms
(Fava & Davidson, 1996). Treatment options for patients beyond or in conjunction with
medication may include psychotherapy and electroconvulsive therapy (Bandelow et al., 2015).
Patients diagnosed with major depressive disorder have deficits in general cognitive
performance, attention, visual learning, and memory compared to the performance of healthy
controls (Roca et al., 2015). Patients with cognitive symptoms have earlier onset and longer
episodes of depression (Papakostas, 2014). Patients with cognitive symptoms are further
negatively impacted by treatment with monoaminergic drugs, like SSRIs, which have been
reported to worsen cognitive symptoms for over 50% of patients with depression (Papakostas,
2014; Popovic et al., 2015). The study by Papakostas (2014) reported that treatment with
Paroxetine, Fluoxetine, Citalopram, Escitalopram, and Sertraline (all SSRIs) worsened cognitive
symptoms for patients diagnosed with depression. Development of treatment options with fewer
side-effects, like worsening memory, is imperative for health outcomes (Papakostas, 2014).
Non-pharmacological treatment options, like electroconvulsive therapy, are also effective
in treating depression (Fink, 2001). Notably, electroconvulsive therapy is effective for about
50% of patients with treatment-resistant major depressive disorder (Dierckx et al., 2012);
however, clinical use of electroconvulsive therapy is limited by adverse side-effects like
impaired memory and confusion (Calev et al., 1991; Kujala et al., 2002). Another emerging non-
pharmacological treatment, transcranial magnetic stimulation, has potential as a non-invasive and
low-cost treatment (George & Post, 2011). A recent meta-analysis of randomized, double-
blinded, and sham-controlled trials reported mixed results with active transcranial magnetic
stimulation (Moffa et al., 2019). The effect of transcranial magnetic stimulation on memory or

cognition was not measured and the researchers recommended further large scale randomized
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clinical trials (Moffa et al., 2019). Like monoaminergic treatment, transcranial magnetic
stimulation or therapy may not work for every patient and the reasons for this are unclear
(MacGillivray et al., 2003; Bandelow et al., 2015; Moffa et al., 2019).

Pathogenesis of depressive symptoms

Depressive symptoms and depressive-like behavior, for which chronic exposure to
stressful stimuli is a major risk factor, are associated with changes in the structure and function
of the mammalian (human and rodent) nervous system (Citri & Malenka, 2008; Grandjean et al.,
2016; Ochs-Ross et al., 2019). The neural plasticity mechanisms important for these changes
play an important role in the ability of the nervous system to change in response to
environmental stimuli, behavior, thought, and emotions (Citri & Malenka, 2008; Ganguly & Poo,
2013). These changes can be observed at multiple levels, from in vivo animal behavior to a single
neuron, and the molecular mechanisms responsible are well conserved across all organisms
(Hegde, Goldberg, & Schwartz, 1993; Kiltz, 2005). Preclinical research, whether with sea slugs
or rodents, allows researchers to make inferences from the effects of stressful stimuli and
antidepressants on non-human animals for human health (Hegde, Goldberg, & Schwartz, 1993;
Duman et al., 2016). Both human and animal studies expand understanding of the mechanisms
underlying depression.

Depressive symptoms and depressive-like behaviors are associated with changes in the
hippocampus, prefrontal cortex, amygdala, and other brain regions in both humans and mice,
respectively (Liston et al., 2006; Drevets et al., 2008; Liu et al., 2017; Ochs-Ross et al., 2019).
Post-mortem human studies have indicated that depressive symptoms are associated with
reduced grey matter within the hippocampus, prefrontal cortex, amygdala, and other brain

regions (Drevets et al., 2008; Kang et al., 2012). Preclinical studies also have demonstrated that
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stressful stimuli cause protein degradation in these same brain regions (McEwen, 2001; Ulrich-
Lai & Herman, 2009). Conversely, protein synthesis is positively correlated with successful
treatment of depression and therapeutic effects with monoaminergic drug treatment (Drevets,
Price, & Furey, 2008; Kang et al., 2012).

Brain-derived neurotrophic factor (BDNF) is one protein implicated in the cellular
processes associated with depressive symptoms (Duman et al., 1999; Duman et al., 2016). This
protein, BDNF, is important for maintaining existing neurons and the growth of new neurons and
new synapses (Huang & Reichardt, 2001). Exposure to stressful stimuli and the stress hormone
corticosterone have both been demonstrated to decrease expression of BDNF (Warner-Schmidt
and Duman 2006). Decreased BDNF expression leads to decreases in dendritic spines, which are
small protrusions on a neuron’s dendrite that help transmit electrochemical signals between
neurons (Duman and Duman 2015). The medication ketamine, historically used for anesthesia,
has been demonstrated to rapidly increase dendritic spine numbers via increasing BDNF
expression (Duman and Duman 2015). Taken together, these findings support the hypothesis that
depression may result from inappropriate neuronal structuring.

Ketamine

In 2019, the U.S. Food and Drug Administration’s (FDA) approval of SPRAVATO™, or
(S)-ketamine (esketamine), marked the introduction of a new rapid-acting antidepressant drug
(FDA, 2019). Unlike all other FDA approved antidepressant drugs, (S)-ketamine is an
arylcyclohexylamine, a noncompetitive potent N-methyl-D-aspartate receptor (NMDAR)
antagonist, and is effective within hours following a single dose (Marken & Munro, 2000; Roth
et al., 2013). Whether or not NMDAR antagonism is important for the antidepressant effects of

(S)-ketamine remains unclear, however (Zanos et al., 2016; Yamaguchi et al., 2018). One
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hypothesis, the disinhibition hypothesis, proposes that reversal of depressive symptoms is
produced by ketamine inhibiting NMDARs on gamma-Aminobutyric acid (GABA) producing
interneurons. The inhibition of GABAergic interneurons is hypothesized to disinhibit
glutamatergic pyramidal neurons and increase synaptic protein translation, which leads to newly
synthesized proteins like BDNF (Aleksandrova, Wang, & Phillips, 2017). Future studies should
further examine this hypothesis.

Despite an incomplete understanding of the mechanism of action, the potential benefits of
(S)-ketamine led the FDA to designate (S)-ketamine as a breakthrough therapy, meaning the
FDA grants priority to the development of (S)-ketamine as a therapeutic drug for treatment-
resistant depression (lonescu & Papakostas, 2017; FDA, 2019). One benefit over traditional
monoaminergic antidepressants, which require daily drug administration, is that treatment with
(S)-ketamine begins with drug administration twice a week for four weeks and then shifts to once
a week or once every two weeks (Marken & Munro, 2000; Janssen Pharmaceutical Companies,
2019). The more infrequent dosing may be made possible by long-lasting changes in the
structure of neurons and synapses (Duman and Duman 2015). In a recent phase 3, double-blind,
randomized clinical study with 297 adults, treatment-resistant patients treated with intranasal (S)-
ketamine plus oral antidepressant (an SSRI) were significantly less likely to experience relapse
of depressive symptoms than patients treated with an intranasal placebo plus oral SSRI (Patel &
Holle, 2019). Excitement for a better alternative treatment, however, is lessened by reports
indicating that some patients may experience severe side effects like hallucinations, reduced
cognitive functioning, and nausea for a few hours after (S)-ketamine treatment (Zanos et al.,

2018; Patel & Holle, 2019). Other arylcyclohexylamines, like (R)-ketamine and (2R,6R)-
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hydroxynorketamine may have reduced effect on cognition than (S)-ketamine (Yang et al., 2016;
Zanos et al., 2018), but that remains to be determined.

Ketamine, or (R,S)-ketamine, is a racemic mixture with equal parts of two sterecisomers
((R)-ketamine and (S)-ketamine, see Figure 1, left panel). Stereoisomerism, or spatial isomerism,
is a term used to describe molecules with the same molecular formula, but different spatial
orientation (International Union of Pure and Applied Chemistry, McNaught, & Wilkinson,
1997). (R)-Ketamine and (S)-ketamine are optical isomers; a subtype of stereoisomerism where
the two molecules are mirror images of one another but are non-superimposable (e.g. human
hands are a common macro example). (R)-Ketamine and (S)-ketamine are identical in molecular
formula and only differ in the direction they rotate in space; R or S, referring to Latin Rectus for
right, clockwise, or Latin Sinister for left, counterclockwise, respectively (International Union of
Pure and Applied Chemistry, McNaught, & Wilkinson, 1997). Furthermore, (R,S)-norketamine
and (2R,6R;2S,6S)-hydroxynorketamine are two major metabolites of (R,S) ketamine, and each
have distinct stereoisomers (see Figure 1, right two panels). These sterecisomers, like other
stereoisomers, have differing effects on biological entities (PubChem, 2020). Like the isomers of
ketamine, the isomers of the metabolites (i.e., (R)-norketamine, (S)-norketamine, (2S,6S)-
hydroxynorketamine, and (2R,6R)-hydroxynorketamine, see Figure 1, right two panels) may
differ in antidepressant efficacy. For example, one preclinical study reported greater
antidepressant efficacy with (2R,6R)-hydroxynorketamine treatment over (2S,6S)-
hydroxynorketamine in the forced swimming test (FST; Zanos et al., 2016). Other preclinical
studies have reported mixed antidepressant effects with the metabolites in the FST (Satat et al.,
2015; Yamaguchi et al., 2018; Xiong et al., 2019). While no controlled clinical trials with

ketamine’s metabolites have been published, a recent open-label pilot study with seven
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treatment-resistant depression patients was conducted with (R)-ketamine (arketamine) in Brazil
(Leal et al., 2020). Following a single intravenous injection of 0.5 mg/kg arketamine, rapid and
robust antidepressant effects were evident in all seven subjects, peaking at 240 minutes and
persisting in six of the patients for seven days. A measure of the dissociative effects of
arketamine were minimal or non-existent for six patients with one patient displaying a brief
increase in effects at 40 minutes post-infusion. The authors concluded that “Arketamine might
produce fast-onset and sustained effects humans with favorable safety profile, like previously
reported with animals; further controlled trials are needed.” Obviously, controlled double-blind
clinical trials will the necessary to determine the validity of these preliminary findings. There

also are plans to conduct clinical trials with (2R,6R)-hydroxynorketamine (Thomas, 2018).
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Figure 1. Ketamine metabolic pathway - simplified
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Figure 1 represents the metabolic pathway from (R, S)-ketamine to (R, S)-norketamine or (2R,6R;2S,6S)-hydroxynorketamine. Below

each racemic mixture are the isomers. Chemical structure images provided by the PubChem open source database (Kim et al., 2019).
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Determining which mechanism of action is responsible for its antidepressant effect may
be difficult because (R,S)-ketamine is a “dirty” drug. A dirty drug is an informal term in
pharmacology for drugs that bind to many different molecular targets. Beyond NMDAR
antagonism, (R,S)-ketamine has been reported to be an antagonist at nicotinic acetylcholine
receptors, an agonist at dopamine receptors, an antagonist at serotonin receptors, and an agonist
at opioid receptors (see table 3 in Zanos et al., 2018). Further compounding the difficulty in
ascertaining mechanism of action is that the ketamine isomers differ in their respective receptor
binding profiles. For instance, (S)-ketamine has greater affinity for NMDARs than does (R)-
ketamine (Zanos et al., 2016). Interestingly, the ketamine metabolite (2R,6R)-
hydroxynorketamine does not bind to NMDARs (Zanos et al., 2016). Current evidence suggests
that (2R,6R)-hydroxynorketamine appears to be a more selective drug than (R,S)-ketamine; one
type of molecular target for HNK has been identified thus far: nicotinic acetylcholine receptors
(Moaddel et al., 2013, Zanos et al., 2018). Further, all drugs discussed in the present study have
actions on the nicotinic acetylcholine receptor; thus, this receptor may be important for the
antidepressant effects seen in the present study.

One known clinical trial has tested a o7 nicotinic acetylcholine receptor agonist
(Gandelman et al., 2018). Gandelman et al. (2018) examined the effect of the daily use of
transdermal nicotine patches among patients with late-life depression in a recent open-label
study. Participants were placed on a dose escalation regimen from 3.5mg/day to a maximum of
21mg/day over the course of 12 weeks. Study outcomes included self-reported mood and
cognitive symptoms. Results indicated that 86.7% participants (13 of 15) exhibited less severe

depressive symptoms and improved cognitive performance over the 12 weeks (Gandelman et al.,
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2018). Future double-blind randomized clinical trials may support or refute the role of nicotinic
acetylcholine receptors and/or arylcyclohexylamines on mood and cognition.
Preclinical behavioral assays

Preclinical research is the first step in assessing novel candidate molecules for efficacy
and safety. Historically, preclinical behavioral assays have been foundational techniques to
screen monoaminergic antidepressants, like SSRIs, TCAs, or MAOIs, for antidepressant-like
effects (Williams et al., 2000; Krishnan & Nestler, 2011). The distinction between human and
non-human animal, antidepressant effects and antidepressant-like effects, respectively, is made
to caution researchers away from anthropomorphic language and toward objectivity (Shapiro,
1993). The differential-reinforcement-of-low-rate (DRL) task is one behavioral assay used to
screen for antidepressant-like effects (O’Donnell et al., 2005).

The differential-reinforcement-of-low-rate procedure does not stress subjects like
despair-based assays (i.e. the FST and the tail suspension test; TST). The DRL task uses an
operant conditioning procedure to train subjects to withhold a response for a predetermined
amount of time, or inter-response time requirement, and then pressing a lever for presentation of
the reinforcer (i.e. food reward). Importantly, the DRL task is not a model of depression, rather,
it is used to screen antidepressant drugs. That said, increased impulsivity is positively correlated
with severity of depressive symptoms in humans and antidepressant drugs may decrease
impulsivity in laboratory animals (O’Donnell et al., 2005). The primary outcomes (dependent
variables) in the DRL task are total responses and total reinforcers. Compared to control
conditions, an antidepressant drug would be hypothesized to increase the number of reinforcers
and to decrease the number of responses. Premature lever responses, before the inter-response

time requirement is met, will reset the inter-response time requirement will not result in
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presentation of reinforcement. The inter-response time requirement is gradually increased
throughout training in the differential-reinforcement-of-low-rate task to a terminal value.

A 72-second interval has been used successfully to screen SSRIs and other
monoaminergic antidepressant drugs (O’Donnell et al., 2005). Sanger and Blackman (1989)
reviewed the utility of the DRL 72s operant task for screening antidepressant drugs and drugs
from other classifications. They cited studies that tested 18 different tricyclic and MAOI
antidepressant drugs. All of these drugs produced an antidepressant-like profile by dose-
dependently increasing reinforcers and decreasing responses. In contrast, drugs from other
classes, including alcohol, pentobarbital (barbiturate), chlordiazepoxide (anxiolytic), morphine
(opiate), chlorpromazine and haloperidol (typical antipsychotics), clozapine (atypical
antipsychotic), and diphenhydramine (antihistamine) did not produce an antidepressant-like
profile. The only antidepressant that Sanger & Blackman (1989) reported as a false negative was
bupropion, which is an atypical antidepressant that acts as a norepinephrine—dopamine reuptake
inhibitor. A more recent review by O’Donnell et al. (2005) also reported that selective serotonin
reuptake inhibitors and norepinephrine reuptake inhibitors, as well as a number of atypical
antidepressants increase reinforcers and decrease responses in the DRL 72s task. They also
reported that drugs from other psychotherapeutic classes (e.g. anxiolytics, opiates, etc.) do not
generally produce antidepressant-like effects in the DRL 72s task. They concluded that
activation of noradrenergic and/or serotonergic mechanisms were responsible for producing
antidepressant-like effects in this task (they also reported that bupropion is a false negative in the
DRL procedure).

(R,S)-Ketamine also has been reported to produce significant antidepressant-like effects

in the 72-second DRL task (Hillhouse et al., 2014). Hillhouse et al. (2014) demonstrated that
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10.0 mg/kg (R,S)-ketamine significantly increased reinforcers and reduced responses in rats.
Further, D-amphetamine produced a psychostimulant effect in the DRL task, decreasing the
number of reinforcers and increasing the number of responses. This indicates that the DRL task
may have advantages for screening antidepressant drugs because stimulant-like drugs do not
produce false-positives (Hillhouse et al., 2014). No studies to date have reported on the effects of
the ketamine isomers (R)-ketamine, (S)-ketamine, or the ketamine metabolite (2R,6R)-
hydroxynorketamine in the DRL 72-second task. Other antidepressant screening assays include
FST and TST, which are both behavioral despair-based assays.

FST and TST measure the effects of antidepressant drugs on animals faced with an
inescapable stressor (Petit-Demouliere, Chenu, & Bourin, 2005; Cryan, Mombereau, & Vassout,
2005). FST, also known as Porsolt’s test or behavioral despair test, is initiated by placing an
animal in an inescapable water filled chamber (Porsolt, Le Pichon, & Jalfre, 1977; Porsolt,
Bertin, & Jalfre, 1977). A drug-naive animal is hypothesized to adopt an immobile posture more
quickly and retain immobility for longer than an animal treated with an efficacious
antidepressant drug. This behavior, immobility, is often referred to as a depressive-like behavior
and is believed to reflect an involuntary defeat strategy phylogenetically consistent with human
depression (Anisman & Zacharko, 1990; Sloman, 2008). TST is also based on the observation
that animals will adopt an immobile posture when faced with an inescapable stressor (Thierry,
Steru, Chermat, & Simon, 1984). During TST, rodents are hung by their tail for a short session
(typically 6 minutes), and they will eventually develop an immobile posture (i.e. the animals stop
struggling to escape). The length of immobility (typically measured in seconds) can then be

compared between treatment groups (Cryan et al., 2005). In sum, an efficacious antidepressant
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drug would be hypothesized to reduce immobility in both tests, and this is inferred to be an
antidepressant-like effect.

FST and TST are high-throughput screening assays with high interlaboratory reliability.
Both assays measure unconditioned behavior and require minimal equipment. The validity and
translatability of FST and TST is not without criticism. For example, drugs with stimulant-like
effects may produce false positives and drugs with sedative-like effects may produce false
negatives (Steru et al. 1985; Slattery and Cryan 2012). Another major criticism is that
monoaminergic drugs require repeated administration in humans to reverse depressive
symptoms. In these preclinical screening assays, FST and TST, monoaminergic drugs may be
given once before the session and an antidepressant-like effect is then observed (Carey et al.,
2017). The disconnect between acute and repeated antidepressant drug administration also
hinders translation to human depression.

Screening for antidepressant-like effects is important to understand potential efficacy of a
candidate drug for treating human depression; however, understanding the subjective effects of
drugs can also be informative. Drug discrimination is a preclinical behavioral assay used to
assess the subjective effects of novel candidate molecules. The subjective effects of a drug
results from the drug’s actions within an organism. Therefore, understanding the subjective
effects of a drug can be informative of the drug’s actions, as subjective effects of drugs are
usually (but not always) mediated by relatively specific actions at central neurotransmitter
receptors (Young, 2009). Drug discrimination has allowed researchers to gain insight on the
subjective effects and pharmacology of drugs for over 50 years (Young, 2009; Porter, Prus, and
Overton, 2018). In this task, subjects are typically trained to distinguish the subjective effects of

a drug from vehicle (two-lever drug discrimination) (Porter et al., 2005; Solinas et al., 2006). A
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two-lever drug discrimination study, hereinafter referred to as drug discrimination, commonly
relies on rodents (and other animals) trained to perform a specific operant response like lever
pressing for a reinforcer. Pressing the drug-paired lever leads to reinforcement only during
training sessions in which the subject was treated with the training drug. After receiving vehicle
injections, the subjects must respond on the vehicle-paired lever in order to receive a reinforcer.
After training is complete, and subjects accurately discriminate between the training drug or
vehicle by choosing the condition-appropriate lever, other drugs can be administered for
substitution testing. Reinforcement is presented after responses on either lever during test
sessions. Other test drugs are considered to share subjective effects with the training drug if
subjects respond on the drug-paired lever. Drugs that substitute for the training drug are then
inferred to share subjective effects and discriminative stimulus properties with the training drug.
A study by Zanos et al. (2016) trained mice to discriminate between 10 mg/kg (R, S)-ketamine
and vehicle. During testing, mice were injected with 10.0 mg/kg and 50.0 mg/kg (2R,6R)-
hydroxynorketamine and were presented with the drug-paired lever and vehicle-paired lever.
Results indicated that mice responded primarily on the vehicle-paired lever (Zanos et al., 2016).
Thus, it was inferred that (2R,6R)-hydroxynorketamine does not share subjective effects or
discriminative stimulus properties with 10 mg/kg (R, S)-ketamine. Further, mice do not self-
administer (2R,6R)-hydroxynorketamine, unlike (R, S)-ketamine (Zanos et al., 2016). The results
from the drug discrimination experiment and self-administration experiment indicate (2R,6R)-
hydroxynorketamine may not share the ketamine-like abuse liability.

Other preclinical behavioral assays are useful for assessing cognitive functions, such as
spatial memory (Snigdha et al., 2013). Some of these assays have been demonstrated to be

sensitive to disruption in medial prefrontal cortex and hippocampus activity (Kesner et al., 2008),
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which interestingly, are brain regions implicated in human depressive symptoms and rodent
depressive-like behavior (Liston et al. 2006; Drevets et al., 2008). A study by Kesner et al.
(2008) demonstrated that lesions in the hippocampus of trained rats caused poorer performance
in a spatial memory recall task. Studies also have indicated that altered hippocampal function is
associated with age-related memory deficits in humans (Yassa et al., 2011; Holden et al., 2012).
This parallel between rodents and humans contributes to the validity of preclinical studies
measuring spatial memory and allow for interpretation of drug effects on rodent cognitive
functioning that may translate to humans (Snigdha et al., 2013).

The preclinical behavioral assays used to measure the spatial memory of rodents may
include measurements of unconditioned or conditioned behavior. Because training is not needed
for measurements of unconditioned behavior (in contrast to conditioning tasks), these tasks allow
for relatively quick studies and high through-put screening (Snigdha et al., 2013). One example
is the spontaneous alternation assay, which uses a maze to measure unconditioned behavior
(Miedel et al., 2017). The maze may be shaped as a Y, T, or + sign. The subject, commonly a
mouse or rat, is placed in the maze and the subject can explore the entire maze. A calculated
percentage of total arm entries and the sequence of arm entries is an outcome measured in this
assay. Subjects with lower scores than control conditions are considered to have impairment in
spatial memory.

Conceptually, the spontaneous alternation assay measures the efficiency of an organism’s
search for resources. Organisms like mice are driven by an innate curiosity to explore new
environments (Kraeuter et al., 2019). Mice with normal spatial memory and normal activity in
the medial prefrontal cortex and hippocampus will exhibit efficient exploration by remembering

previously explored environments (Kesner et al., 2008; Kraeuter et al., 2019). An organism using
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the optimal search pattern would never repeat arm entries during the same search sequence (e.g.
arm A to arm B to arm C). Conversely, inefficient search patterns are indicative of spatial
memory deficits. One example of an inefficient search pattern would proceed from arm A to arm
Atoarm A.

Preclinical studies have consistently demonstrated that certain doses of (R, S)-ketamine
reduce rodent performance in spatial memory tasks (Garfield et al., 1985; Wang et al., 2006;
Duan et al., 2013; Khanegheini et al., 2019). The study by Garfield et al. (1985) reported that
administration of 15 mg/kg (R, S)-ketamine and 15 mg/kg (S)-ketamine impaired performance in
a +-shaped maze. (S)-ketamine at a dose of 15 mg/kg had the greatest effect; whereas, no deficits
were observed with 15 mg/kg (R)-ketamine. No significant effects were observed at a dose of 7.5
mg/kg for any of these drugs. Taken together, these findings indicate that (R)-ketamine does not
alter normal spatial memory in mice at the same dosages of (R, S)-ketamine and (S)-ketamine.
Nonetheless, no study has yet reported on the effects of (2R,6R)-hydroxynorketamine in the

spontaneous alternation assay.
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Rationale

The present study expanded understanding of (R,S)-ketamine and the metabolite (2R,6R)-
hydroxynorketamine. One important issue is that the antidepressant-like effects of the metabolite
(2R,6R)-hydroxynorketamine treatment is disputed. Zanos et al. (2016) was the first study to
report on the antidepressant-like effects of (2R,6R)-hydroxynorketamine in FST. Some
preclinical studies have supported the findings by Zanos et al. (2016) by indicating significant
antidepressant-like effects with (2R,6R)-hydroxynorketamine (Pham et al., 2018; Zanos et al.,
2019), while other studies have reported finding no antidepressant-like effects (Shirayama &
Hashimoto, 2017; Yang et al., 2017; Yamaguchi et al., 2018; Xiong et al., 2019). None of these
studies, nor any other study to date, have used the DRL task to assess the antidepressant-like
effects (2R,6R)-hydroxynorketamine. In this task, (R,S)-ketamine has been reported to produce
antidepressant-like effects in rats (Hillhouse et al., 2014), however, no studies have reported on
the effects of the ketamine isomers (R)-ketamine, (S)-ketamine or the metabolite (2R,6R)-
hydroxynorketamine in the DRL task. In the present study, the aim of experiment 1 was to
measure the effects of (R,S)-ketamine, its isomers (R)-ketamine, (S)-ketamine, and the metabolite
(2R,6R)-hydroxynorketamine in the DRL task. Experiments 2 and 3 were designed to measure
other important behavioral effects of (R,S)-ketamine, its isomers, and the metabolite (2R,6R)-
hydroxynorketamine.

(R,S)-Ketamine was approved as a dissociative anesthetic in 1970 and reports of abuse of
ketamine began to appear as early as 1971 (see Siegel 1978). Reports of (R,S)-ketamine abuse
continued throughout the 1980s and 1990s (e.g. Kamaya & Krishna 1987) and in 1999 the DEA
designated (R,S)-ketamine as a Schedule 111 therapeutic drug recognizing its abuse liability. A

number of reviews and commentaries have addressed the recreational use and abuse potential of



EFFECTS OF (R,S)-KETAMINE AND (2R,6R)-HYDROXYNORKETAMINE 27

(R,S)-ketamine (Expert Committee of Drug Dependence, WHO 2014; Liu et al. 2016; Sassano-
Higgins et al 2016; Hillhouse et al., 2019). Recent studies (both preclinical and clinical) on the
use of ketamine as a rapid treatment for depression typically mention abuse liability as a possible
concern (Zanos et al., 2018; Patel & Holle, 2019). No study to date has reported whether
(2R,6R)-hydroxynorketamine is abused by humans.

Unlike (R,S)-ketamine, mice do not self-administer (2R,6R)-hydroxynorketamine (Zanos
et al., 2016). This difference may be due to differences in the subjective effects associated with
each drug. (2R,6R)-hydroxynorketamine may lack the ketamine-associated subjective effects that
lead to abuse (Zanos et al., 2016). Drug discrimination is a useful assay for helping to identify
the potential abuse liability of drugs. Drugs of abuse typically produce strong subjective effects
in both humans and animals and to the extent that these subjective effects relate to abuse
liability, studying the subjective effects (i.e., discriminative stimulus properties) of drugs in
animals provides a good translational approach to this problem that has application to potential
abuse issues in humans. Thus, testing novel candidate molecules for shared subjective effects
with drugs known to be abused by humans is an important step in medication development.

To understand the subjective effects of (R,S)-ketamine, a drug discrimination study was
conducted in Experiment 2. Previously, Zanos et al. (2016) trained mice to discriminate between
10 mg/kg (R,S)-ketamine and saline to test whether (2R,6R)-hydroxynorketamine shares
discriminative stimulus properties with (R,S)-ketamine. After training, when mice were tested
with (2R,6R)-hydroxynorketamine, results indicated that (2R,6R)-hydroxynorketamine (10.0
mg/kg and 50.0 mg/kg doses) did not share discriminative stimulus properties with a 10 mg/kg
(R,S)-ketamine training dose. These results suggested that (2R,6R)-hydroxynorketamine lacks the

abuse potential associated with (R,S)-ketamine. Zanos et al. (2016) did not test (R)-ketamine and
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(S)-ketamine in that study. Training dose has been shown to be an important determinant of the
properties of discriminative stimuli and different patterns of substitution for test drugs may be
evident with different training doses of the training drug (see Stolerman et al. 2011). Therefore,
the current study used a lower training dose, 5.0 mg/kg (R,S)-ketamine, in a two-lever drug
discrimination procedure to determine if this altered the discriminative stimulus properties of
(R,S)-ketamine and whether (2R,6R)-hydroxynorketamine shared discriminative stimulus
properties with (R,S)-ketamine at this lower training dose. In addition, we tested the ketamine
isomers, (R)-ketamine and (S)-ketamine to determine if they share discriminative stimulus
properties with (R,S)-ketamine.

Finally, the present study measured the effects of (R,S)-ketamine, (R)-ketamine, (S)-
ketamine, and (2R,6R)-hydroxynorketamine on cognition 24 hours after treatment. (R,S)-
Ketamine treatment (20 mg/kg and 30 mg/kg) has been reported to produce significant cognitive
impairment in rodent spatial memory 15 minutes after treatment (Verma & Moghaddam, 1996).
(S)-Ketamine, but not (R)-ketamine, also has been demonstrated to produce deleterious effects on
cognition 5 minutes after treatment (Garfield et al., 1985). Also, the recent approval of (S)-
ketamine for treatment-resistant depression, has raised concerns by some that some patients may
experience reduced cognitive functioning for several hours after each treatment (Zanos et al.,
2018; Patel & Holle, 2019). No published study has reported on the cognitive effects of (2R,6R)-
hydroxynorketamine in either animals or humans.

An ideal antidepressant drug improves depressive symptoms without hindering cognitive
performance. Furthermore, a longer pretreatment time to measure effects on cognition may be
warranted because multiple studies have demonstrated that the antidepressant-like effects

associated with (R,S)-ketamine treatment have been observed 24-hours (and longer) after
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treatment (Duman et al., 2016; Franceschelli et al., 2015; Fukumoto et al., 2017; Zanos et al.,
2019). To this end, the present study treated subjects 24 hours before testing in the Y-maze.
Taken together, these gaps in understanding provide a strong impetus to test (R,S)-
ketamine, its isomers (R)-ketamine, (S)-ketamine, and the metabolite (2R,6R)-
hydroxynorketamine in the DRL task to test for antidepressant-like effects, a drug discrimination
study with a lower 5.0 mg/kg (R,S)-ketamine training dose to test for shared subjective effects
(and potential for abuse liability), and a spontaneous alternation Y-maze task to test for cognitive

effects.
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Aims & hypotheses
Aim 1 (Experiment 1): Differential-reinforcement-of-low-rate (DRL)

To determine if (R,S)-ketamine, the ketamine isomers, (S)-ketamine and (R)-ketamine,
and the ketamine metabolite (2R,6R)-hydroxynorketamine produce an antidepressant-like profile
similar to (R,S)-ketamine in the differential-reinforcement-of-low-rate 72-second task (DRL 72-
sec) with C57BL/6 mice.

Hypothesis 1: (R,S)-ketamine will produce significantly fewer mean responses and
significantly more mean reinforcers compared to vehicle. The current study tested doses of 5.0,
10.0, 17.8, and 32.0 mg/kg (R,S)-ketamine. This dose range was based on a previous study in rats
by Hillhouse et al. (2014). In that study (R,S)-ketamine demonstrated an antidepressant-like
profile at 10.0 mg/kg (R,S)-ketamine, but not at 1.0 and 3.2 mg/kg doses of (R,S)-ketamine.

Hypothesis 2: (S)-ketamine and (R)-ketamine will produce significantly fewer mean
responses and significantly more mean reinforcers compared to vehicle. Changes in mean
responses and mean reinforcers are hypothesized to be dose-dependent: thus, doses of 10.0, 17.8,
and 32.0 mg/kg were tested for each isomer.

Hypothesis 3: (2R,6R)-hydroxynorketamine will produce significantly fewer mean
responses and significantly more mean reinforcers compared to vehicle. Zanos et al. (2016)
demonstrated (2R,6R)-hydroxynorketamine can be safely administered in doses above 56.0
mg/kg. Therefore, a dose of 56.0 mg/kg was tested.

Aim 2 (Experiment 2): Drug discrimination
To determine if 0.625, 1.25, 2.5, 5.0, 10.0 mg/kg (R)-ketamine, 0.3125, 0.625, 1.25, 2.5,

5.0 mg/kg (S)-ketamine, and 10.0 mg/kg, 56.0 mg/kg (2R,6R)-hydroxynorketamine share
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discriminative stimulus properties with 5.0 mg/kg (R,S)-ketamine in a two-lever drug
discrimination task.

Hypothesis 1: C57BL/6 mice will discriminate between 5.0 mg/kg (R,S)-ketamine and
vehicle in a two-lever drug discrimination task. Successful discrimination is indicated when
subjects respond >80% on the drug paired-lever when treated with 5.0 mg/kg (R,S)-ketamine and
< 20% on the drug paired-lever when treated with vehicle. A dose response generalization curve
was determined by testing 0.625, 1.25, 2.5, 5.0, and 10.0 mg/kg (R,S)-ketamine.

Hypothesis 2: The ketamine isomers (R)-ketamine and (S)-ketamine, but not the ketamine
metabolite (2R,6R)-hydroxynorketamine will share discriminative stimulus properties with (R,S)-
ketamine. No studies have reported on whether (R)-ketamine, (S)-ketamine, or (2R,6R)-
hydroxynorketamine will substitute for 5.0 mg/kg (R,S)-ketamine in a drug discrimination task.
Aim 3 (Experiment 3): Spontaneous alternation in a Y-maze

To determine if (R,S)-ketamine, the ketamine isomers, (S)-ketamine and (R)-ketamine,
and the ketamine metabolite (2R,6R)-hydroxynorketamine produce cognitive deficits in
spontaneous alternation in a Y-maze task in C57BL/6 mice. The following doses were tested:
10.0 and 32.0 mg/kg (R,S)-ketamine; 16.0 and 32.0 mg/kg (S)-ketamine; 16.0 and 32.0 mg/kg
(R)-ketamine; 10.0, 32.0, and 56.0 mg/kg (2R,6R)-hydroxynorketamine. Garfield et al. (1985)
previously reported significant spatial memory impairment (spontaneous alternation in Y-maze)
in mice after treatment with 15.0 mg/kg (R,S)-ketamine and 15.0 mg/kg (S)-ketamine.

Hypothesis 1: (R,S)-Ketamine and (S)-ketamine are hypothesized to significantly
reduce % spontaneous alternation in the Y-maze task 24 hours after treatment.

Hypothesis 2: (R)-Ketamine and (2R,6R)-hydroxynorketamine are hypothesized to not

significantly reduce % spontaneous alternation in the Y-maze task 24 hours after treatment.
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Methods

All procedures were approved by the Institutional Animal Care and Use Committee at
Virginia Commonwealth University (IACUC Protocol AM10284) and all studies were
performed in agreement with the guide for the Care and Use of Laboratory Animals (National
Research Council, 2011).
Subjects

All studies used adult male C57BL/6 mice (Envigo, Indianapolis, IN) weighing 21-32
grams. Mice were maintained on a 12/12-hour light-dark cycle (lights on 0600 h). Mice were
allowed two weeks to adapt the new environment before experimentation. The mice were housed
individually in a temperature-controlled vivarium at 22-24° Celsius. Nesting material, cardboard
tubes, and ad libitum access to water were provided in their home cage. After two weeks, mice
were handled for 5 minutes daily for one week.
Drug

All drugs were administered subcutaneously at a volume of 10 mi/kg. All drugs were
dissolved in 0.9% saline. Doses and pretreatment times were based on previous studies in the
literature (Hillhouse & Porter, 2014; Zanos et al., 2016) and studies in our laboratory with
C57BL/6 mice (unpublished data). (R, S)-Ketamine was purchased from Sigma-Aldrich
Chemical Company (St Louis, Missouri, USA). (R)-Ketamine, and (S)-ketamine were purchased
from Cayman Chemical Company, 1180 East Ellsworth Road, Ann Arbor, MI 48108 USA.
(2R,6R)-Hydroxynorketamine was graciously provided in collaboration with the National Center
for Advancing Translational Sciences in Bethesda, Maryland, USA.
Experiment 1: Differential-reinforcement-of-low-rate (DRL)

Subjects
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Free-feeding (100%) bodyweights were established for nine adult male C57BL/6 mice by
using the highest free-feeding body weight before withdrawing free access to food. Their weights
were maintained at 85-90% of their 100% body weights via food restriction. Because this study
lasted for 18 months, subjects were placed on ad libitum food and not trained or tested for two
weeks during month 6 and month 12. The new 100% body weights were established at the end of
each free-feeding period.

Materials
Apparatus

The DRL training and testing were conducted in six standard computer-interfaced
operant conditioning chambers (15 cm L X 11.5cm D X 17.5 cm H; Model ENV-307A, Med
Associates Inc., St. Albans, Vermont, USA), each containing two retractable levers in the left
and right position (8 cm apart) on the front panel of the operant chamber. The levers extended
0.8 cm into the chamber and were positioned 2.5 cm above a grid floor constructed of parallel
stainless-steel rods. Centered between them was a recessed food trough into which a liquid
dipper delivered 0.02 mL of sweetened milk (by volume: 80 mL powdered milk, 80 mL sugar,
and 200 mL tap water). Test chambers were housed in sound attenuating cubicles equipped with
ventilation fans. MED-PC software (Version 4.2, Med Associates Inc.) was used to control the
operant sessions and record data.

Procedure
Magazine training

All mice were first given two sessions of magazine training, during which the house light

was on, but no lever was extended. Magazine training consisted of one reinforcer (i.e., sweet

milk) being delivered non-contingently, according to a fixed-time 60s schedule for 30 min. On
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the third day, a 20 min single lever training session was applied, during which the mice were
trained to press either the left or right lever under a fixed ratio 1 (FR 1) food reinforcement
schedule, in which each level press resulted in delivery of a reinforcer. The position of the lever
associated with the FR 1 schedule was counterbalanced, with half of the subjects assigned the
right lever and half assigned to the left lever. The criteria for passing the FR 1 training was 30
reinforcers delivered in 20 min. On day 7, after all mice met the criteria, the DRL training began.
Differential-reinforcement-of-low-rate training

Under the DRL schedule, a response produced a reinforcer only after a specified inter-
response interval had elapsed. Responses emitted before the end of the inter-response interval
reset the timer and did not produce a reinforcer. All DRL training and testing sessions were set to
end at 60 min or when the animal received 50 reinforcers. The inter-response interval was
gradually increased over 12-16 sessions; from an initial value of 4.5s, to a terminal value of 72s.
To clarify, mice were initially trained on a DRL 4.5s schedule for the first session, and all mice
reached the 50-reinforcer goal within the 60 min session time. The next day, the DRL schedule
was increased to 9s. Then, the DRL schedule was increased to 18s for 2 sessions and then to 36s
for 5 sessions. Finally, the DRL schedule was increased to the final schedule value of 72s until
performance stabilized (the number of responses for each mouse did not vary by more than 10%
of the mean for five or six consecutive sessions). Test sessions occurred twice weekly (typically
Tuesdays and Fridays) with a minimum of one training session between each test session. A
vehicle baseline, which consisted of two vehicle test days, was established before and after each
drug test.

Experiment 1 used a within-subjects design; therefore, all subjects were treated with each

test drug and dose. Testing began with (R, S)-ketamine with doses of 5.0 mg/kg, 10.0 mg/kg,
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17.8 mg/kg, and 32 mg/kg. Then, (S)-ketamine and (R)-ketamine were tested at 10.0 mg/kg, 17.8
mg/kg, 32.0 mg/kg doses. Finally, (2R, 6R)-hydroxynorketamine was tested at a dose of 56
mg/kg. All drugs were administered subcutaneously 10 minutes prior to testing. The order of
dose was randomly counterbalanced with between two groups of subjects, one group in
ascending doses and the other group of mice tested in descending doses.
Data analysis

The dependent variables were reinforcers (total number of earned reinforcers during each
test session) and responses (total number of responses during each test session). All data are
expressed as means. One-way repeated measures analyses of variance (ANOVA) were
conducted to test for statistically significant differences between each drug condition and saline.
When the ANOVA was significant, Dunnett’s post hoc tests were used to compare the drug
doses to saline. The criterion for significance was set at p < 0.05 and all data were analyzed using
GraphPad Prism version 8.3 (GraphPad Software, San Diego, California, USA) on a Windows
10 PC.
Experiment 2: Drug discrimination
Subjects

Twelve adult male C57BL/6 mice (Envigo, Indianapolis, IN) weighing 21-34 grams were
used in this study. The same acclimation and housing procedures used in experiment 1 were
followed. The 100% bodyweights were established using the highest free-feeding body weight
before withdrawing free access to food, and their weights were maintained at 85-90% of their
body weights via food restriction. Experiment 2 lasted for 12 months; therefore, mice were
placed on free feed during month 6 for 2 weeks. The new 100% body weights were established at

the end of the free-feeding period.
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Materials

Apparatus

See apparatus in Experiment 1.

Procedure

Magazine training

See procedure in Experiment 1.
Single lever training

The mice were initially trained to lever press using a modified autoshaping procedure to
respond on a single extended lever (the vehicle-condition appropriate lever) for 0.02 mL of
sweetened milk (Barrett & Vanover, 2004; Vanover & Barrett, 1998). Following autoshaping of
the lever press response, single-lever training began. A single lever (the vehicle-paired lever)
was extended inside the chamber. Each subject was placed in the operant chamber for a 15-
minute session and trained on a FR 1 reinforcement schedule. The value of the FR was gradually
increased over the next 11-16 sessions until FR 10 was obtained. Animals were then trained
using errorless training, in which a single condition-appropriate lever (i.e. vehicle or drug lever)
was extended inside the chamber. First, the mice were trained with only the vehicle lever with
vehicle injection (10 min pre-session). After response rates stabilized under vehicle condition (5
sessions), the mice were then trained with 5.0 mg/kg (R, S)-ketamine injection (10 min pre-
session) with the opposite (i.e., drug) lever until response rates stabilized (6 sessions). All lever
assignments were counterbalanced across mice to avoid possible confounding by olfactory cues.
To this end, the response levers were cleaned with a 10% ethanol solution after each test session
(Extance & Goudie, 1981). Following completion of single-lever training, two-lever drug

discrimination training began.
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Drug discrimination acquisition training

During the two-lever drug discrimination training, both levers were extended into the
operant chamber. The subjects were administered a training dose of 5.0 mg/kg (R, S)-ketamine or
vehicle according to a double alternation sequence of drug (D) and vehicle (V) (i.e.,
DDVVDDVYV). On days when the drug was administered, only responding on the drug-
associated lever was reinforced. Conversely, on days that vehicle was administered, only
responding on the vehicle-associated lever was reinforced. A response on the incorrect lever
before completing ten responses on the condition-appropriate lever reset the FR counter.
Subjects received two-lever drug discrimination training until the discrimination training criteria
were passed for five of six consecutive sessions. Successful discrimination training was
evaluated and assessed according to three criteria: (1) the first completed fixed ratio of the FR 10
schedule was completed on the condition-appropriate lever, (2) >80% of total responses made
during the session occurred on the condition-appropriate lever, and (3) response rate for the
session was greater than or equal to 10 responses per minute.
Generalization and substitution testing

Once drug discrimination training was completed, generalization testing with the training
drug began. During test sessions, switching levers before completion of the FR10 requirement
reset the FR counter. However, completion of the FR 10 requirement on either lever resulted in
delivery of a reinforcer. Mice were required to pass control tests for vehicle and (R, S)-ketamine
(according to the training criteria above) before the start of generalization dose-effect curve for
each test drug. Additionally, mice were required to meet the training criteria for vehicle and (R,

S)-ketamine on two consecutive training days before becoming eligible for a test day.
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The (R, S)-ketamine generalization dose-effect curve was established with doses of 0.625
mg/kg, 1.25 mg/kg, 2.5 mg/kg, 5.0 mg/kg, and 10 mg/kg, with subcutaneous injections 10
minutes prior to testing. The order of dose was randomly counterbalanced with between two
groups of mice; half of the mice were tested in ascending dose order and the other half were
tested in descending dose order. For the tests of (R)-ketamine and (S)-ketamine, the subjects
were randomly counterbalanced into two groups for substitution testing of (R)-ketamine and (S)-
ketamine. Subjects were treated with 0.625 mg/kg, 1.25 mg/kg, 2.5 mg/kg, 5.0 mg/kg, 10.0
mg/kg (R)-ketamine or 0.3125 mg/kg, 0.625 mg/kg, 1.25 mg/kg, 2.5 mg/kg, 5.0 mg/kg (S)-
ketamine, 10 minutes prior to testing. For the substitution test with (2R,6R)-hydroxynorketamine,
mice were treated with 10.0 mg/kg and 56.0 mg/kg. (2R,6R)-Hydroxynorketamine was tested
first at 10-minute injection time and then at 60-minute injection time; the 60-minute pretreatment
time for (2R,6R)-hydroxynorketamine was chosen for exploratory purposes.

Data analysis

The Med-PC software was programmed to calculate the percent drug-lever responding (% DLR)
on the condition-appropriate lever by dividing the number of responses on that lever by the total
number of responses on both levers and then multiplying the result by 100. Responses per minute
were calculated by taking the total number of responses on both levers and dividing by 15 mins
(i.e. the session length). Full substitution to the (R, S)-ketamine stimulus cue was defined as >
80% DLR on the (R, S)-ketamine lever. Partial substitution to (R, S)-ketamine stimulus cue was
defined as > 60% DLR. Vehicle-appropriate responding was defined as < 20% DRL. One-way
repeated measures analyses of variance (ANOVA) were conducted on response rates to test for
statistically significant differences between each drug condition and saline. When the ANOVA

was significant, Dunnett’s post hoc tests were used to compare the drug doses to saline. The
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criterion for significance was set at p < 0.05 and all data were analyzed using GraphPad Prism
version 8.3 (GraphPad Software, San Diego, California, USA) on a Windows 10 PC.
Experiment 3: Spontaneous alternation in a Y-maze
Subjects
One-hundred and twenty adult male C57BL/6 mice (Harlan, Indianapolis, IN) weighing
between 19 and 26 g, were used in this experiment. The same acclimation and housing
procedures used in experiments 1 and 2 were followed, the only exception in Experiment 3 was
that the mice were never food deprived. Upon arrival, mice habituated to the vivarium for two
weeks before experimentation. Mice were maintained on a 12/12-hour light-dark cycle (lights on
0600). Mice were group housed with four mice per cage. Nesting material, cardboard tubes, and
ad libitum access to water were provided in their home cage. After two weeks, mice were
handled for 5 minutes daily for one week. Mice were aged 8-14 weeks for testing.
Materials
Apparatus
The apparatus was a 3-arm maze and each arm spaced at an angle of 120 degrees (Figure
2). Each arm was 35 cm long, 7 cm wide, and the walls were 20 cm tall. The arms were clearly
labelled ‘A’, ‘B’, and ‘C’. The walls and floor are clear acrylic and were painted white. To avoid
shadows, the maze was well lit from above. Each session was digitally recorded with a GoPro

Hero 7 camera. The maze was cleaned with a 10% ethanol solution between each session.



EFFECTS OF (R,S)-KETAMINE AND (2R,6R)-HYDROXYNORKETAMINE 40

Figure 2. Y-maze was made from clear acrylic, cut with a computer numerical control router, and
polylactic acid 3D printed components.

Procedure

Spontaneous alternation is an unconditioned behavior. Therefore, no training is required
to test short-term memory in this procedure. Mice were habituated to the room with the maze for
at least 30 minutes prior to testing. After habituation, video recording began, and each mouse
was gently placed into the same maze arm to start each test session. The maze was cleaned with
10% ethanol between sessions to reduce the likelihood of olfactory cues carry-over between
sessions. Test sessions lasted for 10 minutes, during which time the mice could freely explore the
maze.

A between-subjects design was used with mice randomly assigned to ten groups (12 per
group); saline, (R, S)-ketamine 10.0 mg/kg, (R, S)-ketamine 32.0 mg/kg, (2R,6R)-
hydroxynorketamine 10.0 mg/kg, (2R,6R)-hydroxynorketamine 32.0 mg/kg, (2R,6R)-
hydroxynorketamine 56.0 mg/kg, (R)-ketamine 16.0 mg/kg, (R)-ketamine 32.0 mg/kg, (S)-

ketamine 16.0 mg/kg, and (S)-ketamine 32.0 mg/kg. All drugs were administered subcutaneously
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24 hours prior to testing because we wanted to assess whether cognitive deficits persisted beyond
elimination of the drug (Rajagopal et al., 2016). Persistent effects on cognition would indicate a
neuronal structural change and dysregulation of network activity in the brain beyond acute
effects while the drug is in the organism. This is important for treating human patients. Ideally,
treatment would not cause long-term cognitive impairments to patients who may already be
suffering from cognitive deficits associated with depression.
Data analysis

Sessions were digitally recorded and then arm entries were scored by one undergraduate
student masked to the test conditions. Then, a second student (also blinded to test conditions)
would watch the videos and ensure arm entries were scored correctly. A mouse was considered
to have made a spontaneous alternation when all four paws entered a different arm (i.e. leaving
the center of the maze and crossing the threshold to a maze arm) of the maze in three consecutive
alternations, or arm entries. Percent spontaneous alternation was then calculated by dividing the
spontaneous alternation count during the 10-minute session by total number of arm entries,
minus two, during the 10-minute session. Subtracting two arm entries from the denominator (the
total number of arm entries) accounts for the first two arm entries, which could not have counted
as a spontaneous alternation (Miedel et al., 2017). One-way between-subject analyses of variance
(ANOVA) were conducted for each drug to test for statistically significant differences between
each drug condition and the saline, vehicle condition (which was used for each analysis). When
the ANOVA was significant, Dunnett’s post hoc tests were used to compare the drug doses to
vehicle. The criterion for significance was set at p < 0.05 and all data were analyzed using
GraphPad Prism version 8.3 (GraphPad Software, San Diego, California, USA) on a Windows

10 PC.
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Results

Experiment 1: Differential-reinforcement-of-low-rate (DRL)

Figure 3 shows the effects of (R,S)-ketamine on mean number of reinforcers and number
of responses. (R,S)-Ketamine treatment produced a significant effect on reinforcers (F (4, 44) =
9.43, p=0.0014). A Dunnett’s multiple comparisons test indicated that 32 mg/kg (R,S)-ketamine
significantly increased the mean number of reinforcers as compared to vehicle (p < 0.0041). For
number of responses, (R,S)-ketamine produced a significant effect (F (4, 44) = 4.27, p = 0.015).
A Dunnett’s multiple comparisons test indicated that 32 mg/kg (R,S)-ketamine significantly

decreased the mean number of responses as compared to vehicle (p < 0.033).

(R)-Ketamine (Figure 4) 10.0 mg/kg, 17.8 mg/kg, and 32.0 mg/kg produced no
significant effects on reinforcers or responses at any of the tested doses (F (3, 35) =1.69, p =
0.21); (F (3, 35) = 0.55, p = 0.58), respectively). (S)-Ketamine (Figure 5) produced a significant
effect on reinforcers (F (3, 35) = 8.23, p = 0.014). A Dunnett’s multiple comparisons test
indicated that both 17.8 mg/kg and 32.0 mg/kg (S)-ketamine significantly increased the mean
number of reinforcers as compared to vehicle (p = 0.022, p = 0.030, respectively). For number of
responses, (S)-ketamine produced a significant effect (F (3, 35) = 17.45, p <0.0001). A
Dunnett’s multiple comparisons test indicated that both 17.8 mg/kg and 32.0 mg/kg (S)-ketamine
significantly decreased the mean number of responses as compared to vehicle (p =0.0023, p =

0.0006, respectively).

The ketamine metabolite (2R,6R)-hydroxynorketamine (Figure 6), at a dose of 56 mg/kg,
produced a significant increase in the mean number of reinforcers (t (8) = 2.8, p = 0.023) and a

significant decrease in the mean number of responses (t (8) = 3.51, p = 0.0079).
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(R,S)-Ketamine Reinforcers
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Figure 3. Effects of (R,S)-ketamine on mean number of reinforcers and number of responses (n =
9). Asterisks represent significant differences from vehicle, and all data are expressed as means +
standard error of the mean (+SEM). The alpha level was set to 0.05. For all graphs: * =p < 0.05,

** =p<0.01, *** =p<0.001, and **** = p < 0.0001.
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(R)-Ketamine Reinforcers
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Figure 4. Effects of (R)-ketamine on mean number of reinforcers and number of responses (n =

9). See Figure 2 for other details.
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(S)-Ketamine Reinforcers

*

8- ' !
g r 1 _
L
N 6=
ul
o
3
S 4
5
o
c
& 27 -

O-i T T

Q& A A A
\% g S & S & S
QNP SR AN
PO GO GO
Q@ q)® Q@
N N >
Treatment (10 minutes)
(S)-Ketamine Responses

300~ - — .
=
) I
¥ 200-

?
2 T
% 100+
o
b=
0 T T
& A A A
\% g S & S & S
PN S SN S\
GO GO GO
06‘ < $
N N >

Treatment (10 minutes)

Figure 5. Effects of (S)-ketamine on mean number of reinforcers and number of responses (n =
9). See Figure 2 for other details.
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(2R,6R)-HNK Reinforcers
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Figure 6. Effects of (2R,6R)-hydroxynorketamine on mean number of reinforcers and number of
responses (n = 9). See Figure 2 for other details.
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Experiment 2: Drug discrimination

Figure 7 shows the (R,S)-ketamine generalization dose effect curve for C57BL/6 mice
trained to discriminate 5.0 mg/kg (R,S)-ketamine from vehicle. Subjects were successfully
trained to discriminate 5.0 mg/kg (R,S)-ketamine and vehicle in a two-lever drug discrimination
task (average 19.6 sessions; range = 8 — 29 sessions). Generalization testing with (R,S)-ketamine
yielded an EDsg = 2.03 mg/kg (95% confidence interval (C.1.) = 1.71 — 2.42 mg/kg). (R,S)-
Ketamine (fully generalized (80% or greater responding on the drug-paired lever) at 2.5 mg/kg,
5.0 mg/kg (the training dose), and 10.0 mg/kg (R,S)-ketamine. Responding above 80% on the
drug-paired lever, is considered full generalization to the training dose. A one-way repeated
measures ANOVA indicated a significant effect of treatment on the mean number of responses
per minute (F (5, 55) = 3.66, p = 0.0063. A Dunnett’s multiple comparisons test revealed that
0.625 mg/kg and 1.25 mg/kg (R,S)-ketamine produced small but significant increases in
responses per minute when compared to vehicle. This increase in responses may be attributed to
changes in locomotor behavior associated with (R,S)-ketamine treatment. (R,S)-Ketamine

treatment has been observed to increase locomotor behavior in an open-field (Zanos et al., 2016).

Both the (R) and (S) ketamine isomers shared discriminative stimulus properties with
(R,S)-ketamine 5.0 mg/kg. The (R) isomer (Figure 8) fully substituted at 10 mg/kg, but not at
lower doses (EDso = 2.69 mg/kg, 95% C.I. = 1.43 - 5.05 mg/kg). The (S) isomer (Figure 9) fully
substituted at 2.5 mg/kg and 5.0 mg/kg (EDso = 1.07 mg/kg, 95% C.I. = 0.69-1.63 mg/kg).
Neither the (R) or (S)-ketamine isomers produced any significant changes in response rates (F (5,

25) =1.33, p=0.30; F (6, 36) = 1.41, p = 0.28, respectively).

Figures 10 and 11 present results for the (2R,6R)-hydroxynorketamine substitution testing

at 10-minute and 60-minute injection times, respectively. Both 10.0 mg/kg and 56.0 mg/kg
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(2R,6R)-hydroxynorketamine, at 10-minute (F (2, 10) = 1.63, p = 0.24) and 60-minute
pretreatment (F (2, 10) = 1.72, p = 0.23) failed to substitute for 5.0 mg/kg (R,S)-ketamine,

producing only vehicle-appropriate responding.
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(R,S)-Ketamine Generalization Curve
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Figure 7. The (R,S)-ketamine generalization dose effect curve for C57BL/6 mice trained to
discriminate 5.0 mg/kg (R,S)-ketamine from vehicle (n = 12). The dashed line at 80% indicates
the threshold to meet full generalization criteria, mean responses above this line are considered
full generalization. Control test sessions (Ket CP and Veh CP) were conducted prior to testing of
other doses and indicate that the discrimination training was successful. The left vertical axis and
filled circles represent the percentage of drug lever responses (%DLR) on the (R,S)-ketamine-
paired lever. The right vertical axis and open circles represent response rate, or responses per
minute (RPM). The figure shows mean percent drug lever responding (= SEM) and mean
responses per minute (x SEM) for (R,S)-ketamine. Significantly different from vehicle, * = p <
0.05, ** =p <0.01.
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(R)-Ketamine Substitution Curve
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Figure 8. (R)-ketamine generalization curve. The figure shows mean percent drug lever
responding (x SEM) and mean responses per minute (x SEM) for (R)-ketamine (n = 6). See
Figure 7 for more details.
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(S)-Ketamine Substitution Curve
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Figure 9. (S)-ketamine generalization curve. The figure shows mean percent drug lever
responding (+ SEM) and mean responses per minute (£ SEM) for (S)-ketamine (n = 7). See
Figure 7 for more details.
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(2R,6R)-HNK Substitution Curve
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Figure 10. (2R,6R)-hydroxynorketamine generalization curve. The figure shows mean percent
drug lever responding (£ SEM) and mean responses per minute (x SEM) for (2R,6R)-
hydroxynorketamine (n = 6). See Figure 7 for more details.
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(2R,6R)-HNK Substitution Curve
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Figure 11. (2R,6R)-hydroxynorketamine generalization curve. The figure shows mean percent
drug lever responding (£ SEM) and mean responses per minute (+x SEM) for (2R,6R)-
hydroxynorketamine (n = 6). See Figure 7 for more details.

53



EFFECTS OF (R,S)-KETAMINE AND (2R,6R)-HYDROXYNORKETAMINE 54

Experiment 3: Spontaneous alternation in the Y-maze

Figure 12 shows the effects of (R,S)-ketamine treatment on mean % alternation in the Y-
maze. One-way ANOVA indicated that subjects treated with (R,S)-ketamine had a significantly
lower % alternation in the Y-maze when compared to vehicle (F (2, 33) =4.58, p =0.018). A
Dunnett’s multiple comparisons test indicated that spontaneous alternation in the Y-maze was
significantly lower when subjects were treated with 32.0 mg/kg (R,S)-ketamine (p = 0.033), but
not 10.0 mg/kg (R,S)-ketamine (p = 0.959). One-way ANOVA indicated (R)-ketamine (Figure
13), at the tested doses, did not produce any significant changes in % spontaneous alternation (F
(2,33) =1.48, p = 0.24). One-way ANOVA indicated treatment with (S)-ketamine (Figure 14)
significantly reduced % alternation in a Y-maze when compared to vehicle (2, 33) =7.34,p =
0.002. A Dunnett’s multiple comparisons test indicated that 32.0 mg/kg (S)-ketamine, but not
16.0 mg/kg (S)-ketamine, produced a significant decrease as compared to vehicle (p = 0.036).
One-way ANOVA (2R,6R)-hydroxynorketamine (Figure 15), at the tested doses, did not produce

any significant changes in % spontaneous alternation (F (3, 44) = 0.84, p = 0.48)
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(R,S)-Ketamine Spontaneous Alternation
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Figure 12. Effects of (R,S)-ketamine treatment on mean % alternation in Y-maze (n = 12 per
group). All data are expressed as means + standard error of the mean (+SEM). The alpha level
was set to 0.05 and for all graphs: * = p < 0.05. A between-subject design was used for

experiment 3.
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(R)-Ketamine Spontaneous Alternation
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Figure 13. Effects of (R)-ketamine treatment on mean % alternation in Y-maze (n = 12 per
group). All data are expressed as means + standard error of the mean (+SEM).
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(S)-Ketamine Spontaneous Alternation
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Figure 14. Effects of (S)-ketamine treatment on mean % alternation in Y-maze (n = 12 per
group). All data are expressed as means + standard error of the mean (+SEM); * = p < 0.05.
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(2R,6R)-HNK Spontaneous Alternation
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Figure 15. Effects of (2R,6R)-hydroxynorketamine treatment on mean % alternation in Y-maze
(n =12 per group). All data are expressed as means + standard error of the mean (+SEM).
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Discussion

The present study tested (R,S)-ketamine, the isomers (R)-ketamine and (S)-ketamine, and
the metabolite (2R,6R)-hydroxynorketamine in C57bl/6 mice in three preclinical behavioral
assays; DRL task, drug discrimination, and spontaneous alternation in a Y-maze. These assays
provided a screen for antidepressant-like effects, discriminative stimulus effects (subjective
effects), and spatial memory (cognitive effects), respectively. In the DRL task, it was
hypothesized that each drug, (R,S)-ketamine, (R)-ketamine, (S)-ketamine, and (2R,6R)-
hydroxynorketamine, would produce antidepressant-like effects. In the two-lever drug
discrimination task, C57BL/6 mice were hypothesized to discriminate between 5.0 mg/kg (R,S)-
ketamine and saline. Also, it was hypothesized that the isomers (R)-ketamine and (S)-ketamine,
but not the (2R,6R)-hydroxynorketamine metabolite would share discriminative stimulus
properties with (R,S)-ketamine (i.e. (2R,6R)-hydroxynorketamine would not substitute for (R,S)-
ketamine). Finally, in the spontaneous alternation Y-maze assay, the mice were hypothesized to
exhibit reduced spontaneous alternation when tested with (R,S)-ketamine and the isomer (S)-
ketamine, but not when treated with the isomer (R)-ketamine or the metabolite (2R,6R)-
hydroxynorketamine. Table 2 shows a summary of the results from each of these studies, which

will be fully discussed in the sections below.
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Table 2. Summary of results

60

TREATMENT AIM 1: DRL AIM 2: DRUG AIM 3: Y-MAZE
DISCRIMINATION

(R,S)-KETAMINE Significant Full substitution Significantly reduced
antidepressant-like spontaneous alternation (32.0
effect (32.0 mg/kg) mg/kg)

(R)-KETAMINE No effect at the tested  Full substitution No effect at the tested doses
doses

(S)-KETAMINE Significant Full substitution Significantly reduced
antidepressant-like spontaneous alternation (32.0
effect (17.8 mg/kg mg/kQg)
and 32.0 mg/kg)

(2R,6R)- Significant No substitution No effect at the tested doses

HYDROXYNORKETAMINE

antidepressant-like
effect

Note. DRL = Differential-reinforcement-of-low-rate. Significant antidepressant-like effect = significant increases in mean reinforcers
and a significant decrease in mean responses. Full substitution = 80% or greater responding on the (R,S)-ketamine lever
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Differential-reinforcement-of-low-rate (DRL) task

The DRL task is a preclinical in vivo assay for screening novel compounds to determine
possible antidepressant-like therapeutic effects in humans. As expected, the DRL task results
with (R,S)-ketamine in the present study with C57BL/6 mice confirmed the antidepressant-like
effects of (R,S)-ketamine seen with other preclinical assays (FST and TST) in both mice and rats
(Ma et al., 2013; Wang et al., 2015). One important difference in the present study’s results is
that the antidepressant-like effects of (R,S)-ketamine were not evident until a higher dose of 32
mg/kg was tested (see Figure 3) which is unlike other studies. For example, at least seven studies
have demonstrated significant antidepressant-like effects with (R, S)-ketamine at 10.0 mg/kg in
the FST and TST (Ma et al., 2013; Zhang et al., 2015; Dong et al., 2017; Fukumoto et al., 2017;
Yamaguchi et al., 2018; Yang et al., 2018; Xiong et al., 2019). The task itself might be a factor;
the length of the DRL test sessions are much longer than for the FST and TST. The present study
used a 60-minute test DRL session; whereas, FST and TST are very short (usually between 5 -15
minutes), that difference between the assays that might have influenced the results. Furthermore,
the present study used a 72 second inter-response interval. Perhaps a DRL task with a lower
inter-response interval (e.g. 36 seconds) would be more sensitive to drugs with antidepressant-
like effects. Contradictory results may be due to intrinsic differences in antidepressant screening
assays and future studies should compare different methodologies.

The hypothesis that (R)-ketamine would increase reinforcers and decrease responses in
the DRL task (i.e., cause an antidepressant-like effect) was based on other studies that have
reported significant antidepressant-like effects with (R)-ketamine at 10.0 mg/kg in the FST and
TST (Yamaguchi et al., 2018; Xiong et al., 2019). However, no antidepressant-like profile was

observed for (R)-ketamine in the present study as no significant changes in the number of
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reinforcers or responses were observed at the tested doses (10.0 mg/kg, 17.8 mg/kg, and 32.0
mg/kg). The present study, however, did demonstrate a significant antidepressant-like effect with
(S)-ketamine treatment 10 minutes before the DRL task. A significant effect with (S)-ketamine
and a non-significant effect with (R)-ketamine could be due to stereoselective differences in
metabolism and elimination. The ketamine isomers are metabolized in a stereoselective manner;
the demethylation of (S)-ketamine occurs more rapidly than for (R)-ketamine (Portmann et al.,
2010). Furthermore, systemic clearance of (S)-ketamine occurs more rapidly than (R)-ketamine
(Thmsen et al., 2001). Metabolism is critical for antidepressant-like effects because blocking the
metabolization of ketamine has been shown to block its antidepressant-like effects (Zanos et al.,
2016). Therefore, if our DRL task was conducted with a longer pretreatment time (after (R)-
ketamine has been metabolized), then perhaps significant antidepressant-like effects in the DRL
task with (R)-ketamine treatment would be observed. However, other studies have indicated (R)-
ketamine alone to be effective at 30-minute and 24-hour pretreatment times in the FST, which
has a shorter test session than the hour-long DRL task (Yang et al., 2016; Yamaguchi et al.,
2018). Another possibility is that higher doses of (R)-ketamine are required to produce
antidepressant-like effects in the DRL task. The present study observed a similar phenomenon
with (R,S)-ketamine in the DRL task, as several studies have reported 10.0 mg/kg (R,S)-ketamine
to be effective in mice in the FST and TST (Ma et al., 2013; Zhang et al., 2015; Dong et al.,
2017; Fukumoto et al., 2017; Yamaguchi et al., 2018; Yang et al., 2018; Xiong et al., 2019).
While, the present study found no significant effects at 10.0 mg/kg (R,S)-ketamine, there was a
significant effect at 32.0 mg/kg (R,S)-ketamine. Nonetheless, (R)-ketamine is of great interest

and future studies should expand on the methodology used in the present study.
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(2R,6R)-Hydroxynorketamine was hypothesized to increase reinforcers and reduce
responses in the present study. Results support this hypothesis as (2R,6R)-hydroxynorketamine
was found to produce an antidepressant-like profile in the DRL task. Other studies are in dispute
as to whether (2R,6R)-hydroxynorketamine has antidepressant-like effects; Zanos et al. (2016)
reported significant antidepressant-like effects; whereas, Yamaguchi et al. (2018) and Xiong et
al. (2019) observed no effect. Furthermore, the methodology used in these studies to test
(2R,6R)-hydroxynorketamine differed. Zanos et al. (2016) demonstrated antidepressant-like
effects in both male and female mice using the FST and did not pre-expose mice to a chronic
stress regimen. Yamaguchi et al. (2018) and Xiong et al. (2019) used only male mice but used
FST and TST and did pre-expose the mice to a chronic stress regimen. Drawing definitive
conclusions regarding antidepressant efficacy with (2R,6R)-hydroxynorketamine is limited by
heterogeneous methodologies and findings across different studies.

One major concern is that FST and TST are acute stressors. Testing antidepressant drugs
in mice exposed to only an acute stressor (FST or TST) may not accurately reflect human
depression because human depression is often associated with chronic stress (Cryan et al., 2005).
A social defeat stress model (repeated exposure to an aggressive mouse) may overcome
limitations associated with exposure to an acute stressor (Dong et al., 2017; Xiong et al., 2019;
Zhang et al., 2015). Another approach for inducing stress is to pre-expose subjects to compounds
that have been shown to increase stress, and in two studies that examined the antidepressant-like
effects of (R,S)-ketamine, two different approaches were used. Fukumoto et al. (2017)
administered corticosterone (20 mg/kg) daily for twenty-one days before the FST. and
Yamaguchi et al. (2018) and Yang et al. (2018) administered a single injection of

lipopolysaccharide (0.5 mg/kg) one day before testing (R,S)-ketamine and (2R,6R)-
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hydroxynorketamine. Both compounds, corticosterone and lipopolysaccharide, disrupt activity in
the hypothalamic-pituitary-adrenal axis (Vakharia & Hinson, 2005), similarly to changes
associated with human depressive symptoms and outcomes in preclinical studies (Demuyser et
al., 2016; Keller et al., 2017). The choices made by researchers on whether to expose subjects to
chronic stress may impact dependent variables in these preclinical studies (such as immobility in
the FST and TST), and future studies should consider the implications of pre-exposure to stress.

Operant behavior in the DRL task can be impacted by stressful stimuli (Louis et al.,
2006). For example, thermal stress has been reported to significantly reduce responses and
reduce reinforcers in the DRL task (Louis et al., 2006). Louis et al. (2006) demonstrated these
effects when the ambient air temperature was increased to 28°C and 35°C during a DRL task
with rats. Furthermore, exposure to thermal stress significantly increased the protein levels of
dopamine transporters and D1 receptors in the dorsal hippocampus (a brain region implicated in
human depressive symptoms). Dopaminergic neurons and the hippocampus play an important
role in stress (Grace, 2012). Indeed, lesioning the hippocampus has been demonstrated to impair
performance in a DRL task (Rawlins et al., 1983). Taken together, stress and the neurological
underpinnings of stress have been shown to be important for the performance in the DRL task. It
remains to be determined whether stressful stimuli also would impact the effects of (R,S)-
ketamine, its isomers, or metabolites in the DRL task.

In the DRL task, it was hypothesized that each drug, (R,S)-ketamine, (R)-ketamine, (S)-
ketamine, and (2R,6R)-hydroxynorketamine, would produce antidepressant-like effects. It was
found that 32.0 mg/kg (R,S)-ketamine, 17.8 mg/kg and 32.0 mg/kg (S)-ketamine, and 56.0 mg/kg
(2R,6R)-hydroxynorketamine produced an antidepressant-like effect in DRL task. Due to the

lack of in-house capability to synthesize a larger supply of (2R,6R)-hydroxynorketamine, and to
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ensure enough drug was available to test in the other assays, we chose to test a single dose in the
DRL task. This dose was chosen based on results from a study by Zanos et al. (2016) reported
decreased immobility in the FST with (2R,6R)-hydroxynorketamine with doses ranging from 5.0
to 125 mg/kg. A dose somewhat in the middle of this range was selected as we wanted to avoid
doses too high that might produce undesired side effects on operant responding in the DRL task;
however, future studies need to test a full dose-response curve with lower and higher doses.
Furthermore, results in the present study indicated that (R)-ketamine, at the tested doses (10.0
mg/kg, 17.8 mg/kg, and 32.0 mg/kg), produced no significant effect. The lack of effect with (R)-
ketamine treatment may be due to slower metabolism of (R)-ketamine than (S)-ketamine
(Portmann et al., 2010). Future studies need to test higher doses of the ketamine isomers and
longer pretreatment times in the DRL task.
Drug Discrimination

The present study demonstrated that (R,S)-ketamine at a dose of 5.0 mg/kg was readily
acquired as a discriminative stimulus in C57BL/6 mice in a mean of 19.6 sessions with full
generalization at the training dose of 5.0 mg/kg and at the 2.5 and 10.0 mg/kg doses (see Figure
6). While the present study is the first to use 5.0 mg/kg (R,S)-ketamine as a training dose in mice,
these results confirm other studies with both rats and mice that (R,S)-ketamine can be a salient
discriminative stimulus (Benvenga et al., 1991; Zanos et al., 2016). Both (R)-ketamine and (S)-
ketamine shared discriminative stimulus properties with 5.0 mg/kg (R,S)-ketamine. As expected,
the more potent (S)-ketamine isomer (Zanos et al., 2018) displayed a leftward shift (2-fold) in the
dose-response curve as compared to (R,S)-ketamine and (R)-ketamine (see ED50 values in Table
3). The results from testing with the ketamine isomers in the present study are novel in that no

previous study used mice.
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Table 3. Comparison of drugs tested in 5.0 mg/kg (R,S)-ketamine drug discrimination

TREATMENT EDso (+95% C. I.) LOWEST DOSE > 80% DRL
(R,S)-KETAMINE 2.03 mg/kg (1.71-2.41 mg/kg) 2.5 mg/kg

(R)-KETAMINE 2.69 mg/kg (1.43-5.05 mg/kg)  10.0 mg/kg

(S)-KETAMINE 1.07 mg/kg (0.69-1.63 mg/kg)* 2.5 mg/kg

(2R,6R)-HYDROXYNORKETAMINE (10 MIN) ' N/A e

(2R,6R)-HYDROXYNORKETAMINE (60 MIN) ' N/A e

Note. * Significantly different from (R,S)-ketamine, p < 0.05. C.1. = Confidence Interval. DRL = Differential-reinforcement-of-low-
rate
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The present results also are consistent with previous findings comparing the ketamine
isomers. Brady and Balster (1982) trained rats to discriminate phencyclidine (PCP; an
arylcyclohexylamine like ketamine) from saline and reported that (S)-ketamine substituted at a
lower dose than did (R)-ketamine, as it did in the present study. The differences in the effective
doses between the ketamine isomers may be due to the same reasons listed above for the DRL
task (differences in pharmacokinetics) along with differences in binding affinity and
pharmacological targets (see Zanos et al. 2018). To the extent that abuse liability may be
associated with the subjective effects of (R,S)-ketamine, (R)-ketamine may have less potential for
abuse liability than (S)-ketamine. This finding is especially critical because (S)-ketamine was
recently approved and is currently used to treat patients diagnosed with depression. Other
preclinical drug discrimination studies support this concern (Shannon, 1981; Young et al., 1981).
Shannon (1981) trained rats to discriminate between 3.0 mg/kg PCP and saline and reported that
ketamine and other PCP analogs, which have been identified in illicit street samples, shared
discriminative stimulus properties with PCP. As Shannon (1981) summaries at the end of the
article, “....to the extent to which discriminative stimuli in animals are predictive of subjective
effects in man, these results suggest that several PCP analogs may have an abuse liability similar
to that of PCP”. Ketamine-like abuse liability and other side-effects provide a strong impetus to
further investigate other molecules in hope of safer treatment options.

At the tested doses, 10.0 mg/kg and 56.0 mg/kg, (2R,6R)-hydroxynorketamine failed to
substitute for 5.0 mg/kg (R,S)-ketamine. Neither dose of (2R,6R)-hydroxynorketamine
substituted at either 10- or 60-minute pretreatment times. These results are similar to other
studies. Zanos et al. (2016) reported that 10.0 mg/kg and 50.0 mg/kg (2R,6R)-

hydroxynorketamine failed to substitute for a 10.0 mg/kg training dose of (R,S)-ketamine in
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mice. The present study used a lower training dose than Zanos et al. (2016) because training dose
has been demonstrated to be an important determining factor of the properties of discriminative
stimuli (see Stolerman et al. 2011). The results in the present study, with a lower training dose,
supports the conclusions drawn by Zanos et al. (2016). Namely, that (2R,6R)-
hydroxynorketamine does not appear to share subjective effects with (R,S)-ketamine. The
clinical relevance of these findings is that (2R,6R)-hydroxynorketamine may lack the subjective
effects that play a role in human abuse of (R,S)-ketamine. Taken together, the drug
discrimination experiment in the present study supports the notion that (2R,6R)-
hydroxynorketamine does not appear to share discriminative stimulus properties or subjective
effects with (R,S)-ketamine, and that it may have reduced abuse liability and reduced
psychotomimetic effects in humans.
Y-Maze

Spontaneous alternation behavior was defined as entry into all three arms of the Y-maze
in three consecutive arm entries. Both (R,S)-ketamine 32.0 mg/kg (see Figure 12; 46.43%) and
the isomer (S)-ketamine 32.0 mg/kg (see Figure 14; 45.60%) produced a significant reduction in
spontaneous alternation when compared to vehicle (see Figure 12; 57.44%), thus demonstrating
their ability to impair spatial memory cognition. In contrast, the (R)-ketamine isomer and the
HNK metabolite did not produce any changes in spontaneous alternation at the doses tested,
suggesting reduced impact on cognitive functioning. To date, no other studies have reported on
the effects of (2R,6R)-hydroxynorketamine in any measure of cognition.

Regarding the isomers of ketamine, the present study is consistent with other preclinical
studies in that (R,S)-ketamine and (S)-ketamine leads to cognitive impairment (Garfield et al.,

1985; Hou et al., 2013). For example, Garfield et al. (1985) reported that (R,S)-ketamine and (S)-
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ketamine, but not (R)-ketamine, produced significant deficits in cognition; the maze-running
procedure required twice-daily training for three weeks to traverse a maze for reinforcement.
lower doses. Garfield et al. (1985) used Swiss-Webster mice and demonstrated that 15.0 mg/kg
(R,S)-ketamine and 15.0 mg/kg (S)-ketamine produced cognitive deficits in a maze-running
procedure. The present study, however, reported these effects at different doses. Likewise, Hou
et al. (2013) reported 100 mg/kg (R,S)-ketamine treatment, not 25 mg/kg nor 50 mg/kg,
decreased spontaneous alternation behavior; a much higher dose than the present study (32.0
mg/kg). Several methodological differences may explain the difference in outcomes related to
dose. Treatment was administered subcutaneously in the present study (which would bypass
first-pass metabolism); whereas, Hou et al. (2013) administered (R,S)-ketamine via
intraperitoneal injection. Furthermore, Hou et al. (2013) assessed spontaneous alternation 30-
minutes after (R,S)-ketamine treatment. The present study measured behavior after 24 hours.
Species differences may also impact sensitivity to drug effects; the present study used C57BI/6
mice and Hou et al. (2013) used Swiss-Kunming mice. Control conditions also differed; the
control group mean spontaneous alternation behavior in the present study was calculated to be
57.44% and Hou et al. (2003) reported a mean greater than 60%. These methodological
differences highlight the need for further replication and examination of (R,S)-ketamine-like
side-effects.
Limitations

The present study had several limitations that should be addressed in future studies. A
significant antidepressant-like effect with (R)-ketamine, in the DRL task, may be revealed by
testing higher doses than what was tested in the present study. Based on other studies, (R)-

ketamine does have antidepressant-like effects at these tested doses in other preclinical assays
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(i.e., FST and TST). A longer pretreatment time also may have revealed significant
antidepressant-like effects in the DRL task, as (R)-ketamine is metabolized more slowly than (S)-
ketamine and the ketamine metabolites have been reported to play an important role in the
antidepressant-like effects of (R,S)-ketamine (Portmann et al., 2010; Zanos et al., 2016). In
addition, the present study used a 72 second inter-response interval in the DRL task. Perhaps a
shorter inter-response interval time (e.g. 36 second) might reveal different (i.e. significant)
results for (R)-ketamine. The mean number of reinforcers during the vehicle condition was very
low in the present study, lower than that normally seen with rats on a DRL 72s schedule (see
Hillhouse and Porter, 2014). Future studies should examine the effect of inter-response interval
time to determine if different results would be obtained with (R)-ketamine. Testing a single dose
of (2R,6R)-hydroxynorketamine (56.0 mg/kg) in the DRL task (which did produce an
antidepressant-like profile) is another limitation to the current study. The choice to test a single
dose of (2R,6R)-hydroxynorketamine in the DRL task was predicated on results reported in the
study by Zanos et al. (2016). Zanos et al. (2016) reported (2R,6R)-hydroxynorketamine to reduce
immobility in the FST (an antidepressant-like effect) at 5.0 mg/kg, 25.0 mg/kg, 75.0 mg/kg, and
125 mg/kg. Given these findings, the chosen dose (56.0 mg/kg) in the present study somewhat in
the middle of this range was hypothesized to produce an antidepressant-like effect. Future studies
could expand on the present results by testing a full dose-response curve for (2R,6R)-
hydroxynorketamine and also including other ketamine metabolites like (2S,6S)-
hydroxynorketamine. Likewise, it is possible that higher doses of (R)-ketamine and (2R,6R)-
hydroxynorketamine may cause significant reductions in % spontaneous alternation in the Y-
maze. The present study also would be strengthened by the addition of other cognitive tasks, like

the Morris water maze, delayed set-shifting, or delayed alternation, as all of which measure
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different aspects of cognitive functioning. In addition, these tasks involve conditioned behavior,
which may yield different results, as conditioned behavioral tasks have been demonstrated to be
more sensitive to drug effects than unconditioned behavior (Louis et al., 2006).

Conclusions

In conclusion, the present study demonstrated that (R,S)-ketamine, (S)-ketamine, and
(2R,6R)-hydroxynorketamine produced significant antidepressant-like effects in the DRL task,
indicating potential treatment options for depression. The significant antidepressant-like effect in
the DRL task observed with (2R,6R)-hydroxynorketamine treatment supports previous reports of
antidepressant-like effects (in the FST and TST) in an assay never before used to test (2R,6R)-
hydroxynorketamine. Notably, no significant effect was observed with (R)-ketamine in the DRL
task. This lack of effect in the DRL task may be due to the slower metabolism of (R)-ketamine as
compared to (S)-ketamine, or differences in doses, species, or methodologies used in the present
study. Future studies should vary the pretreatment times and testing higher doses of (R)-ketamine
in the DRL task. The present study found (R)-ketamine to have no effect on mice in the DRL
task, however, the promising findings reported by other studies (Shirayama & Hashimoto, 2017;
Leal et al., 2020) provide impetus to further examine (R)-ketamine.

In the drug discrimination experiment both isomers substituted for (R,S)-ketamine, but
(S)-ketamine was more potent than (R)-ketamine as the ED value was shifted more than 2-fold to
the left. Moreover, (2R,6R)-hydroxynorketamine did not substitute for (R,S)-ketamine at the
tested doses. Results in the drug discrimination experiment support other studies, which reported
that (2R,6R)-hydroxynorketamine did not substitute for (R,S)-ketamine at the tested doses and
(S)-ketamine substitutes at lower doses than (R)-ketamine. Given (R,S)-ketamine is abused, and

subjective effects play a role in abuse liability, these results indicate that (R)-ketamine and
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(2R,2R)-hydroxynorketamine may have reduced ketamine-like abuse liability in humans, and
they may lack other ketamine-like psychotomimetic effects. The results from the Y-maze
experiment indicate (R)-ketamine and (2R,6R)-hydroxynorketamine may have less of an effect
on cognition than (R,S)-ketamine and (S)-ketamine. (R,S)-Ketamine and (S)-ketamine reduced
spontaneous alternation 24-hours after injection; whereas, no effects on spontaneous alternation
were observed with (R)-ketamine and (2R,6R)-hydroxynorketamine at the tested doses.

The present study reported novel findings regarding the antidepressant-like effects,
subjective effects, and cognitive effects of (R,S)-ketamine, its isomers, and the metabolite
(2R,6R)-hydroxynorketamine. Beyond replication and modification of methodology used in the
present study, future studies should utilize optogenetic-mediated stimulation in combination with
patch clamp electrophysiology to examine drug effects in relevant brain slices. Relevant brain
regions may include the hippocampus and medial prefrontal cortex; which have been implicated
in schizophrenia-like behavior, memory, and cognition (Kesner et al,. 2008; Yassa et al., 2011;
Holden et al., 2012). These future studies will lead to a better understanding of the
neurophysiological effects of novel antidepressant treatments. Moreover, completion of these
studies will lead to greater understanding and a mechanistic insight into neuropsychiatric
disorders associated with aberrant network activity, such as schizophrenia and depression.
Finally, the results of the present study and many other preclinical studies suggest that clinical
research is warranted for the (R)-ketamine (arketamine) isomer and the ketamine metabolite,

(2R,6R)-hydroxynorketamine.
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