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Abstract

Ketamine, a racemic mixture of (S)-ketamine and (R)-ketamine enantiomers, has been used 

as an anesthetic, analgesic and more recently, as an antidepressant. However, ketamine has 

known abuse liability (the tendency of a drug to be used in non-medical situations due to its 

psychoactive effects), which raises concerns for its therapeutic use. (S)-ketamine was recently 

approved by the United States’ FDA for treatment-resistant depression. Recent studies showed 

that (R)-ketamine has greater efficacy than (S)-ketamine in preclinical models of depression, but 

its clinical antidepressant efficacy has not been established. The behavioral effects of racemic 

ketamine have been studied extensively in preclinical models predictive of abuse liability in 

humans (self-administration and conditioned place preference [CPP]). In contrast, the behavioral 

effects of each enantiomer in these models are unknown. We show here that in the intravenous 
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drug self-administration model, the gold standard procedure to assess potential abuse liability 

of drugs in humans, rats self-administered (S)-ketamine but not (R)-ketamine. Subanesthetic, 

antidepressant-like doses of (S)-ketamine, but not of (R)-ketamine, induced locomotor activity 

(in an opioid receptor-dependent manner), induced psychomotor sensitization, induced CPP in 

mice, and selectively increased metabolic activity and dopamine tone in medial prefrontal cortex 

(mPFC) of rats. Pharmacological screening across thousands of human proteins and at biological 

targets known to interact with ketamine yielded divergent binding and functional enantiomer 

profiles, including selective mu and kappa opioid receptor activation by (S)-ketamine in mPFC. 

Our results demonstrate divergence in the pharmacological, functional, and behavioral effects of 

ketamine enantiomers, and suggest that racemic ketamine’s abuse liability in humans is primarily 

due to the pharmacological effects of its (S)-enantiomer.
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Introduction

Ketamine, a racemic mixture of (S)-ketamine and (R)-ketamine enantiomers, is a widely 

used analgesic and dissociative anesthetic [1]. Subanesthetic doses of ketamine produce 

rapid antidepressant effects in individuals with major depressive disorder (MDD), bipolar 

depression, and treatment-resistant depression (TRD) [2–9]. Nevertheless, ketamine is a 

controlled substance, has known abuse potential (the tendency of a drug to be used in 

non-medical situations due to its psychoactive effects [9]), and can induce undesirable side 

effects [11,12].

(S)-ketamine (esketamine, Spravato®) recently received “Fast Track” and “Breakthrough 

Therapy” designation and approval by the FDA as an intranasal formulation for TRD and 

MDD with acute suicidal ideation or behavior [13, 14]. However, this approval was not 

without controversy as (S)-ketamine’s efficacy and abuse liability are a concern [15, 16]. 

Furthermore, in rodents, (R)-ketamine shows greater antidepressant-like efficacy and less 

psychotomimetic effects than (S)-ketamine [17]. In humans, a recent open-label study with 

(R)-ketamine showed antidepressant efficacy without dissociative effects [18]. However, 

placebo controlled double-blind clinical trials are needed to confirm this finding.

Ketamine is generally regarded as a non-competitive N-methyl-D-aspartate receptor 

(NMDAR) antagonist, with the allosteric phencyclidine (PCP) binding site in the NMDAR 

considered ketamine’s primary target [19, 20]. However, ketamine’s affinity for NMDARs 

is in the micromolar range [19–22] and its selectivity for NMDARs over other known or 

unidentified receptors and cellular targets is a subject of debate [20]. Indeed, ketamine 

shows affinity for both opioid and sigma receptors [21–23] and produces changes in 

dopamine signaling [24–26]. Therefore, it is unclear how the complex pharmacological 

profile of ketamine (for review see [19]) relates to its therapeutic effects and abuse liability 

profile.
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Several studies investigated racemic ketamine pharmacology and potential abuse liability, as 

assessed in the drug self-administration procedure in rats and monkeys [27–31]. The drug 

self-administration model in these species has been used since the 1960s by both academic 

researchers and the pharmaceutical industry to predict the abuse liability of psychoactive 

drugs [32]. However, no study to date has characterized (S)-ketamine and (R)-ketamine self-

administration and very few studies characterized other in vivo and in vitro pharmacological 

properties of its enantiomers [17,19].

(S)-ketamine is approved and (R)-ketamine is currently being investigated for the treatment 

of depression [2–9]. Depression is often comorbid with substance use disorders [33]. 

Therefore, in the present study we first pharmacologically characterized ketamine’s (S)- and 

(R)- enantiomers. Next, we assessed the behavioral effects of (S)-ketamine and (R)-ketamine 

in three standard behavioral procedures commonly used to assess the behavioral effects of 

drugs that are voluntarily consumed by humans or used when they are no longer medically 

needed or without prescription: locomotor sensitization, conditioned place preference [CPP], 

and intravenous drug self-administration [34–36].

Results

(S)-ketamine and (R)-ketamine show divergent in vitro target engagement profiles and 
weak NMDAR selectivity

Ketamine and its enantiomers are generally regarded as competitive NMDAR antagonists, 

but these compounds have also been reported to interact with other receptors and proteins 

[19–26]. To obtain a greater understanding on the binding profile of each enantiomer, we 

first screened each enantiomer for competitive binding or inhibition against a selected panel 

of 98 receptors and enzymes, including known targets for addictive drugs and medications 

(Figure 1A). We did not identify any ‘hits’ (defined as >50% inhibition of binding to a given 

receptor or enzyme) when we used 100 nM of each enantiomer as a screening concentration 

(Figure 1A). At 10 μM, the PCP binding site of the NMDAR was identified as a positive hit 

for both (S)-ketamine and (R)-ketamine. At this same concentration, the mu-opioid receptor 

(MOR) was identified as a hit for (S)-ketamine but not for (R)-ketamine (Figure 1A). No 

other hits were identified at this dose.

To confirm these findings and extend them to measurements of the affinity of the 

enantiomers for each receptor, we tested (S)- and (R)-ketamine using competitive 

radioligand binding assays in rat whole brain tissue. (S)-ketamine showed a ~5-fold higher 

affinity for NMDAR (Ki=0.8 ± 0.2 μM) compared to (R)-ketamine (Ki: 5 ± 2 μM) (Figure 

1B). (S)-ketamine also bound with higher affinity (Ki: 7 ± 3 μM) than (R)-ketamine (Ki: 

19 ± 5 μM) to MORs. Though the screen did not identify KORs as a valid hit, 10 μM 

(S)-ketamine did produce ~35% inhibition of KOR binding, whereas 10 μM (R)-ketamine 

had a much weaker effect (~13% inhibition). We also measured the affinity for (S)-ketamine 

(Ki: 14 ± 7 μM) and (R)-ketamine (40 ± 10 μM) at KORs (Figure 1C). Finally, sigma 

(σ) binding sites share homology with opioid binding sites and have been implicated in 

the actions of ketamine [19, 21–23]. However, these binding sites were not included in the 

aforementioned screen. In contrast to the greater affinity of (S)-ketamine at NMDAR, MOR, 

and KOR, (R)-ketamine (Ki=27 ± 3 μM) showed greater affinity than (S)-ketamine (131 ± 
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15 μM) for sigma-1 (σ1), and sigma-2 (σ2) ‘receptors’ (Ki=0.5 ± 0.1 mM and 2.8 ± 0.7 mM, 

respectively) (Figure 1D).

The above results show that the selectivity of either enantiomer for NMDARs over 

opioid receptors is between 5 to 20-fold. This is a small difference as the canonical, 

high affinity NMDAR antagonist MK-801 shows ~1000-fold selectivity for NMDAR over 

opioid receptors. Furthermore, whereas ketamine enantiomers are known non-competitive 

antagonists at NMDARs [19,20], their mode of action at MOR and KOR is not well 

established [19, 21, 23]. We reasoned that the small selectivity window between NMDARs, 

MORs, and KORs could be of even lower significance if ketamine activated opioid 

receptors.

To examine this question, we measured the ability of (S)- and (R)-ketamine to activate 

different MOR and KOR signaling pathways. Opioid receptor activation leads to inhibition 

of cyclic adenosine monophosphate (cAMP) accumulation and/or recruitment of ß-arrestin-

triggered signaling pathways. We found that in the cAMP assay, (S)-ketamine behaved as 

a partial agonist at MOR and as a full agonist at KOR (Figure 1E), (MOR: EC50 = 9 ± 2 

μM, Emax = 48 ± 3 %; KOR: EC50 = 16 ± 4 μM, Emax = 84 ± 5 %). (R)-ketamine was 

a weaker partial agonist at both receptors (MOR: EC50 = 34 ± 14 μM, Emax = 39 ± 3 %; 

KOR: EC50 > 100 μM, Emax < 50 %). Neither (S)- nor (R)-ketamine activated the ß-arrestin 

pathway (Figure 1F). Finally, and consistent with their micromolar binding affinities, neither 

enantiomer antagonized or modulated morphine signaling at concentrations below 1 μM (the 

concentration at which they start activating the receptor on their own (Figure 1G)).

In summary, these findings indicate that (S)- and (R)-ketamine exhibit divergent in vitro 
target engagement and functional profiles, which along with NMDARs, also include 

MOR, KOR, and sigma receptors. Specifically, we found that both enantiomers bound to 

NMDARs, with (S)-ketamine showing higher affinity that (R)-ketamine. Similarly, both 

enantiomers bound to and activated MORs and KORs, with (S)-ketamine showing higher 

affinity and potency than (R)-ketamine. In contrast, we found that (R)-ketamine bound to 

sigma-1 and sigma-2 receptors with higher affinity than (S)-ketamine.

(S)-ketamine and (R)-ketamine exhibit divergent pharmacokinetics and negligible off-target 
profiles

To obtain insight into the in vivo target engagement profile of each enantiomer, we 

radiolabeled (S)- and (R)-ketamine with 11C and performed positron emission tomography 

(PET) in rats. Prior studies conducted in both laboratory animals and in humans showed 

mixed results in their attempt to visualize NMDAR density using [11C]ketamine and PET 

[37–39], indicating that ketamine is not a reliable tracer for PET imaging of NMDARs 

[37]. This is expected, given ketamine’s low affinity at the NMDAR. Instead, our goal was 

to use PET to examine potential differences in brain uptake, clearance, and distribution 

between [11C](S)- and [11C](R)-ketamine synthesized at higher specific activity than in prior 

studies [37–39]. Our second goal was to rule out the existence of NMDAR-independent 

high-affinity interactions in the rat brain.
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In agreement with prior studies [37–39], PET imaging with intravenous (IV) [11C](S)- 

and [11C](R)-ketamine revealed rapid brain uptake and fast clearance of each enantiomer, 

indicating that these compounds lack high affinity targets in the rat brain (Figures 2A to 

2D). [3H]MK-801 exhibits high affinity and has been used to measure NMDAR binding 

[35]. Our in vitro binding data, and data from other studies indicate that ketamine fully 

displaces [3H]MK-801 binding to NMDARs, both in vitro and in vivo [40]. However, the 

low affinity of the radiolabeled enantiomers would make them unsuitable to label NMDARs 

using PET. We found that the in vivo brain uptake of [11C](S)- and [11C](R)-ketamine was 

not inhibited after pretreatment with a standard pharmacological and behaviorally effective 

dose of MK-801 (1 mg/kg, IP) (Figure 2B and D). This observation confirms that these 

radiolabeled enantiomers do not exhibit sufficient affinity to label NMDARs using PET. 

However, [11C](S)- and [11C](R)-ketamine uptake was also not affected after pretreatment of 

pharmacological doses of non-radiolabeled enantiomers, indicating that the brain uptake was 

non-specific. In sum, these PET studies show that [11C](S)- and [11C](R)-ketamine brain 

uptake in the rat is neither NMDAR-dependent nor indicative of high affinity binding to 

other targets.

In vivo binding of [11C](S)- and [11C](R)-ketamine to NMDARs might be activity-

dependent [41]. Therefore, we synthesized and then injected (IV) [3H](S)-ketamine or [3H]

(R)-ketamine to awake rats and collected their brains and peripheral organs at different time 

points. In agreement with the results from our in vivo PET studies, ex vivo autoradiographic 

analysis of brain sections from rats that received IV injections of either [3H](S)- or [3H](R)-

ketamine did not show any brain regional enrichment. Furthermore, and consistent with the 

in vivo PET results, the observed brain distribution of [3H](S)- or [3H](R)-ketamine was not 

blocked, either by pretreatment with MK-801 (1 mg/kg, IP) or non-radiolabeled ketamine 

(10 or 65 mg/kg, IP) (Supplemental Figure 1). [3H](R)-ketamine showed higher brain 

uptake compared to [3H](S)-ketamine (Figure 2E). This observation also coincided with 

lower levels of [3H](R)-ketamine compared to [3H](S)-ketamine in the liver and kidneys 

(Figure 2F), indicative of slower metabolization of (R)-ketamine [42]. In sum, like our in 
vivo PET findings, these ex vivo results show that [3H](S)- and [3H](R)-ketamine exhibit 

non-specific brain uptake and lack of high-affinity binding. Our ex vivo results also indicate 

that anesthesia does not contribute to lack of NMDAR engagement, as observed in [11C](S)- 

and [11C](R)-ketamine PET studies (Figure 2A-F).

To further confirm the lack of high affinity specific binding sites for (S)- and (R)-ketamine 

in the rat brain, we examined the binding profile of [3H](S)- and [3H](R)-ketamine (tested 

up to 300 nM) by performing binding assays in whole brain homogenates of rats. We did 

not observe any displaceable or saturable [3H](S)- and [3H](R)-ketamine binding, indicating 

a lack of high affinity specific binding in both membrane and cytosolic fractions (Figures 2G 

and 2H).

Finally, to assess whether the [3H](S)- and [3H](R)-ketamine binding profile we observed 

in rats extends to humans, we tested [3H](S)- and [3H](R)-ketamine for binding to the high 

density HuProt™ (>16,000 human genes; ~81% of the human proteome) and Protoarray® 

microarrays (>9000 human proteins). We found that neither assay yielded any high affinity 

specific binding hits (Supplemental Figures 2–3). Notably, high density protein arrays can 
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be susceptible to improper protein folding, especially for membrane proteins. To address 

this issue, we leveraged Retrogenix™ target deconvolution technology to test [3H](S)- and 

[3H](R)-ketamine binding to >6000 cell surface and secreted human proteins transiently 

transfected in HEK-293 cells. Once again, no high affinity specific binding hits were found 

(Supplemental Figure 4).

In sum, our results from PET and ex vivo uptake experiments, along with our target 

deconvolution findings indicate that (S)- and (R)-ketamine lack high affinity binding targets 

and exhibit negligible off-target binding profiles (i.e., they do not bind with high affinity at 

biological targets other than those previously identified).

Different effect of (S)-ketamine and (R)-ketamine on metabolic activity, dopamine tone, and 
MOR-signaling

To profile in vivo effects of subanesthetic doses of (S)- and (R)-ketamine on regional 

brain activity, we used [18F]fluorodeoxyglucose (FDG) assisted metabolic mapping and 

PET. Clinically, ketamine is administered IV over a period of ~40 min. Therefore, we 

chose a similar method of administration for our experiments. We administered a low, 

subanesthetic intravenous dose of (S)- or (R)-ketamine (10 mg/kg) over 40 min together 

with IP FDG injection to awake and freely behaving male rats. After the uptake period, we 

anesthetized the rats and scanned their brains using PET (Figure 3A). We found that (S)- and 

(R)-ketamine elicited distinct patterns of regional brain activity. Specifically, (S)-ketamine 

selectively increased activity in the medial prefrontal cortex (mPFC) (one-way ANOVA; 

T(1,7)>1.89, p ≤ 0.05) whereas (R)-ketamine did not (Figures 3B and 3C). In contrast, 

(R)-ketamine selectively decreased in activity in the mediodorsal nuclei of the thalamus, 

including the paraventricular and habenular regions (one-way ANOVA; T(1,7)>1.89, p ≤ 

0.05) whereas (S)-ketamine did not (Figure 3C). Other brain areas showed similar metabolic 

activity in response to each enantiomer. For example, both enantiomers decreased activity 

in the superior colliculus (where MOR receptors are highly enriched) and increased activity 

in the lateral hippocampus (one-way ANOVA; T(1,7)>1.89, p ≤ 0.05). Overall, these results 

recapitulate the effects of subanesthetic doses of racemic ketamine on brain metabolic 

activity reported in previous ex vivo [14C]-2-deoxyglucose studies [43, 44]. More important, 

our results extend these prior findings by demonstrating the selective contribution of each 

enantiomer to discrete in vivo brain metabolic activity signatures.

In preclinical studies, the mPFC and opioid receptors play important roles in ketamine’s 

preclinical antidepressant-like efficacy [45–48]. In humans, opioid receptors have been 

implicated in ketamine’s antidepressant efficacy [49, 50] and hypothesized to underlie risks 

associated with its abuse liability in humans [16]. To confirm whether the selective effect 

of (S)-ketamine on mPFC metabolic activation coincides with selective effects on opioid 

receptor activity in this region, we performed [35S]GTPγS autoradiography [51] assays in 

mPFC-containing rat brain sections (Figure 3D). We found that 10 μM (S)-ketamine, but 

not (R)-ketamine, induced significant (~50% the response of 1 μM morphine) [35S]GTPγS 

recruitment in the mPFC (one way ANOVA, factor: treatment (F (5, 55) = 12.7, p < 0.0001), 

post-hoc tests: morphine (adjusted p < 0.001) and (S)-ketamine (p = 0.001)) (Figures 3E 

and 3F). The [35S]GTPγS assay is mostly sensitive to inhibitory Gi/o coupled proteins 
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[51] and both MOR and KOR are expressed in the mPFC [52, 53]. We confirmed that the 

(S)-ketamine induced [35S]GTPγS recruitment in the mPFC was due to opioid receptor 

activation: an opioid receptor antagonist naloxone (10 μM) prevented (S)-ketamine-induced 

[35S]GTPγS recruitment (adjusted p = 0.02). As stated above, 10 μM (R)-ketamine failed 

to significantly increase [35S]GTPγS recruitment and naloxone did not alter [35S]GTPγS 

recruitment after (R)-ketamine exposure.

Excitatory projections from the mPFC play a key role in regulating the activity of 

dopaminergic neurons in the ventral tegmental area (VTA) [54] that are critical to the 

behavioral effects of drug and non-drug rewards [55]. In the experiments described above 

we showed that (S)-ketamine has greater NMDAR and MOR potency than (R)-ketamine. 

It is known that NMDAR, MOR, and KOR regulate VTA neuronal activity [53, 56–58] 

and a prior PET study in awake monkeys reported decreases in [11C]raclopride binding 

(i.e., increased dopamine tone) in response to (S)-ketamine but not (R)-ketamine [59]. 

Therefore, we reasoned that (S)-ketamine would have greater effects than (R)-ketamine 

on dopaminergic activity. Like [11C]raclopride, the in vivo uptake of the dopamine 

D2/D3 receptor PET radioligand [18F]fallypride is sensitive to variations in extracellular 

dopamine concentrations [60]. Therefore, [18F]fallypride displacement is used to infer 

pharmacologically-evoked regional changes in extracellular dopamine levels in the rodent 

and human brain [60]. Therefore, we examined the extent to which 10 mg/kg IV infusion 

of each ketamine enantiomer for 40 min would change regional [18F]fallypride displacement 

and by extension, regional changes in in vivo dopamine tone (Figures 3G and 3H). Neither 

(S)- nor (R)-ketamine significantly changed global extracellular dopamine levels in the 

dorsal striatum (Figures 3I and 3J). In contrast, other midbrain dopamine projection sites 

such as mPFC, septum, and globus pallidus showed increased [18F]fallypride displacement, 

(i.e., higher dopamine tone) in rats infused with (S)-ketamine, whereas somatosensory 

cortex and nucleus accumbens showed higher dopamine tone when rats were infused with 

(R)-ketamine (one-way ANOVA; T(1,18)>1.73, p ≤ 0.05) (Figure 3K).

In sum, these results show that low, subanesthetic IV doses of (S)- or (R)-ketamine lead 

to divergent regional changes in both brain metabolic activity and dopamine tone. More 

important, the results highlight specific effects of (S)-ketamine but not (R)-ketamine on 

increases in metabolic activity, dopamine tone, and opioid receptor signaling in the mPFC.

Selective effects of (S)-ketamine on locomotor activity, CPP, and self-administration

Exposure to subanesthetic doses of ketamine in mice leads to increases in locomotor activity 

[61]. To test whether opioid receptors contribute to this behavioral effect, we pretreated 

male mice (n = 8 per group) with either saline or the opioid receptor antagonist naltrexone 

(10 mg/kg) followed by saline and then increasing doses of (S)-ketamine or (R)-ketamine 

(5, 10 and 20 mg/kg, IP, every 30 min) and measured their locomotor activity. We found 

that (S)-ketamine was more potent than (R)-ketamine in increasing locomotor activity, with 

R-ketamine increasing it only at the 20 mg/kg dose (Fig. 4A). More importantly, only the 

effects of (S)-ketamine were partially blocked by naltrexone. The mixed ANOVA, which 

included the between-subjects factor of naltrexone (0, 10 mg/kg) and the within-subjects 

factor of enantiomer dose (0, 5, 10, 20 mg/kg), showed significant effects of naltrexone 
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(F(5.791, 110.0) = 12.4, p<0.0001) and interaction between the two factors (F (69, 437) = 

2.5, p<0.0001). These results suggest that subanesthetic doses of (S)-ketamine are sufficient 

to activate opioid receptors in vivo.

Next, we examined whether the two enantiomers differ in their effects on psychomotor 

sensitization, CPP, and intravenous drug self-administration, three classical behavioral 

procedures widely used to characterize the effects of opioid and psychostimulant drugs 

[62–63].

Psychomotor sensitization: First, we repeatedly injected male mice (n=12 per group) 

with vehicle (saline), (S)-ketamine, or (R)-ketamine, using a subanesthetic dose sufficient to 

induce locomotor activation for both enantiomers (20 mg/kg, IP), and measured locomotor 

activity for 3 days following two habituation days with saline injections (Figure 4B). As 

shown above, a 20 mg/kg IP injection of (S)- or (R)-ketamine increased locomotor activity; 

however, only mice injected with (S)-ketamine showed locomotor sensitization over days 

(Figure 4C-D). The mixed ANOVA, which included the between-subjects factor of drug 

condition (saline, (S)-ketamine, (R)-ketamine) and the within-subjects factor of day (days 

1–3), showed significant effects of day (F(4, 84) = 31.2, p<0.0001), drug condition (F (2, 

21) = 43.2, p<0.0001), and an interaction between the two factors (F (8, 84) = 16.6, p 

< 0.0001). Three days later, we injected all mice with escalating doses of (S)-ketamine 

(5, 10, 20 mg/kg, IP, every 30 min) in a single test session and assessed locomotor 

activity. Mice previously exposed to repeated (R)-ketamine injections did not differ from 

vehicle-treated mice, whereas mice that received repeated (S)-ketamine injections showed 

significantly higher locomotor activity compared to both (R)-ketamine- and vehicle-treated 

mice, indicating that they developed locomotor sensitization to (S)-ketamine. Furthermore, 

mice exposed to repeated (R)-ketamine injections did not cross-sensitize to (S)-ketamine 

(Figure 4D). The mixed ANOVA, which included the between-subjects factor of previous 

drug treatment (saline, (S)-ketamine, (R)-ketamine) and the within-subjects factor of time 

bin (5, 10, 15, 20, 25, 30 min) on test day, showed a significant drug treatment by time 

interaction (F (46, 483) = 1.9, p = 0.0007).

Conditioned place preference: Next, we tested the rewarding effects of (S)- and (R)-

ketamine using the CPP procedure [62]. We injected male mice (n=9 per group) with 

either (S)- or (R)-ketamine (10 m/kg, IP) and placed them in one of two sides of a two-

compartment chamber for 15 min. On alternate days, we injected the same mice with vehicle 

injections and placed them in the other side for 15 min (Figure 4B). We performed the 

drug or vehicle pairing over 6 days and counterbalanced the vehicle and drug injections 

during these days. The mice showed a significant preference for the (S)-ketamine-paired 

chamber but not for the (R)-ketamine-paired chamber (Figures 4E and 4F). The statistical 

analysis of the CPP score (the time spent in the drug-paired compartment), which included 

the between-subjects factor of enantiomer (R, S) and the within-subjects factor of session 

(pre-test, post-test), showed a significant effect of enantiomer (F (1, 16) = 4.7, p = 0.046) but 

not of session ((F (1, 16) = 3.0, p = 0.10) or interaction (F (1, 16) = 1.29, p = 0.27).

Self-administration: A previous study showed that rats self-administer racemic ketamine 

[27] but it is unknown if (S)- and (R)-ketamine are individually self-administered. We first 
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trained male and female rats (n = 15 to 20 per group; 6 to 8 females; 12 to 14 males) to 

self-administer (S)- or (R)-ketamine (0.5 mg/kg/infusion, dose based on ref. [27], for 16 

days under a fixed-ratio 1 (FR1) reinforcement schedule with a 20-s timeout (Figure 4G). 

There were no statistically significant sex differences on any of the measures. Thus, we 

combined data from males and females and sex was not used as a factor in the statistical 

analyses.

We found that both male and female rats self-administered (S)-ketamine with a significant 

escalation of drug intake during the 16 training sessions (1-h per day) (Figure 4H). In 

contrast, the self-administration of (R)-ketamine was weaker and less reliable (Figure 4H-J). 

The statistical analysis of number of infusions per day, which included the between-subjects 

factor of enantiomer (R, S) and the within-subjects factor of session (1–16), showed 

significant main effects of enantiomer (F (1, 555) = 64.8, p < 0.0001), session (F (15, 

555) = 23.1, p < 0.0001), and interaction (F (15, 555) = 8.7, p < 0.0001). Once the rats’ 

self-administration behavior was stable (defined as less than 20% variation between three 

consecutive sessions), we analyzed the preference for the active versus inactive lever to 

evaluate possible non-specific responding (Figure 4J). The statistical analysis of number 

of responses, which included the between-subjects factor of enantiomer (R, S) and the 

within-subjects factor of lever (1–16), showed significant effects of enantiomer (F (1, 60) = 

50.6 p < 0.0001), lever (F (1, 60) = 102.5, p < 0.0001), and interaction (F (1, 60) = 38.7, p < 

0.0001).

The rats trained to self-administer (S)-ketamine also showed the characteristic inverted 

U-shaped dose response curve (maintaining their average intake at ~15 mg/kg/h), similar 

to other reinforcing substances with known abuse liability like heroin or cocaine [63]. 

In contrast, the rats trained to self-administer (R)-ketamine did not show this pattern of 

responding (Figure 4K). The analysis of number of infusions, which included the between-

subjects factor of enantiomer and the within-subjects factor of dose (0.125, 0.25, 0.5, 1.0 

mg/kg/infusion), showed significant effects of enantiomer (F(1, 21) = 10.9, p = 0.0034), 

dose (F(3, 63) = 4.5, p = 0.0065), and interaction (F (3, 63) = 8.203, p = 0.0001).

To further assess the reinforcing effects of (S)-ketamine and (R)-ketamine, we tested the 

rats on a progressive ratio schedule, a measure of the reinforcing effects of drugs in which 

each successive drug infusion requires an increasing number of active lever presses [64]. The 

rats trained to self-administer (S)-ketamine showed a significantly higher number of drug 

infusions than rats trained to self-administered (R)-ketamine (Figure 4L). The statistical 

analysis of the number of infusions, which included a between-subjects factor of enantiomer, 

showed a significant main effect of enantiomer (t(22)=5.9, p < 0.0001).

After the progressive ratio testing, we retrained the rats on the FR1 20-s timeout 

reinforcement schedule. Once they showed stable self-administration, we tested them for 

extinction of drug self-administration, a measure of drug seeking in studies using rat 

models of relapse [65]. There were no differences in extinction responding between the 

rats previously trained to press for (S-) and (R)-ketamine and both groups showed rapid 

extinction of drug seeking (Figure 4M). The analysis, which included the between-subjects 
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factor of enantiomer and the within-subject factors of extinction session, did not show 

significant effects of enantiomer, session, or interaction (p values > 0.05).

In sum, our results show that in mice low, subanesthetic doses of (S)-ketamine but not 

(R)-ketamine acutely induced locomotor activity that was decreased by pretreatment with 

the opioid antagonist naltrexone. Similarly, repeated injections of (S)-ketamine but not 

(R)-ketamine induced psychomotor sensitization and CPP in male mice. Additionally, male 

and female rats showed reliable escalation of intravenous (S)-ketamine self-administration, 

higher progressive ratio responding, and the characteristic inverted U-shaped dose-response 

curve. In contrast, male and female rats did not reliably self-administer (R)-ketamine 

and did not show the characteristic changes in drug self-administration as a function of 

changes in the drug’s unit dose. Finally, neither enantiomer showed the characteristic time-

dependent decreases in extinction responding that are typically observed with opioid and 

psychostimulant drugs.

Discussion

We studied the pharmacological and behavioral effects of (S)-ketamine and (R)-ketamine 

in mice and rats. We report four main findings. First, results from receptor binding assays 

indicate that both enantiomers bind to NMDARs, with (S)-ketamine showing higher affinity 

that (R)-ketamine. Additionally, both enantiomers bound to and activated MORs and KORs, 

with (S)-ketamine showing higher affinity and potency than (R)-ketamine. In contrast, (R)-

ketamine bound to sigma-1 and sigma-2 receptors with higher affinity than (S)-ketamine. 

Second, results from PET and ex vivo uptake experiments and target deconvolution 

results indicate that (S)- and (R)-ketamine lack high affinity binding targets and exhibit 

negligible off-target binding profiles. Third, results from FDG and [18F]fallypride PET 

experiments show that low, subanesthetic IV doses of (S)- or (R)-ketamine caused 

divergent regional changes in both brain metabolic activity and dopamine tone. Additionally, 

[35S]GTPγS autoradiography showed that a physiologically-relevant concentration of (S)- 

or (R)-ketamine led to divergent activation of opioid receptors in the mPFC. These results 

highlight specific effects of (S)-ketamine but not (R)-ketamine on increases in metabolic 

activity, dopamine tone, and opioid receptor signaling in the mPFC. Finally, (S)-ketamine 

but not (R)-ketamine induced psychomotor sensitization and CPP in male mice and was 

intravenously self-administered by male and female rats. We discuss these results below.

Divergent pharmacological effects of (S)-ketamine and (R)-ketamine

Our biodistribution results are consistent with prior reports supporting stereoselective 

metabolic pathways of each enantiomer [42], where (R)-ketamine showed a slower rate 

of metabolism and longer half-life than (S)-ketamine. This finding could explain the higher 

[3H](R)-ketamine brain uptake that we observed in our study. Our screening and target 

deconvolution findings preclude the existence of previously unidentified high-affinity targets 

for (S)- or (R)-ketamine. However, our radioligand binding and signaling results indicate 

not only quantitative differences in potency, but also a qualitatively divergent and complex 

target engagement profile between ketamine’s two enantiomers, which involve NMDARs, as 

well as MORs, KORs, and sigma receptors. Specifically, we found that (S)-ketamine showed 
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higher affinity and potency for opioid receptors but lower affinity for sigma receptors 

compared to (R)-ketamine.

Ketamine’s inhibition at the NMDAR has been traditionally attributed to its antidepressant 

effects [2, 19–22]. However, recent studies have implicated opioid receptors in the 

antidepressant-like behavioral and cellular effects of ketamine in rats [47] and in the 

antidepressant effects of ketamine in humans [49–50]. However, another human study 

failed to show a similar association [78], though this finding has been challenged [79]. 

The complex pharmacological profile of ketamine and its enantiomers would be expected 

to preclude the selective involvement of opioid receptors, NMDARs, or sigma receptors 

in these antidepressant-like (rodents) or antidepressant (human) effects. This is because 

low ketamine doses induce antidepressant effects and ketamine enantiomers show divergent 

modes of action at each target (i.e., inhibition at NMDAR but activation at opioid receptors, 

so at low doses it would be expected that opioid receptor activation would be equivalent 

or may even override NMDAR inhibition). Indeed, given that ketamine is an antagonist at 

NMDARs, the occupancy levels of ketamine required to antagonize ligand-induced NMDAR 

activation would be expected to be higher than the occupancy levels required to initiate a 

MOR or KOR signaling cascade. Furthermore, ketamine efficacy has also been associated 

with endogenous opioid activity [80]. Therefore, opioid receptor-dependent effects of (S)-

ketamine may not be limited to the direct effects of the drug on opioid receptors but may 

also be due to a combination of MOR/KOR agonism/partial agonism and endogenous opioid 

release. In any case, our results support the notion that the selectivity exhibited by either 

enantiomer at any one of these targets is small and likely of limited in vivo relevance.

The mPFC has been implicated in both depression and substance use disorders [54, 55]. Our 

experiments revealed a consistent and selective bias for (S)-ketamine over (R)-ketamine to 

activate the mPFC, increase mPFC dopamine tone, and to increase mPFC MOR activity. 

Notably, these effects were observed at doses and concentrations previously shown to be 

sufficient for achieving antidepressant-like efficacy in rodent models [18, 71–73]. These 

findings are also consistent with prior PET imaging studies in humans, where (S)-ketamine 

(but not equivalent doses of (R)-ketamine) increased frontal cortex activity [81, 82]. Our 

results are also consistent with a pharmacological fMRI study in awake rats where a 10 

mg/kg IP dose of (S)-ketamine but not (R)-ketamine increased cerebrovascular responses in 

the frontal cortex and other brain regions [83]. Therefore, (S)-ketamine action in the mPFC 

may not only be relevant for its antidepressant-like efficacy but also for its abuse liability 

profile.

The dissociation between the regional effects on brain activity and dopamine tone between 

the two enantiomers is intriguing and may be relevant to the selective (S)-ketamine 

effects on locomotor sensitization, CPP, and self-administration, as well as the reported 

greater antidepressant-like efficacy of (R)-ketamine over (S)-ketamine in rodent models of 

depression [17]. Unlike (S)-ketamine, (R)-ketamine was associated with inhibition of medial 

thalamic areas (including habenula). Similar regional decreases in cerebrovascular responses 

after (R)-ketamine have been previously observed [83]. Hyperexcitability of the habenula 

has been implicated in the development of MDD [72] and intrahabenular injections of 

ketamine in rodents reduce habenula activity and depression-like behaviors [72]. However, 
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double-blind placebo-controlled clinical trials are necessary to confirm the antidepressant 

efficacy of (R)-ketamine in humans [18, 73].

Divergent behavioral effects of (S)-ketamine and (R)-ketamine

Based on (S)-ketamine’s pharmacological profile, we reasoned that the drug would exhibit 

higher potential liability for abuse than (R)-ketamine [56–58, 66]. To test this hypothesis, 

we performed a series of behavioral studies. Our results showed that (S)-ketamine but not 

(R)-ketamine induced locomotor activity that was opioid receptor-dependent. Furthermore, 

like opioid and psychostimulant drugs [65, 67], mice developed psychomotor sensitization to 

repeated injections of (S)-ketamine but not (R)-ketamine. These findings are consistent with 

a recent study showing that repeated intermittent injections (10 mg/kg/day, twice weekly for 

8 weeks) of (S)-ketamine but not (R)-ketamine led to increased methamphetamine-induced 

locomotion in mice [68]. In agreement with a prior study [69], we also found that an 

antidepressant-like dose of (S)-ketamine but not (R)-ketamine induced CPP in mice [69].

Our observations from the drug self-administration procedures in rats (where we 

implemented multiple behavioral measures and doses), suggest that (S)-ketamine has 

significantly greater potential for abuse liability than (R)-ketamine. Specifically, we found 

that (S)-ketamine was a reliable operant reinforcer in the drug self-administration procedure. 

In particular, unlike rats that self-administered (R)-ketamine, rats that self-administered 

(S)-ketamine significantly increased (escalated) their drug intake over days, showed 

the characteristic inverted U-shaped dose-response curve, and increased the response 

requirements under the progressive ratio schedule. Despite this, rats that self-administered 

either enantiomer (especially (S)-ketamine) showed rapid extinction of self-administration. 

The reasons for the rapid decrease in extinction responding to both enantiomers are 

unknown but this observation indicates that (S)- and (R)-ketamine would not be expected to 

induce similar conditioned responses as opioid or psychostimulant drugs, which are known 

to promote drug relapse in humans and rat models after prolonged abstinence [65,70]. 

One speculative translational implication of our rapid extinction data is that recreational 

non-medical use (S)-ketamine is less likely to result in a substance use disorder (as defined 

by DSM-5) than opioid or psychostimulant drugs.

Overall, the findings from the drug self-administration procedure are particularly important 

because results from this procedure predict abuse liability of drugs in humans, because 

many drugs whose recreational use can lead to substance use disorder in some humans are 

self-administered by laboratory rodents and monkeys [32, 36].

Methodological considerations

Our study has some limitations. We only used a single dose of each enantiomer in the CPP 

procedure and a prior study [71] showed that a higher (40 mg/kg IP) dose of (R)-ketamine 

produced CPP in mice. However, this same dose of (R)-ketamine did not produce CPP in a 

different study (68) and this dose was 4 times the dose needed (typically 10 mg/kg) to elicit 

antidepressant-like effects in mice and rats [19, 72–73].

Humans and rodents differ across many physical, metabolic, and physiological domains. 

Therefore, it is difficult to make direct comparisons between doses that are efficacious 
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in each species. One approach that is typically used to make comparative dose estimates 

involves the use of body surface area [74]. According to this method, a 10 mg/kg dose in a 

mouse (considered an antidepressant-like dose [19]) is estimated at a human equivalent dose 

of ~0.8 mg/kg, which approximates the 0.5 mg/kg dose of ketamine used in humans [74].

Regarding our measures of dopamine tone, a prior PET study in awake monkeys reported 

decreases in [11C]raclopride binding (i.e. increased dopamine tone) after intravenous 

injection of (S)-ketamine but not to (R)-ketamine [59]. Here we did not see any effects 

of either (S)-ketamine or (R)-ketamine on striatal dopamine tone using [18F]fallypride (a 

different D2/D3 PET radioligand). This discrepancy may be due to the different doses, 

species, and perhaps differences in displacement sensitivity between the two PET ligands 

[75].

Clinical implications

Our results showing reliable self-administration of (S)-ketamine in rats of both sexes, may 

be relevant to concerns previously raised for the clinical use of (S)-ketamine (Spravato® 

nasal spray is self-administered by patients during treatment [76]), especially in patients 

with comorbid substance use disorders [33]. Furthermore, our findings may also have 

potential clinical implications for the use of (R)-ketamine in the treatment of depression. 

Specifically, if current clinical trials indicate that (R)-ketamine shows antidepressant 

efficacy, our results will predict that this enantiomer may have a more favorable risk/benefit 

treatment profile than (S)-ketamine, especially in patients with comorbid substance use 

disorders. This notion is tentatively supported by a recent study in mice which showed that 

(R)-ketamine decreases morphine CPP and naloxone-precipitated opioid withdrawal [77].

Methods

Binding and enzyme target profile screen

These experiments were performed by an outside vendor (Eurofins, France). Briefly, 

membrane homogenates from stable cell lines or rat tissues expressing each receptor/enzyme 

were incubated with the respective radioligand in the absence or presence of (S-) and 

(R)-ketamine (100 nM and 10 μM). In each experiment, the respective reference compound 

was tested concurrently with the test compound to assess the assay reliability. Nonspecific 

binding was determined in the presence of a specific agonist or antagonist at the target. 

Following incubation, the samples were filtered rapidly under vacuum through glass fiber 

filters presoaked in buffer and rinsed several times with an ice-cold buffer using a 48-sample 

or 96-sample cell harvester. The filters were counted for radioactivity in a scintillation 

counter using a scintillation cocktail.

Radioligand binding experiments

Dissected rat brains (except the cerebellum) was cut and suspended in Tris-HCl 50 

mM buffer supplemented with protease inhibitor cocktail (1:1000) and disrupted with a 

Polytron homogenizer (Kinematica, Basel, Switzerland). Homogenates were centrifuged at 

48,000g (50 min, 4 °C) and washed twice in the same conditions to isolate the membrane 

fraction. Protein was quantified by the bicinchoninic acid method (Pierce). For competition 
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experiments, membrane suspensions (50 or 100 μg of protein/ml) were incubated with a 

constant amount of radioligand and the indicated increasing concentrations of the competing 

drugs during 2 h at RT. Nonspecific binding was determined in the presence of an exceeding 

concentration of cold ligand. In all cases, free and membrane-bound radioligand were 

separated by rapid filtration of 500-μl aliquots in a 96-well plate harvester (PerkinElmer, 

Boston, MA, USA) and washed with 2 ml of ice-cold Tris-HCl buffer. Microscint-20 

scintillation liquid (65 μl/well, PerkinElmer) was added to the filter plates, plates were 

incubated overnight at RT and radioactivity counts were determined in a MicroBeta2 plate 

counter (USA) with an efficiency of 41%. One-site competition curves were fitted using 

Prism 7 (GraphPad Software, La Jolla, CA, USA). Ki values were calculated using the 

Cheng–Prusoff equation.

For NMDAR binding, membrane preparations were incubated with 5 mM Tris-HCl (pH 7.4) 

containing glutamate (100 μM), glycine (100 μM), [3H](+)-MK-801 (5 nM, 30 Ci/mmol, 

Novandi) and increasing concentrations (0.1 nM to 1 mM) of competing compounds: (S)-

ketamine and (R)-ketamine. Non-specific binding was determined in the presence of 1 mM 

of unlabeled (+)-MK-801. For Sigma-1 binding, membrane preparations were incubated 

with 50 mM Tris-HCl (pH 8) containing [3H](+)pentazocine (3 nM, 28.34 Ci/mmol, Perkin 

Elmer) and increasing concentrations (10 nM to 10 mM) of competing compounds. Non-

specific binding was determined in the presence of 100 μM of unlabeled haloperidol. 

For Sigma-2 binding, membrane preparations were incubated with 50 mM Tris-HCl (pH 

7.4) containing [3H]-(1,3-di-o-tolylguanidine) (DTG) (2 nM, 40 Ci/mmol, Perkin Elmer), 

pentazocine (100 nM, to block Sigma-1 binding), and increasing concentrations (10 nM to 

10 mM) of competing compounds. Non-specific binding was determined in the presence 

of 100 μM of unlabeled DTG. For MOR binding, membrane preparations were incubated 

with 50 mM Tris-HCl (pH 7.4) containing [3H]DAMGO (1 nM, NIDA Drug Supply) 

and increasing concentrations (10 nM to 1 mM) of competing compounds. Non-specific 

binding was determined in the presence of 100 μM of unlabeled DAMGO. For KOR 

binding, membrane preparations were incubated with 50 mM Tris-HCl (pH 7.4) containing 

[3H]U69,593 (1 nM, 36 Ci/mmol, Novandi) and increasing concentrations (10 nM to 1 mM) 

of competing compounds. Non-specific binding was determined in the presence of 100 μM 

of unlabeled U69,593.

In vitro signaling experiments

Human embryonic kidney (HEK-293, ATCC) cells were grown in Dulbecco’s modified 

Eagle’s medium (DMEM; Gibco, ThermoFisher Scientific, Waltham, MA, USA) 

supplemented with antibiotic/antimycotic (all supplements from Gibco) and 10% heat-

inactivated fetal bovine serum (Atlanta Biologicals, Inc. Flowery Branch, GA, USA) and 

kept in an incubator at 37 °C and 5% CO2. Cells were routinely tested for myclopasma 

contamination (MycoAlert® Mycoplasma Detection Kit, Lonza). Cells were seeded on 60 

cm2 dishes at 4 × 106 cells/dish 24 h before transfection. The indicated amount of cDNA 

was transfected into HEK-293 cells using polyethylenimine (PEI; Sigma-Aldrich) in a 1:3 

DNA:PEI ratio. Cell harvesting for radioligand binding experiments or signaling assays were 

performed approximately 48 h after transfection.
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Two different types of BRET assays were used to determine signaling at the receptor: cAMP 

accumulation and β-arrestin recruitment. cAMP accumulation was measured by employing 

the CAMYEL biosensor (cAMP sensor using YFP-Epac-Rluc). Cells were transfected with 

5 μg of untagged receptor (MOR or KOR) and 5 μg of CAMYEL biosensor using the 

PEI method described above. For β-arrestin recruitment BRET, cells were transfected with 

1 μg of MOR-Rluc8 or KOR-Rluc8, 5 μg of β-arrestin2-mVenus and 5 μg of GRK2. On 

experiment day, cells were harvested, washed and resuspended in DPBS containing 5.5 

mM glucose. Cells were then plated in 96-well white solid bottom plates (Greiner bio-One) 

and incubated in the dark for 45 min. Dose-response curves were performed by adding 

coelenterazine h (5 μM, Nanolight Technology) for 5 minutes followed by addition of the 

indicated concentrations of compounds for 10 (cAMP) or 20 (β-arrestin) minutes. For cAMP 

accumulation experiments, 10 μM Forskolin was added to the cells and incubated for 5 

minutes before coelenterazine addition. BRET signal was determined by calculating the 

ratio of the light emitted by mVenus (535/30 nm) over that emitted by Rluc8 (475/30 nm) 

using a Pherastar plate reader (BMG Labtech, Cary, NC). Net BRET values were obtained 

by subtracting the BRET ratio from cells treated with vehicle. Agonist-promoted BRET 

changes were expressed as % morphine maximum response. Fluorescence levels were also 

monitored to control for expression across experiments by plating cells in 96-well black 

solid bottom plates (Greiner Bio-One) and measuring mVenus emission (480/530).

Ex vivo GTPγS

Flash frozen tissue was sectioned (10 μm) on a cryostat (Leica) and thaw mounted on 

ethanol cleaned glass slides. Sections were encircled with a hydrophobic membrane using 

a PAP pen (Sigma-Aldrich). Preincubation buffer (50 mM Tris-HCl, 1 mM EDTA, 5 mM 

MgCl2, and 100 mM NaCl) was pipetted onto each slide and allowed to incubate for 20 

min). The preincubation buffer was removed via aspiration and each slide was loaded with 

GDP in the presence of DPCPX and allowed to incubate of 60 min (Preincubation buffer, 

2 mM GDP, 1 μM DPCPX, Millipore water). GDP buffer was removed via aspiration and 

[35S]GTPγS cocktail (GDP buffer, 1.3 mM DTT, 2.7 mM GDP, 1.3 μM DPCPX, 83 pM 

[35S]GTPγS) with the indicated drugs (morphine 1 μM or the ketamine enantiomers 10 

μM), without drugs (basal condition), or with a saturated concentration of nonradioactive 

GTP (for nonspecific binding) was pipetted onto each slide and allowed to incubate for 

90 min. In case of antagonist pre-treatment, the slides were incubated with pre-incubation 

buffer containing naloxone (10 μM) for 10 minutes before the addition of the [35S]GTPγS 

cocktail containing the indicated drug plus naloxone (10 μM). The [35S]GTPγS cocktail 

was removed via aspiration and slides were washed in ice-cold washing buffer (50 mM 

Tris-HCl, 5 mM MgCl2, pH 7.4) for 5 min (2×) followed by a 30 s dip in ice-cold deionized 

water. Hydrophobic membrane was removed with a cotton swab and xylene and slides were 

placed into a Hypercassette™ covered by a BAS-SR2040 phosphor screen (FujiFilm; GE 

Healthcare). The slides were exposed to the phosphor screen for 3–5 days and imaged using 

a phosphor imager (Typhoon FLA 7000; GE Healthcare).

[11C]-ketamine PET

Rats were anesthetized with isoflurane and placed in a prone position on the scanner bed of 

an ARGUS small animal PET/CT (Sedecal, Spain) and injected intravenously (in 70 to 150 
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μl of saline) with [11C](S)-ketamine (30–50 MBq, 450–520 kBq/μmol, Johns Hopkins PET 

Center) or [11C](R)-ketamine (30–50 MBq, 450–520 kBq/μmol, Johns Hopkins PET Center) 

and dynamic scanning commenced. When indicated, animals were pretreated (5 min before 

the injection of the PET radiotracer) with vehicle or MK-801 (1 mg/kg, IP), (S)-ketamine 

(10 mg/kg, IP) or (R)-ketamine (10 mg/kg, IP. Total acquisition time was 60 min.

The PET data were reconstructed and corrected for dead-time and radioactive decay. All 

qualitative and quantitative assessments of PET images were performed using the PMOD 

software environment (PMOD Technologies, Zurich Switzerland). The dynamic PET images 

were coregistered to MRI templates and time-activity curves were generated using PMOD’s 

built-in atlases and the described analyses were performed. Standardized uptake value 

(SUV) was calculated as using the equation SUV = C / (dose / BW) where C is the tissue 

concentration of [11C]ketamine (kBq/cc), dose is the administered dose (MBq) and BW (kg) 
is the animal’s body weight. Statistical analyses were performed using Prism 7 (GraphPad 

Software, La Jolla, CA, USA).

Ex vivo biodistribution

Male and female rats (2 per condition) were injected (IV, 1μCi/g) with radiolabeled [3H]-

(S)-ketamine or [3H]-(R)-ketamine and euthanized at 10, 30, 40, or 60 min post injection 

and brain, blood, and tissues were collected for radiometric analyses. The brains were 

flash frozen in 2-methylbutane and stored at −80ºC until use. The blood was centrifuged 

(13,000 rpm, 10 min at RT) and serum was collected. The tissues were bleached with 

hydrogen peroxide and solubilized (Solvable, Perkin Elmer). Serum and tissue samples 

(were dissolved in scintillation cocktail (2.5 mL) and radioactivity counts were determined 

using a liquid scintillation counter.

The brains were sectioned (20 μm) on a cryostat (Leica), mounted into glass microscope 

slides and air-dried overnight at RT. The day after slides were placed into a Hypercassette™ 

covered by a BAS-TR2025 phosphor screen (FujiFilm; GE Healthcare). The slides were 

exposed to the phosphor screen for 10–15 days and imaged using a phosphor imager 

(Typhoon FLA 7000; GE Healthcare). The digitized images were calibrated using C-14 

standard slides (American Radiolabeled Chemicals). ROIs were hand-drawn based on 

anatomical landmarks and radioactivity was quantified using ImageJ. The activity in 6 to 

10 different sections was averaged per each animal and brain region.

[18F]-Fluorodeoxyglucose PET

This procedure was based on previous studies [84, 85]. Rats were habituated to experimenter 

handling and the open field arena. Rats were fasted 16 h before the experiment. On 

the day of the experiment, rats received a continuous IV infusion of vehicle (buffered 

saline), (S)-ketamine (10 mg/kg), or (R)-ketamine (10 mg/kg) over 40 min in an open 

field arena. Ten minutes after start of infusion, rats were injected (IP) with 13 MBq 

of 2-deoxy-2-[18F]fluoro-D-glucose (FDG; Cardinal Health). After 30 min, rats were 

anesthetized with 1.5% isoflurane, placed on a custom-made bed of a nanoScan small 

animal PET/CT scanner (Mediso Medical Imaging Systems) and scanned for 20 min on a 

static acquisition protocol, followed by a CT scan. The PET data were reconstructed and 
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coregistered to an MRI template as described above. All statistical parametric mapping 

analyses were performed using Matlab R2016 (Mathworks) and SPM12 (University College 

London).

[18F]-Fallypride PET

Rats were habituated to experimenter handling and the open field arena. On the day of 

the experiment, rats were injected (IV) with 13 MBq of [18F]Fallypride (Johns Hopkins 

University) right before receiving a continuous IV infusion of vehicle (buffered saline), 

(S)-ketamine (10 mg/kg), or (R)-ketamine (10 mg/kg) for 40 min in an open field arena. 

Rats were anesthetized with 1.5% isoflurane, placed on a custom-made bed of a nanoScan 

small animal PET/CT scanner (Mediso Medical Imaging Systems) and scanned for 30 min 

on a static acquisition protocol, followed by a CT scan. The PET data were reconstructed 

and coregistered to an MRI template as described above. Coregistered images were 

analyzed using one-way ANOVA and the resulting parametric images were filtered for 

statistically significant (p < 0.05) clusters larger than 100 contiguous voxels. All statistical 

parametric mapping analyses were performed using Matlab R2016 (Mathworks) and SPM12 

(University College London).

General animal handling

Male wild-type mice (C57BL/6J) were ordered from the Jackson Laboratory, weighing 20 

to 25 g. Mice were maintained under a normal 12-hour light/dark cycle with food and water 

freely available. Male and female Sprague-Dawley rats (strain code #400) were ordered 

from Charles River Laboratories, weighing 200 to 250 g. Rats were maintained under a 

reverse 12-hour light/dark cycle with ad libitum access to food and water. We housed 

two rats per cage before surgery and individually after surgery. Rats feeding regimen was 

restricted to 18 to 20 g per day throughout the experiment task in order to maintain a stable 

weight of the rats and facilitate acquisition of drug self-administration. All experiments and 

procedures complied with all relevant ethical regulations for animal testing and research 

and followed the National Institutes of Health (NIH) guidelines and were approved by each 

institute’s animal care and use committees. The experimenters were blind to the group 

allocation during data acquisition.

Locomotor activity in mice

Male wild-type mice (C57BL/6J, 20–25 g, N=32) were tested for ketamine-induced 

locomotor activity. The mice were injected with saline followed by increasing doses of 

(S)- or (R)-ketamine (5, 10 and 20 mg/kg. IP). A subset of mice (N=16, 8 per group) was 

injected with naltrexone-HCl (10 mg/kg, IP) 10 min before saline or (S)- or (R)-ketamine 

injections. After the injections, the mice were placed immediately in an open field arena 

(Opto-varimex ATM3, Columbus Instruments). Locomotor activity was tracked for 120 min 

as infrared beam crossing and traveled distance were converted to m and binned into 5 min 

time-bins.
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Cross-sensitization in mice

Male wild-type mice (C57BL/6J, 20–25 g, N=24) were tested for ketamine-induced 

locomotor sensitization. The locomotor sensitization experiment was divided into three 

phases: habituation, induction, and expression. During habituation, mice were injected with 

saline (0.9% NaCl) for two consecutive days. For the induction phase, mice were injected 

with saline (n=8), (S)-ketamine (20 mg/kg, n=8), or (R)-ketamine (20 mg/kg, n=8) for three 

consecutive days. Three days later, all mice were injected with saline followed by increasing 

doses of (S)-ketamine (5, 10, and 20 mg/kg). All drugs were administered IP and mice were 

placed immediately in an open field arena (Opto-varimex ATM3, Columbus Instruments) 

after injection. Locomotor activity was tracked for 30 min (on habituation and induction 

phases) or 120 min (on expression day) as infrared beam crossing and traveled distance were 

converted to m.

Conditioned place preference in mice

The task consisted of 8 sessions, 1 per day, in chambers with two visually distinct sides, 

one with clear walls and white floor and one with checkered walls and black floor. The 

sides were separated by a wall with a center pass. Locomotor activity was measured by 

way of time spent in each chamber as well as total distance traveled (Opto-varimex ATM3, 

Columbus Instruments). In the first session, the mice could freely explore both sides of 

a conditioning box for 20 min to determine inherent side preference, designated as the 

Pre-Test. Using this data, the drug-paired side was pseudo-randomized so, on average, they 

did not show preference for either side. Mice with no side preference were ketamine-paired 

in a counterbalanced fashion. In an alternating fashion for 6-days, mice were injected (IP) 

with either saline (n=8), (S)-ketamine (10 mg/kg, n=8), or (R)-ketamine (10 mg/kg, n=8) 

and placed in the predetermined drug/no drug side of the chamber for 20 min. In the last 

session (designated as Post-Test) the animals had access to both sides during 10 min, and 

their CPP score was quantified as: (TD – TV) / T, where TD and TV are the times spent in the 

drug paired chamber and the vehicle paired chamber, respectively, and T is the total duration 

of the session.

Self-administration in rats

Intravenous surgery—The procedure is based on previous studies [86]. Rats were 

anesthetized with isoflurane (5% induction; 2–3% maintenance). Catheters were made from 

Silastic tubing attached to a modified 22-gauge cannula (Plastics One, Cat# C313G-5up) 

and cemented to polypropylene mesh (Elko Filtering Co., Cat# 05–1000/45). The catheter 

was inserted into the jugular vein, and the mesh was fixed to the mid-scapular region of the 

rat. Rats were injected with carprofen (2.5 mg/kg, SC, Norbrook) after surgery and on the 

following day to relieve pain and decrease inflammation. Rats recovered for 6–8 days before 

drug self-administration training. During all experimental phases, catheters were flushed 

daily with gentamicin (4.25 mg/mL, Fresenius Kabi, Cat# 1002) dissolved in sterile saline. 

If we suspected catheter failure, we tested patency with a short-acting barbiturate anesthetic 

Brevital (methohexital sodium, 10 mg/mL in buffered saline, 0.1–0.2 mL injection volume, 

IV).
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Apparatus—All rats were trained and tested in standard Med Associates self-

administration chambers. Each chamber had either one or two levers located 7.5–8 cm 

above the grid floor. Lever presses on the active, retractable lever activated the infusion 

pump, whereas lever presses on the inactive, retractable lever had no consequences. Each 

session began with the illumination of a house light that remained on for the entire session. 

The active and inactive lever was inserted into the chamber 10 s after the house light was 

illuminated. During the self-administration sessions, a fixed-ratio-1 (FR1) reinforcement 

schedule (each lever press is reinforced) was used. Each infusion was paired with a 20-s 

white-light cue and there was a 20-s timeout before responses resulted in another infusion. 

At the end of the session, the house light was turned off and levers were retracted.

Ketamine self-administration training—Several cohorts of male and female rats were 

trained to self-administer (S)-ketamine (Toronto Research Chemicals, Cat# K165310) or 

(R)-ketamine (Toronto Research Chemicals, Cat# K165305) during 3 h/day (three 1 h 

sessions separated by 10 min) or 1 h/day for 16 days. In all cases, ketamine was infused 

over 3.5 s at a dose of 0.5 mg/kg/infusion. Responses on the active lever during the timeout 

period were recorded but did not result in ketamine infusions. Responses on the inactive 

lever were recorded but had no consequences. Two cohorts of rats were trained for food 

self-administration. [Note: Prior food self-administration allows to dissociate between the 

subsequent drug’s reinforcing effects in the operant self-administration procedures and the 

drug’s effects on operant learning, which are confounded in rats without prior operant 

training.] These rats were responding for food on the lever that later became the ‘inactive’ 

lever for ketamine self-administration. Hence, a subset of rats did not have the inactive 

lever available during training phase (and no difference was observed in their responses to 

the active lever or infusions of ketamine obtained per session). In this subset of rats, the 

inactive lever was re-introduced in the testing phases described below. In all cases, rats 

were considered trained if there was less than 20% variation in their infusions per session 

during consecutive daily sessions. The data from rats that did not meet this criterion or that 

did not pass the catheter patency test were excluded from the study (3 rats were excluded 

from the (S)-ketamine group and 4 rats were excluded from the (R)-ketamine group). After 

last training session, the rats were divided into two separate testing groups to perform the 

experiments described below.

Dose response—One cohort (n=8/condition) was placed on a multiple-dose schedule to 

observe dose-dependent ketamine self-administration according to a randomized ketamine 

dose sequence (0.125, 0.25, 0.5, or 1.0 mg/kg/infusion) for 1 h/day for 8 days. All 

parameters (reinforcement schedule, light cues, etc.) remained the same as training, except 

for drug dose. The number of ketamine infusions earned, active, and inactive lever responses 

were recorded for each session.

Progressive Ratio—Another cohort (n=8/condition) were trained for 3 days on a 

progressive ratio (PR) reinforcement schedule (6 h/day, 0.5mg/kg/infusion). The number 

of lever presses needed to receive a ketamine infusion was raised progressively within each 

session according to the following sequence: 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 

118, 145, 178, 219, etc [45] until the break point was reached. The break point was defined 
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as the last schedule requirement completed for a ketamine infusion prior to a 30 min period 

during which no infusions were obtained.

Extinction—Following progressive ratio testing, the same rats were retrained to self-

administer (S)- or (R)-ketamine (0.5 mg/kg/infusion) on an FR1 reinforcement schedule for 

3 h/day for 3 days. During extinction, active lever presses resulted in saline infusions with 

all the cues present. Lever presses were recorded but did not result in ketamine infusions. 

The extinction phase continued for 3 h/day for 5 days.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance statement

Our results provide evidence suggesting that the abuse liability of racemic ketamine 

in humans is primarily due to the pharmacological effects of (S)-ketamine but not (R)-

ketamine. These preclinical results have implications for the use of ketamine enantiomers 

for the treatment of depression.
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Figure 1. Divergent pharmacodynamics of ketamine enantiomers.
Receptor and enzyme competitive screen at two concentrations (100 nM and 10 μM) of S- 

and (R)-ketamine (A). Competition binding assays of (S)-ketamine (orange) or (R)-ketamine 

(blue) enantiomers versus radioligands labeling NMDA receptors (B), opioid receptors (C): 

MOR (solid circles) and KOR receptors (open squares) or sigma receptors (D): Sigma-1 

(solid circles) and Sigma-2 (open squares) receptors. All binding assays were performed in 

rat whole brain (except cerebellum) membrane suspensions. In vitro signaling elicited by 

morphine or ketamine enantiomers in HEK-293 cells transiently transfected with MOR or 

KOR (E-G): ketamine enantiomers activate the G-protein (E) but not ß-arrestin signaling 

(F), and do not inhibit morphine G-protein signaling (G). All data points are mean ± SEM of 

representative experiments performed in triplicate (experiments were performed 3 to 6 times 

to estimate the parameters (Ki, EC50 and Emax) reported in the main text.
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Figure 2. Rapid brain uptake, fast clearance and no high affinity target for ketamine 
enantiomers.
Representative PET images obtained after bolus IV administration of [11C](S)-ketamine (A) 

or [11C](R)-ketamine (C) at different time windows. After the initial brain uptake, activity 

remains exclusively in the harderian glands (nonspecific accumulation). In B and D, whole 

brain time activity curves measured after a bolus administration of either [11C]-ketamine 

enantiomer preceded by a pretreatment with the cold enantiomer (10 mg/kg IP) or the 

NMDAR non-competitive antagonists (+)-MK-801 (0.1mg/kg, IP). Data points are mean ± 
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SD of standardized uptake values (SUV, g/ml) obtained from at least two PET images per 

condition. In E, representative autoradiograms of coronal brain sections of rats injected (IV, 

1μCi/g) with radiolabeled [3H](S)-ketamine and [3H](R)-ketamine and euthanized at 40 min 

post injection. In F, biodistribution of [3H](S)-ketamine and [3H](R)-ketamine 40 min after 

IV administration. Saturation binding experiments using membrane and cytosolic fractions 

of rat brain homogenates indicate the lack of a high affinity specific binding (displaceable 

and saturable) (G-H).
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Figure 3. Functional brain imaging reveals regional differences in the effects of ketamine 
enantiomers.
A to C, (S)- or (R)-ketamine infusions (15mg/kg/h) have differential effects on metabolic 

activity evaluated as accumulation and trapping of [18F]FDG in the brains of awake, freely-

moving rats. The rats were anesthetized and scanned 40 min after drugs and [18F]FDG 

(decay half-life =~110 min) were administered, providing a “snapshot” of metabolic 

activity during the awake, freely-moving state. Brain-wide voxel-based analysis was used 

to evaluate differences on activity using a one-way ANOVA. Color shaded areas in B 
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and C represent clusters of voxels (≥100) with significant (p<0.05) increases or decreases 

in metabolic rate compared to saline infusions. D to F, G-protein signaling induced by 

ketamine enantiomers in the PFC indicates MOR-mediated signaling by (S)-ketamine. G to 

K, changes in dopamine tone elicited by infusion of the ketamine enantiomers evaluated as 

[18F]-Fallypride (dopamine D2 antagonist) uptake in awake freely moving animals (G). 

After ketamine and [18F]fallypride animals were anesthetized and a static PET image 

was acquired for 30 minutes (G). PET images (I-J) were analyzed using both region of 

interest-wise and voxel-wise analysis methods. In K, shaded areas represent clusters of 

voxels (≥100) with significant (p<0.05) increases or decreases in dopamine tone between 

(S)- and (R)-ketamine. Abbreviations: CPu, Caudate-Putamen; Acb, Nucleus Accumbens; 

Pit, Pituitary gland.
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Figure 4. Behavioral effects of ketamine enantiomers: locomotor activity, conditioned place 
preference, and drug self-administration.
(A) Acute locomotor activity: Male mice were placed in an open field arena and injected 

with saline and increasing doses of (S)-ketamine or (R)-ketamine (5, 10 and 20 mg/kg, 

IP) every 30 min, with or without pretreatment (10 min) with naltrexone (10 mg/kg, IP). 

Plots display distance traveled in open field arenas for in 5 min time bins, * denote 

statistical significance (p<0.05) between (S)-ketamine and (S)-ketamine with naltrexone 

pretreatment. (B-D) Locomotor sensitization after repeated injections: Male mice were 
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habituated to the arenas for two days (Hab1–2) and then injected with vehicle (saline, 

black), (S)-ketamine (20 mg/kg, orange), (R)-ketamine (20 mg/kg, blue) for three days (D1–

3). On day 8, the mice received increasing doses of (S)-ketamine (5, 10 and 20 mg/kg). 

Plots display distance traveled in open field arenas for 30 min after each drug. ** denote 

statistical significance (p<0.01) between (S-) and (R)-ketamine groups. (E-F) CPP: Male 

mice were injected with one of the ketamine enantiomers (10 mg/kg) or saline on either 

side of the CPP arena for 6 days and were allowed to explore both sides at the end of 

the conditioning phase. The preference for the drug-paired side was quantified as a CPP 

score. Data points are displayed as mean ± SD of 12 mice per condition or individual 

data points. * denotes statistical significance (p<0.05) from the pre-test condition. (G-M) 
Self-administration and extinction: (G) Experimental timeline for self-administration and 

extinction in male and female rats. (H-J) Ketamine self-administration training: mean±SEM 

number of infusions and active and inactive lever presses under the FR1 20-s timeout 

reinforcement schedule. (K) Dose response curve: mean±SEM number of infusions for 

different unit doses of the two enantiomers under the FR1 20-s timeout reinforcement 

schedule. (L) Progressive ratio: mean±SEM number of infusions and breakpoint (final ratio 

completed) for (S)-ketamine and (R)-ketamine under the progressive ratio reinforcement 

schedule. (M) Extinction responding: mean±SEM number of active lever presses during the 

last retraining session under the FR1 20-s timeout reinforcement schedule (denoted as SA) 

and during the subsequent extinction session. During the extinction session, lever presses 

led to contingent presentations of the discrete cue previously paired with (S)-ketamine 

and (R)-ketamine self-administration training and retraining, but not drug infusions**: 

significant difference (p < 0.01) between groups. Abbreviations: SA, self-administration; 

Ext, extinction, (S)-ketamine, (S)-ket; (R)-ketamine, (R)-ket; FR1, fixed ratio 1; NLTX, 

naltrexone.
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