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Abstract

The off-label use of racemic ketamine and the FDA approval of (S)-ketamine are promising
developments for the treatment of depression. Nevertheless, racemic ketamine and (S)-ketamine
are controlled substances with known abuse potential and their use is associated with undesirable
side effects. For these reasons, research efforts have focused on identifying alternatives.

One candidate is (2R,6R)-hydroxynorketamine ((2R,6R)-HNK), a ketamine metabolite that in
preclinical models lacks the dissociative and abuse properties of ketamine while retaining its
antidepressant-like behavioral efficacy. (2R,6R)-HNK’s mechanism of action however is unclear.
The main goals of this study were to perform an in-depth pharmacological characterization of
(2R,6R)-HNK at known ketamine targets, to use target deconvolution approaches to discover
novel proteins that bind to (2R,6R)-HNK, and to characterize the biodistribution and behavioral
effects of (2R,6R)-HNK across several procedures related to substance use disorder liability.

We found that unlike (S)- or (R)-ketamine, (2R,6R)-HNK did not directly bind to any known

or proposed ketamine targets. Extensive screening and target deconvolution experiments at
thousands of human proteins did not identify any other direct (2R,6R)-HNK-protein interactions.
Biodistribution studies using radiolabeled (2R,6R)-HNK revealed non-selective brain regional
enrichment, and no specific binding in any organ other than the liver. (2R,6R)-HNK was inactive
in conditioned place preference, open-field locomotor activity, and intravenous self-administration
procedures. Despite these negative findings, (2R,6R)-HNK produced a reduction in immobility
time in the forced swim test and a small but significant increase in metabolic activity across a
network of brain regions, and this metabolic signature differed from the brain metabolic profile
induced by ketamine enantiomers. In sum, our results indicate that (2R,6R)-HNK does not share
pharmacological or behavioral profile similarities with ketamine or its enantiomers. However, it
could still be possible that both ketamine and (2R,6R)-HNK exert antidepressant-like efficacy
through a common and previously unidentified mechanism. Given its pharmacological profile, we
predict that (2R,6R)-HNK will exhibit a favorable safety profile in clinical trials, and we must wait
for clinical studies to determine its antidepressant efficacy.

Keywords
depression; ketamine; drug development; antidepressant

Introduction

The off-label use of racemic, (R,S)-ketamine (ketamine) and the FDA approval of its (S)-
ketamine enantiomer (i.e, esketamine or Spravato®) are promising developments for the
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treatment of depression and chronic pain[1, 2]. However, ketamine and (S)-ketamine are
controlled substances with abuse potential and their use is associated with undesirable side
effects, including dissociation[3, 4]. This may be especially problematic for the treatment
of depression and chronic pain, which shares high comorbidity with substance use disorders
(SUD:s) [5, 6].

Recent research efforts have focused on identifying alternatives to ketamine and (S)-
ketamine. One candidate currently in clinical trials is (R)-ketamine[7, 8]. (R)-ketamine
shows greater antidepressant-like efficacy and exhibits a weaker abuse liability profile than
(S)-ketamine in preclinical models[8-12]. A recent small open-label (R)-ketamine clinical
trial reported rapid and long-lasting antidepressant effects with no major dissociation or
other side-effects[13]. However, double-blind, randomized controlled trials are necessary

to establish (R)-ketamine’s antidepressant efficacy. Another promising candidate is (2R,6R)-
hydroxynorketamine ((2R,6R)-HNK), a ketamine metabolite reported in preclinical studies
to lack the dissociative and abuse properties of ketamine and its enantiomers while

retaining antidepressant-like behavioral efficacy and robust synaptic potentiation effects at
excitatory synapses [12, 14, 23, 15-22]. An extensive number of studies have identified
antidepressant-relevant effects of (2R,6R)-HNK, across diverse behavioral tasks including
decreasing immobility time in the forced swimming[11, 12, 27-33, 14, 16-18, 23-26]

and tail suspension tests[32, 33], reducing time to feed in the novelty-suppressed feeding
test[12, 14, 18, 23, 33], reversal of anhedonia deficits[11, 12, 17, 25, 30, 32, 34]

recovery of social interaction deficits[12], modifying fear conditioned responses[16, 24] and
reversing learned helplessness[11, 12, 19, 27, 30]. (2R,6R)-HNK also reverses behavioral
learned helplessness when administered directly to the ventricles of mice[11]. Additionally,
metabolic conversion of ketamine or (R)-ketamine to (2R,6R)-HNK has been identified to
contribute to ketamine’s preclinical antidepressant-like behavioral effects in rodents[11, 12].
These extensive behavioral data are further supported by ex vivo and in vitro findings that
(2R,6R)-HNK exerts biochemical and synaptic effects consistent with antidepressant-like
activity, including the rapid potentiation of excitatory synapses as observed in hippocampal
slices[12, 14, 22, 26, 28, 35-38]. This is in addition to therapeutic effects in rodent models
of chronic pain[39]. However, these findings are potentially in contrast with recent clinical
studies where higher plasma levels of (2R,6R)-HNK and (2S,6S;2R,6R)-HNK correlated
with less clinical improvement of depression[40, 41]. (2R,6R)-HNK is currently in Phase 1
clinical trials[42] and therefore, like (R)-ketamine, its clinical antidepressant efficacy is still
unknown. Furthermore, (2R,6R)-HNK exerts an analgesic effect in several preclinical pain
models [39].

Although ketamine is a non-competitive antagonist at N-methyl-D-aspartate receptors
(NMDARSs)[20], it is not clear to what extent NMDARs are the mediators of the
antidepressant effects of ketamine, since more selective NMDAR antagonists do not
recapitulate ketamine’s antidepressant-like[43, 44] or clinical antidepressant profile[45].
Moreover, (R)-ketamine is a weaker NMDAR antagonist than (S)-ketamine, but it exhibits
greater antidepressant-like efficacy than (S)-ketamine in rodents[8]. Remarkably, (2R,6R)-
HNK exhibits negligible affinity for NMDARs compared to ketamine and its enantiomers[9,
12].
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We recently performed an in-depth pharmacological characterization of ketamine’s
enantiomers and found that in addition to their action at NMDARs, (S)-ketamine and (R)-
ketamine differentially engage opioid and other receptors and produce divergent behavioral
and metabolic brain activity profiles[9]. However, the profile of (2R,6R)-HNK in these areas
has not been thoroughly reported. A parsimonious explanation would conclude that since
ketamine and (2R,6R)-HNK are structurally related they would share, at least partially, a
common mechanism of action. As such, the main goal of this study was to perform an
in-depth pharmacological characterization of (2R,6R)-HNK at known ketamine targets, to
use high-content target deconvolution approaches to discover novel (2R,6R)-HNK-binding
proteins, and to characterize the biodistribution, brain metabolic activity profile, and
behavioral effects of (2R,6R)-HNK across several procedures related to SUDs.

(2R,6R)-HNK neither binds to nor activates known ketamine targets

First, we tested (2R,6R)-HNK’s capacity to bind to known ketamine targets. Unlike
ketamine and its enantiomers, (2R,6R)-HNK failed to displace [BH]MK801 binding in
rat brain membranes (Fig. 1A), confirming its lack of affinity for NMDARs at this site

as previously reported[12, 46, 47]. Also unlike (S)- and (R)-ketamine, which bind to mu
(MOR) and kappa (KOR) opioid receptors[9], (2R,6R)-HNK showed no MOR or KOR
binding as it failed to displace [?SH]DAMGO and [3H]U69,593 from rat brain membranes
(Fig. 1B, C).

Opioid receptor activation is associated with inhibition of cyclic adenosine monophosphate
(cAMP) accumulation and/or recruitment of p-arrestins [9]. (S)- and (R)-ketamine
differentially activate MOR and KOR signaling pathways, acting as partial agonists to
inhibit cAMP accumulation but do not activate f-arrestin signaling[9]. A recent paper used
computational modeling to report that (2R,6R)-HNK binds to opioid receptors with high
(i.e. in the nanomolar range) affinity but this finding was not tested experimentally[48].
Furthermore, the authors claimed that (2R,6R)-HNK exhibited inverse agonist properties at
opioid receptors[48]. These findings are inconsistent with our binding data which reveal
that (2R,6R)-HNK does not bind to opioid receptors. To test whether (2R,6R)-HNK

affects opioid receptor signaling, we measured its ability to inhibit cAMP accumulation

in HEK-293 cells transiently transfected with either human delta-opioid receptor (DOR;
OPRD1), MOR (OPRM1) or KOR (OPRK1) cDNA. We found that (2R,6R)-HNK

did not induce any cAMP response up to a concentration of 1 mM, far beyond the
concentration that (2R,6R)-HNK achieves (~10 pM) in the brain after administration

of antidepressant-like doses[14] (Fig. 1D-F). In sum, these results reveal that (2R,6R)-
HNK lacks the target engagement profile of ketamine and its enantiomers at their most
commonly attributed targets as it does not bind to NMDA or opioid receptors. Furthermore,
unlike ketamine and its enantiomers, (2R,6R)-HNK does not activate opioid receptors

at physiological concentrations and therefore it is unlikely that it is involved in opioid-
mediated antidepressant effects of ketamine[49, 50].
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(2R,6R)-HNK exhibits an inert pharmacological profile

Given the lack of interactions that we observed between (2R,6R)-HNK and the most
commonly attributed ketamine enantiomer targets, we directed our efforts towards the
discovery of novel proteins that may interact with (2R,6R)-HNK. First, we performed a
competitive screen using two concentrations of (2R,6R)-HNK (100 nM and 10 uM) at >80
receptor and enzymatic binding sites which are known targets for several neuropsychiatric
medications. No hits were identified using 100 nM of (2R,6R)-HNK (Fig. 2A). Using

10 uM, we found that (2R,6R)-HNK increases binding of Substance P to the Neurokinin
receptor (NK1), suggesting a potential allosteric interaction between (2R,6R)-HNK and
Substance P at this receptor. The screen did not identify any other hits. To confirm the
NK1R finding, we performed radioligand binding experiments using [3H]-Substance P and
(2R,6R)-HNK in rat whole brain membrane homogenates. We found that (2R,6R)-HNK
did not alter [3H]-Substance P binding (Fig. 2B), indicating a lack of interaction between
(2R,6R)-HNK and NK1R in the rat brain.

Previous research has implicated effects of (2R,6R)-HNK on metabotropic glutamate
receptor (MGIuR) types 2 or 3 signaling as being involved in the antidepressant-like
mechanism of action [15]. To examine whether (2R,6R)-HNK binds to mGIuR2/3 receptors,
we performed radioligand competition experiments using the mGIluR2/3 antagonist

[3H]LY 341475 in membranes expressing human recombinant mGIluR2 or mGIuR3
receptors. We found that (2R,6R)-HNK failed to displace [3H]LY341475 at either receptor
(Fig. 2C). In agreement with these results, (2R,6R)-HNK did not affect functional responses
at mGIuR2/3 (Supplemental Figure S1). (2R,6R)-HNK’s potential interaction was also
tested in functional assays at mGIluR1, mGIluR4, mGIuR5, mGIuR6, and mGIuR8 but no
effects of (2R,6R)-HNK were observed (Supplemental Figure S1).

Ketamine has been reported to inhibit HCN1 channels [51]. We found that neither
(2R,6R)-HNK nor ketamine interacted with the HCN1 channel (Supplemental Fig. 1)
indicating that the effects of (2R,6R)-HNK are not mediated by direct interactions with
this channel. Finally, unlike ketamine and its enantiomers which exhibit weak binding to
sigma receptors[9], we found that (2R,6R)-HNK did not bind to this site (Fig. 2D).

The above /n vitro assays failed to identify direct interactions between (2R,6R)-HNK and
discrete pharmacological targets using target-specific pharmacological probes. To expand
the range of targets tested, we radiolabeled (2R,6R)-HNK with tritium [3H] to use it as

a direct probe. First, we tested [3H]-(2R,6R)-HNK for binding to the high-density protein
microarrays HuProt™ (>16,000 human gene products; ~81% of the human proteome) and
Protoarray® (>9000 human proteins) but found that neither assay yielded any high-affinity
specific binding hits (Supplemental Figs. 2, 3). Notably, high-density purified protein arrays
can be susceptible to improper protein folding, especially for membrane proteins. To address
this issue, we leveraged Retrogenix™ target deconvolution technology to test [3H]-(2R,6R)-
HNK binding to >6000 cell surface and secreted human proteins transiently transfected in
HEK-293 cells and tested in their cellular environment. No high-affinity specific binding to
any of the tested proteins was observed (Supplemental Fig. 4).
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Since the above screening approaches did not result in any positive target identification,

we used an alternative target deconvolution strategy, a yeast 3-hybrid screen, which affords
potentially greater sensitivity and readout amplification as well as an increase in the number
of targets profiled[52]. Two (2R,6R)-HNK probes were synthesized which each contained
the (2R,6R)-HNK motif, a short polyethyleneglycol (PEG) linker and a methotrexate anchor.
The two probes differed in the placement of the linker, with probe one linking through

the (2R,6R)-HNK aryl group, while probe 2 linked through the amine functional group.
Both probes were initially tested for toxicity and permeability assessment in yeast, and

both probes were found to have no toxicity or permeability issues in the assay. The probes
were then screened against a cDNA library derived from adult mouse brain with more than
45,000 unique cDNAs. Despite the wide range of targets contained in this library, the screen
did not identify any positive high-confidence probe-protein interactions, other than known
false positives routinely detected in this specific type of screen or that are known to be
hardly-detectable due to low mRNA library representation, or prey folding and prey toxicity.
Following this, screens were performed against cDNA libraries derived from human adult
brain, human lung cancer cells, and human placenta, but again despite the wide range of
targets contained in these libraries, the screen did not identify any positive high-confidence
(2R,6R)-HNK-protein interactions (Supplemental Fig. 5).

Collectively, we profiled direct interactions between (2R,6R)-HNK and >30,000 proteins
but failed to identify any (2R,6R)-HNK-protein interactions, indicating that (2R,6R)-HNK
exhibits an inert pharmacological profile.

(2R,6R)-HNK exhibits low uptake and no specific binding in brain

An alternative approach for understanding a drug’s mechanism of action is to characterize
its biodistribution profile. Prior studies have reported (2R,6R)-HNK’s pharmacokinetics in
brain tissue and in blood using analytical methods[14, 53]. To extend these observations

to other organs in the body and in particular, to examine (2R,6R)-HNK’s region-specific
accumulation in the brain, we administered a trace dose of [3H]-(2R,6R)-HNK (2 uCi/g,
intravenous (i.v.)) to adult naive male and female rats (n = 6) and analyzed their tissue
biodistribution ex vivo. We found that [3H]-(2R,6R)-HNK showed a serum clearance rate
of 50% in 30 min (Fig. 3A). In an /n vitro saturation assay, we did not detect any specific
binding of [3H]-(2R,6R)-HNK in rat serum (Fig. 3B). Accordingly, both serum and brain
[3H]-(2R,6R)-HNK uptake were not blocked via pretreatment with a pharmacological dose
of (2R,6R)-HNK (10 mg/kg, intraperitoneal (i.p.)) (Fig. 3C). In fact, we could not detect
[3H]-(2R,6R)-HNK specific binding in any organ other than the liver (Fig. 3C). We also
found that [3H]-(2R,6R)-HNK showed very low brain enrichment, with no region-specific
accumulation in the brain (Fig. 3D, E). These findings indicate that (2R,6R)-HNK’s
accumulation and binding in the brain or other organs, with the exception of the liver, are
neither saturable nor specific and hence cannot be attributed to interactions with any given
protein. The high and non-specific accumulation of [°H]-(2R,6R)-HNK in the kidneys is
indicative of renal excretion. The only specific binding observed, in the liver, likely reflects
[*H]-(2R,6R)-HNK’s saturable and specific binding to metabolic enzymes, as it is known
that (2R,6R)-HNK undergoes metabolization through P450 liver enzymes[54, 55].

Mol Psychiatry. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bonaventura et al.

Page 7

The studies using [3H]-(2R,6R)-HNK are limited to administering trace doses of the
radiopharmaceutical. In order to establish the biodistribution of a pharmacological dose

of (2R,6R)-HNK, and to test safety of 14C exposure for future human pharmacokinetic
studies, we labeled the molecule with [14C] and performed a mass balance and quantitative
whole-body autoradiography (QWBA) study in rats (Fig. 3F, G. Supplemental Fig. 6).

The pharmacokinetics of [14C]-(2R,6R)-HNK (100 uCi, 10 mg/kg, i.v.) were comparable
to its tritiated analog and radioactivity was widely distributed through the entire body at

30 min (without increased brain accumulation or regional brain enrichment) (Fig. 3G).
Furthermore, [24C]-(2R,6R)-HNK was rapidly metabolized in the liver by glucuronidation
and was primarily excreted in urine and bile (Supplemental Fig 6). Specifically in males,
the maximum mean blood and plasma concentrations (Cmax) of radioactivity were 4570
and 5240 ng equivalents [14C]-(2R,6R)-HNK/g, respectively, observed at the first collection
time point (15 min post injection). The mean concentrations of radioactivity in blood and
plasma then declined through 120 hours. In females the maximum mean blood and plasma
concentrations (Cmax) of radioactivity were 6100 and 7200 ng equivalents [*C]-(2R,6R)-
HNK/g, respectively, also observed at the first collection time point (15 min post injection).
The mean concentrations of radioactivity in blood and plasma then also declined through
72 hours post injection. Comparison of area under curve (AUC) values of radioactivity in
plasma from males and females showed similar exposure suggesting no sex differences.
(2R,6R)-HNK-glucuronide-1 was the major circulating component in male and female

rats after an 1V dose. Plasma exposures AUC 0-72h of (2R,6R)-HNK-glucuronide-1 were
12800 ng eq-h/g (51.9% of the total radioactivity exposure through 72 hours) and 13500

ng eg-h/g (51.1% of the total radioactivity exposure through 72 hours) in males and
females, respectively, after an intravenous dose. (2R,6R)-HNK was a major circulating
component in intact male and female rats, with plasma exposures of 5330 ng eq-h/g

(21.6% of the total radioactivity exposure through 72 hours) and 7090 ng eqg-h/g (26.7%

of the radioactivity exposure through 72 hours), respectively. Hydroxy-(2R,6R)-HNK-2 and
hydroxy-(2R,6R)-HNK-3 were minor metabolites and individually contributed to <5% of
the total radioactivity exposure through 72 hours.

(2R,6R)-HNK leads to changes in brain activity distinct from those induced by ketamine

enantiomers

The pharmacological characterization studies we performed did not identify molecular
targets or regional substrates for (2R,6R)-HNK. However, it could be possible that both
ketamine and (2R,6R)-HNK exert their pharmacological actions through a common and
previously unidentified mechanism. To examine this, we evaluated changes in brain
metabolic activity induced by a prolonged (2R,6R)-HNK i.v. infusion in rats. We used a
dose (10 mg/kg in 40 min) that is known to elicit antidepressant-like effects in rodents[12,
15] and that is expected to have a human equivalent dose of ~1.5 mg/kg over 40 min[56],
which falls in the middle of the dose range of (2R,6R)-HNK tested in the current Phase 1
trial[57]. We injected [18F]-fluorodeoxyglucose (FDG) (~400 uCi, IP) to naive awake rats at
10 min after starting the (2R,6R)-HNK 1V infusion and then anesthetized them 30 min later
and scanned them using positron emission tomography (PET) to visualize whole brain [18F]-
FDG uptake as a proxy for brain metabolic activity. Using a voxel-wise analysis, we found
that the prolonged (2R,6R)-HNK infusion led to a mild but significant increase in metabolic
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activity in a brain network comprising regions such as the insula, nucleus accumbens, globus
pallidus, dorsomedial thalamus, motor, sensory, and visual cortices, and midline cerebellum
(Fig. 4A-C). A secondary analysis using a region of interest (ROI)-based approach which
confers lower spatial resolution due to predefined regional brain parcellations, only showed
a significant increase in FDG uptake in the nucleus accumbens (~10% increase) (Fig. 4D).
The ANOVA, which included the between-subjects factor of treatment (saline or (2R,6R)-
HNK) and the within-subjects factor brain ROI (58 predefined brain regions), did reveal
significant effects of the treatment (F(1, 14) = 5.45, p = 0.035), brain ROI (F(57, 798) =

134, p < 0.0001), and interaction between the two factors (F(57, 798) = 1.887, p = 0.0002).
A post-hoc Sidak’s multiple comparisons test showed significant differences in the left
nucleus accumbens (adjusted p = 0.0077). Overall, these effects were weaker and differed
substantially in their regional makeup from those elicited by ketamine enantiomers as
previously reported[9]. Moreover, the regional metabolic connectivity profile associated with
(2R,6R)-HNK exposure also markedly differed from the regional metabolic connectivity
profile of (S)-ketamine (Fig. 4E, Supplemental Fig. 6) and closely resembled the saline
condition. These findings indicate that (2R,6R)-HNK leads to subtle but significant increases
in brain metabolic activity in a region-specific manner, which markedly differs from

the regional brain metabolic activity profiles induced by ketamine enantiomers, further
supporting the notion that (2R,6R)-HNK and ketamine enantiomers differ in their target
engagement profiles.

(2R,6R)-HNK is inert in behavioral procedures related to substance use disorder liability

Regardless of its efficacy as an antidepressant, a significant limitation of ketamine is its
abuse liability. We recently reported that (S)-ketamine is the enantiomer implicated in the
abuse liability of ketamine, and while (S)-ketamine is self-administered in rats, (R)-ketamine
is not, even at doses equipotent for NMDAR antagonism[9]. The data reported in this
manuscript (lack of binding to opioid receptors and different brain metabolic activity profile)
would predict that (2R,6R)-HNK does not share the same limitation as ketamine in regard to
SUD liability.

To test (2R,6R)-HNK’s behavioral actions in rodents we ran a battery of behavioral
paradigms relevant to depression and SUDs. In the forced swimming test in mice (n= 8 per
condition) a single administration of (2R,6R)-HNK (3 or 10 mg/kg, IP) reduced immaobility
time 24 hours after drug administration (Fig. 5A). The ANOVA which considered a
between-subject factor of drug dose (0, 1, 3 or 10 mg/kg) revealed significant effects of
drug dose ((F3, 28) =12.9, p > 0.001) and a Dunnett’s post-hoc multiple comparisons test
detected significant differences of 3 and 10 mg/kg (p < 0.001) doses but not 1 mg/kg (p =
0.86), compared to vehicle-treated mice. Nonetheless, in male mice (n = 8 per condition) a
single acute administration of (2R,6R)-HNK (10, 30, 65 mg/kg, IP) did not alter locomotor
activity (Fig. 5B). The mixed ANOVA, which included the between-subjects factor of drug
dose (0, 10, 30 or 65 mg/kg) and the within-subjects factor of time bin (5-min bins, from

0 to 30), did not reveal significant effects of the drug (F(3, 28) = 2.2, p = 0.11), nor an
interaction between the two factors (F(15, 140) = 1.33, p = 0.19).
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Next, we tested for rewarding effects of (2R,6R)-HNK in mice using the conditioned place
preference (CPP) procedure. We injected male mice (n = 8 per group) with either saline

or (2R,6R)-HNK (0, 10, 30 or 65 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 on the other side for 15 min. We performed the drug

or vehicle pairing over 6 days and counterbalanced the vehicle and drug injections during
these days. During the conditioning phases of the procedure, we monitored the locomotor
activity of the mice in order to detect sensitization or other locomotor effects derived from
repeated exposure. Repeated administration of (2R,6R)-HNK did not produce any changes
in locomotor activity and did not induce sensitization (Fig. 5C). The mixed ANOVA, which
included the between-subjects factor of drug dose (0, 10, 0 or 65 mg/kg) and the within-
subjects factor of session (1 to 6), did not show significant effects of drug dose (F(3, 28)

= 2.05, p = 0.13), session (F(5, 140) = 0.55, p = 0.73), nor an interaction between the two
factors (F(15, 140) = 1.04, p = 0.41). In addition, repeated administration of (2R,6R)-HNK
(10, 30, 65 mg/kg, IP) did not induce CPP at any of the tested doses (Fig. 5D). The one-way
ANOVA, which included the between-subjects factor of drug dose (0, 10, 30 or 65 mg/kg),
did not show significant effects of drug dose (F(3,28) = 0.06, p = 0.98) on the CPP score.

Based on our prior studies with ketamine enantiomers[9], we tried to train male rats (n

= 14) to self-administer (2R,6R)-HNK using a unit dose known to promote (S)-ketamine
and ketamine self-administration, [9, 58] (0.5 mg/kg/inf, I\V) for 16 days under a fixed
ratio 1 (FR1) reinforcement schedule with a 20-s timeout. During this period, rats were
primed to press the lever to ensure that they experienced the drug and the visual cues
associated with it. However, rats did not learn the task, indicating that (2R,6R)-HNK

was not a reliable reinforcer in the self-administration procedure (Fig. 5E). The mixed
ANOVA, which included the between-subjects factor of drug (saline or (2R,6R)-HNK)
and the within-subjects factor of session (14 training sessions), did not show significant
effects of drug (F(1, 140) = 0.54, p = 0.46), nor an interaction between the two factors
(F(13, 140) = 0.59, p = 0.85). Next, we conducted a dose-response experiment to examine
whether animals would respond to other unit doses (0.125, 0.25, or 1 mg/kg/inf) but rats
did not respond to any of the (2R,6R)-HNK doses tested (Fig. 5F). A one-way ANOVA,
which included the between-subjects factor of (2R,6R)-HNK unit dose (0.125, 0.25, or 1
mg/kg/inf), did not reveal significant effects of drug unit dose. To address a possibility that
(2R,6R)-HNK infusions could be rewarding but not salient enough to drive naive rats to
learn to self-administer it, we tested its reinforcing properties in rats previously exposed

to heroin self-administration. We trained male rats (n=16) to self-administer heroin (0.05
mg/kg/inf, V) for 10 days under a FR1 schedule with a 20-s timeout. Once rats achieved
steady lever responding (15 + 3 infusions per session), heroin infusions were substituted
by either (S)-ketamine (0.5 mg/kg/inf, 1V) or (2R,6R)-HNK (0.5 mg/kg/inf, 1VV). On the
first session, rats increased their pressing for (S)-ketamine but pressed significantly more
for (2R,6R)-HNK (p= 0.001, according to a Sidak’s post-hoc test, see below), indicating
increased drug seeking in the (2R,6R)-HNK group due to the lack of the expected rewarding
effects via the drug substitution. The mixed ANOVA, which included the between-subjects
factor of drug (S-ketamine or (2R,6R)-HNK) and the within-subjects factor of session,
revealed significant effects of drug (F(1, 14) = 4.81, p = 0.045), session (F(6, 84) = 5.21,
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p = 0.0001) and an interaction between the two factors (F(6, 84) = 12.0, p < 0.0001). On
successive sessions, rats showed escalation of self-administration for S-ketamine but rapid
extinction of self-administration for (2R,6R)-HNK (Fig. 5G). Overall, these results indicate
that rats trained to self-administer heroin generalized their training to (S)-ketamine and
continued to self-administer the new drug but did not generalize to (2R,6R)-HNK, indicating
that (2R,6R)-HNK lacks reinforcing properties and suggesting that it would have a weak
SUD liability profile.

Discussion

Here we show that unlike ketamine and its enantiomers, (2R,6R)-HNK did not displace
binding of [?H]MK-801 to NMDAR which replicates prior findings[12, 47, 59]. Specifically,
both our findings presented here, and those from prior reports tested (2R,6R)-HNK for
NMDAR binding at concentrations up to 100 uM and observed no displacement of
[H]MK-801. Similarly, another study reported that 10 uM (2R,6R)-HNK tested on cultured
hippocampal neurons had no effect on NMDAR function[60]. This finding is also consistent
with a previous report that tested effects of (2R,6R)-HNK on NMDAR current activity, on
NMDA-induced lethality in mice, NMDAR-mediated field excitatory postsynaptic potentials
(FEPSPs) in the CAL field of mouse hippocampal slices, NMDAR-mediated miniature
excitatory postsynaptic currents (MEPSCs) and NMDA-evoked currents in CA1 pyramidal
neurons of rat hippocampal slices, and recombinant NMDARs expressed in Xenopus
oocytes [12]. However, Suzuki et al. also tested (2R,6R)-HNK at a higher concentration

(50 uM) which led to a ~40% reduction in synaptic NMDAR currents[60]. This finding is at
odds with our [3H]MK-801 binding data as well as the [*H]MK-801 binding data published
previously. Notably, a 50 uM concentration of (2R,6R)-HNK is unlikely to be relevant for its
antidepressant-like effects, as (2R,6R)-HNK reaches a maximum extracellular concentration
of ~8 UM in the hippocampus after i.p. injection of antidepressant-relevant doses in
mice[14]. Whereas it is possible that (2R,6R)-HNK injected i.v. may bypass metabolic
degradation and lead to higher brain concentrations, our [3H](2R,6R)-HNK uptake findings
showing that i.v.-injected (2R,6R)-HNK has low brain uptake and retention, and recent
findings showing that (2R,6R)-HNK, even at i.v. doses up to 160 mg/kg does not produce
NMDAR-associated neurotoxicity[53] further support the conclusion that (2R,6R)-HNK
does not interact with NMDARs at antidepressant-like relevant doses. These findings are
also consistent with our QWBA study that revealed minimal brain uptake, no region-specific
enrichment, and rapid clearance of a high dose (10 mg/kg, i.v. bolus) of [14C]-(2R,6R)-
HNK.

We also found that unlike ketamine and its enantiomers, (2R,6R)-HNK did not displace
binding of [BH]DAMGO to MOR, [3H]U69,593 to KOR, or [3H]Pentazocine to sigma
receptors. Also, unlike ketamine and its enantiomers, (2R,6R)-HNK did not induce any
functional response through the MOR, KOR or DOR (up to concentrations of 1 mM).
Notably, a recent study reported that (2R,6R)-HNK binds to opioid receptors with nM
affinity but this conclusion was derived by computational modeling and was not tested
experimentally[48]. This finding is inconsistent with our experimental data which show
that (2R,6R)-HNK does not bind to opioid receptors at concentrations up to 100 uM.
Furthermore, this same study also claimed that (2R,6R)-HNK exhibited inverse agonist
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properties at opioid receptors[48]. However, the experimental results supporting this claim
do not appear to provide convincing evidence to conclude that (2R,6R)-HNK affects
functional responses of opioid receptors, as the effect sizes reported were small. Overall,

the findings from Joseph et al. are in stark contrast to our findings as described here as well
as other findings which revealed that unlike ketamine, (2S,6S;2R,6R)-HNK had no effect on
acute morphine nociception or tolerance in rats[61] and that (2R,6R)-HNK-mediated pain
reduction in mice was not blocked by naloxone pretreatment[39]. Collectively, our findings
reveal that (2R,6R)-HNK has a distinct pharmacological profile from racemic ketamine

and its enantiomers, and that it does not interact with any known ketamine targets such as
NMDA, opioid, or sigma receptors at pharmacologically-relevant concentrations.

In addition to these known ketamine targets, we performed detailed characterizations

of (2R,6R)-HNK’s pharmacological profile at other receptors previously implicated in
either (2R,6R)-HNK’s or ketamine’s actions. (2R,6R)-HNK was recently reported to exert
antidepressant-relevant effects in mice convergent with those of mGluR2-inhibition[15] but
whether this occurs via direct effects of (2R,6R)-HNK at mGIuR2 receptors has not been
previously reported. We found that (2R,6R)-HNK did not affect binding of [3H]LY341495
to mGlu2 or mGlu3 receptors. In agreement with these binding results, (2R,6R)-HNK did
not affect functional responses at mGIuR2/3 or to other mGIuRs indicating that mGIluR2-
dependent antidepressant-relevant effects of (2R,6R)-HNK are not mediated via direct
interactions with mGIuR2 or other mGIuRs. Ketamine has been reported to inhibit HCN1
channels[51] and HCN1 was reported necessary for ketamine to exert antidepressant-like
actions in mice[62]. Furthermore, HCN1 inactivity leads to stress resilience in mice[63-66].
We found that (2R,6R)-HNK did not interact functionally with the HCN1 channel indicating
that the effects of (2R,6R)-HNK are not mediated by direct interactions with this channel.
Finally, our study adds to existing literature that neither ketamine’s enantiomers nor its
metabolites had affinity or functional agonist or antagonist actions at dopamine receptors
(D1-D5) or binding affinity or function effects on monoamine transporters (up to 10 uM)
[67].

In addition to examining interactions between (2R,6R)-HNK and known targets of ketamine
previously implicated in its putative mechanism of action, we also examined the extent

to which (2R,6R)-HNK might exert its actions through an unidentified or unsuspected
target. Hence, we undertook extensive screening and target deconvolution experiments,
specifically, four different screening strategies which collectively profiled (2R,6R)-HNK

at >30,000 human proteins, including mouse and human tissues. These efforts did not
reveal any significant interactions between (2R,6R)-HNK and the numerous proteins tested.
Notably, among the many proteins that we profiled in these experiments, (2R,6R)-HNK
specifically failed to interact with tropomyosin receptor kinase B (TrkB), estrogen receptor
alpha (ERa.), and the glucocorticoid receptor (GR) which were previously reported to bind
or interact with (2R,6R)-HNK as well as ketamine[16, 26, 68]. Therefore, our results show
that (2R,6R)-HNK has a largely inert /n vitro pharmacological profile, and that like ketamine
and its enantiomers, which we previously profiled using similar screening assays[9], does
not bind to TrkB, ERa or GR. The discrepancy between our findings related to TrkB, ERa.,
and GR and those published previously[16, 26, 68] may be due to technical differences

in the respective assays employed. However, the report describing (2R,6R)-HNK binding
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to TrkB used an indirect methodology[16], evaluating binding of several biotin-conjugated
antidepressants- of different classes and with distinct known binding sites- for their ability
to displace a biotin-conjugated fluoxetine analog bound to TrkB. Notably, fluoxetine, an
extensively investigated compound, is a known selective serotonin reuptake inhibitor and
its binding to TrkB has not been previously described[69]. In regard to the GR, the effect
of (2R,6R)-HNK on dexamethasone-induced GR activation was modest and significantly
decreased the GR response only at a single dexamethasone concentration (1 nM) along

the dose response curve[26]. Given the fact that i) we could not detect any interaction
between ketamine enantiomers and TrkB, ERa., or GR in prior experiments[9], ii) we did
not detect any direct interactions between (2R,6R)-HNK and TrkB, ERa, or GR using

the different unbiased screening approaches employed here, and iii) that ketamine/(2R,6R)-
HNK binding or interactions to TrkB, ERa.,, and GR have not yet been replicated, indicate
that the previously reported binding/interactions between ketamine/(2R,6R)-HNK and these
receptors may not comprise robust phenomena, or may be artefactual or non-specific.

Although prior pharmacokinetic studies using (2R,6R)-HNK demonstrated reasonable brain
permeability[12, 14, 38], our results from ex vivo autoradiography and uptake experiments
using radiolabeled (2R,6R)-HNK preclude the existence of any active metabolic byproducts
and show that it has non-specific brain uptake (it was not blocked by administration of

a pharmacological dose of non-radiolabeled (2R,6R)-HNK) and uniform brain regional
distribution. Notably, our [3H]-(2R,6R)-HNK experiments revealed that specific binding was
observed only in the liver. Taken together with the above findings, these results suggest that
(2R,6R)-HNK exhibits a largely inert profile at common ketamine targets and that it lacks
high-affinity specific binding in the brain and in the other organs we examined, with the
specific binding observed in the liver most likely attributed to (2R,6R)-HNK’s interaction
with metabolizing liver cytochrome P450 enzymes[54, 55, 70-72]. Overall, these findings
are consistent with prior findings where (2R,6R)-HNK, even at i.v. doses up to 160 mg/kg,
did not demonstrate any neurotoxicological effects in rats[53].

Compared to saline-infused rats, a prolonged (2R,6R)-HNK i.v. infusion (10 mg/kg over 40
min) in rats led to a mild but significant increase in metabolic activity in a brain network
comprising regions such as the insula, globus pallidus, dorsomedial thalamus, motor,
sensory, and visual cortices, and midline cerebellum, with the strongest effect observed

in the nucleus accumbens (~10% increase). Moreover, this effect was different from the
brain regional metabolic profile elicited by (S)-ketamine infusion. The effect of (2R,6R)-
HNK i.v. infusion on brain activity is intriguing given its largely inert pharmacological
profile and is supported by recent studies which reported that antidepressant-like doses

of (2R,6R)-HNK in mice are sufficient to modulate cortical and thalamic activity[15,

73]. Whereas the magnitude of these effects was small compared to effects produced

by (S)-ketamine[9], this is not surprising, given the differences in potency and overall
pharmacological profile between (2R,6R)-HNK and (S)-ketamine. Indeed, a prior study
showed that racemic ketamine and (2R,6R)-HNK markedly differ in their capacity to induce
calcium activity in the prefrontal cortex (PFC)[54]. In agreement with this prior study that
injected rats with 30 mg/kg (2R,6R)-HNK, we did not see any metabolic activity in the
PFC after (2R,6R)-HNK. Finally, it is important to note that the increase in brain metabolic
activity observed with (2R,6R)-HNK was unlikely to be due to metabolic byproducts or
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variation in anesthesia since the rats were exposed to FDG uptake during awake and freely
moving conditions.

Finally, we evaluated (2R,6R)-HNK across several behavioral procedures relevant to SUDs.
Consistent with prior findings[11, 21], (2R,6R)-HNK significantly reduced immobility in
the forced swim test and did not modify locomotion in mice. Finally, we found that rats did
not self-administer (2R,6R)-HNK using the i.v. drug self-administration procedure which
was also previously observed in mice[12]. Overall, and with the exception if the forced swim
test data, these negative results are consistent with (2R,6R)-HNK’s low /n vivo toxicity and
wide putative therapeutic window[21, 53] but also with the inert pharmacological profile
we report in this study. Notably, these behavioral procedures were performed in naive
rodents and not in anxiety or depression models typically exposed to stress or anxiogenic
manipulations. It may be possible that (2R,6R)-HNK may have a different pharmacological
profile or behavioral efficacy in such models, where the underlying neurobiology can be
altered due to the exposure of a stressful or anxiogenic environment. As summarized in the
introduction, many studies have identified antidepressant-like effects of (2R,6R)-HNK][11,
14-19]. Nevertheless, it is important to also point out that several studies from a single
laboratory have reported negative findings with respect to (2R,6R)-HNK'’s behavioral
efficacy as an antidepressant[70, 74-76]. Accordingly, such discrepancies may be explained
by its largely inert profile or by specific behavioral adaptations associated with stress
exposure in laboratory rodents. Indeed, it has also been reported that (2R,6R)-HNK exerts
an analgesic effect in several preclinical pain models[39]. Finally, the inert behavioral effects
we observed here and those observed in prior studies may also be explained by seasonal
variability in rodent behavior, lab-to-lab variability, or experimenter-specific effects[77, 78],
which have in fact been recently described for (2R,6R)-HNK as well as ketamine[79].

In summary, here we performed a comprehensive investigation into the pharmacological and
behavioral properties of (2R,6R)-HNK. Our findings indicate that (2R,6R)-HNK is a largely
inert molecule that does not share the pharmacological profile similarities of ketamine and
that it lacks high-affinity specific binding in the brain. Consequently, the mechanism of
action of (2R,6R)-HNK remains elusive. The inertness of (2R,6R)-HNK, as we describe
here, has important implications for the mechanistic basis of its reported antidepressant-like
effects and to what extent the /n vitro and /n vivo testing we performed here can be

used to demonstrate such mechanisms or predict clinical performance. The approach and
findings we report converge on the notions that (2R,6R)-HNK’s putative antidepressant-like
mechanism of action is distinct from that of ketamine’s or that it may involve a common

yet unidentified mechanism. Our findings indicate that if such a mechanism exists, it is
unlikely to involve high affinity interactions between (2R,6R)-HNK and specific molecular
targets. Instead, our findings indicate that (2R,6R)-HNK may produce its antidepressant-like
effects indirectly, by interacting with chemical or other physical processes, or via weak, low
affinity interactions at multiple molecular targets that converge upon one or more biological
systems. In any case, the in vitroand in vivotesting we performed here does not allow

us to predict clinical antidepressant efficacy. However, we do predict that if clinical trials
testing the efficacy of (2R,6R)-HNK for depression, chronic pain, and other indications are
successful, (2R,6R)-HNK will constitute a promising pharmacotherapy devoid of the abuse
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liability and other negative side-effects associated with ketamine and (S)-ketamine, which
are currently used for the treatment of refractory depression.

Materials and methods

Animals

Male wild-type mice (C57BL/6J or CD-1) were ordered from the Jackson or Charles River
Laboratory, weighing 20 to 25 g or ~35 grams respectively. Mice were maintained under a
normal 12-hour light/dark cycle with food and water freely available. Male 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.

Cell culture and transfection

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 2 mM L-glutamine, 0.1 mM nonessential amino acids, 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% CO,. Cells were routinely tested for myclopasma contamination (MycoAlert®
Mycoplasma Detection Kit, Lonza). Cells were seeded on 60 cm? dishes at 4 x 106 cells/
dish 24 hours before transfection. The indicated amount of cDNA was transfected into
HEK-293 cells using polyethylenimine (PEI; Sigma-Aldrich) in a 1 to 2 DNA:PEI ratio.
Cell harvesting for radioligand binding experiments or signaling assays were performed
approximately 48 hrs after transfection.

Radioligand binding assays

Transfected HEK-293 cells were and harvested 48 hrs after transfection. Cells were
suspended in Tris-HCI 50 mM pH 7.4 supplemented with protease inhibitor cocktail (1:100,
Sigma-Aldrich, St Louis, MO, USA). The dissected brain tissue was diluted in Tris-HCI

50 mM buffer supplemented with protease inhibitor cocktail (1:1000). HEK-293 cells or
brain tissue were disrupted with a Polytron homogenizer (Kinematica, Basel, Switzerland).
Homogenates were centrifuged at 48,000 g (50 min, 4 °C) and washed 2 times in the same
conditions to isolate the membrane fraction. Protein was quantified by the bicinchoninic acid
method (Pierce). For competition experiments, membrane suspensions (50 g of protein/ml)
were incubated during 2hr at RT in 50 mM Tris-HCI (pH 7.4) containing 10 mM MgCl,,
and [3H]MK-801 (30 Ci/mmol, Novandi Chemistry AB, Sodertélje, Sweden), [BH]DAMGO
(NIDA Drug Supply), [3H]U69,593 (36 Ci/mmol, Novandi Chemistry AB, Sédertalje,
Sweden), [3H]LY341495 (54 Ci/mmol, Novandi Chemistry AB, Sédertalje, Sweden), [H]
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(+)Pentazocine (28.3 Ci/mmol, Perkin Elmer), or [3H]Substance P (28 Ci/mmol, Perkin
Elmer), and increasing concentrations of (2R,6R)-HNK (0.1 nM to 1 mM, NCATS) or the
reference compound. Non-specific binding was determined in the presence of 10 uM of
each reference ligand. In all cases, free and membrane-bound radioligand were separated by
rapid filtration of 500-ul aliquots in a 96-well plate harvester (Brandel, Gaithersburg, MD,
USA) and washed with 2 ml of ice-cold Tris-HCI buffer. Microscint-20 scintillation liquid
(65 ul/well, PerkinElmer) was added to the filter plates, plates were incubated overnight at
RT and radioactivity counts were determined in a MicroBeta2 plate counter (PerkinElmer,
Boston, MA, USA) with an efficiency of 41%. One-site competition curves were fitted using
Prism 9 (GraphPad Software, La Jolla, CA, USA). K values were calculated using the
Cheng-Prusoff equation.

In vitro functional assays

BRET assays were performed to detect inhibition of cAMP accumulation by employing

the CAMYEL (yellow fluorescence protein-Epac-Rluc) biosensor[80]. HEK cells were
transfected with 5 ug of untagged receptor (MOR, KOR or DOR) and 5 uyg CAMYEL
biosensor using the PEI method described above. BRET experiments were performed 48
hours after transfection. On experiment day, cells were harvested, washed, and resuspended
in DPBS containing 100 uM sodium metabisulfite and 5.5 mM glucose. Cells were plated
in 96-well white, solid bottom-plates (Greiner Bio-One) and incubated in the dark for 45
min. Then, cells were pre-treated for 5 minutes with 10 pM Forskolin to stimulate CAMP
accumulation followed by incubation for 5 minutes with 5 uM Coelenterazine H (substrate
for luciferase). Finally, cells were stimulated with indicated compounds. BRET signal was
determined 5 minutes after ligand addition by calculating the ratio of the light emitted

by mVenus (535/30 nm) over that emitted by Rluc (475/30 nm) using a Pherastar plate
reader (BMG Labtech, Cary, NC). The net BRET values were obtained by subtracting

the background ratio from untreated cells (cells with only Forskolin). Agonist-promoted
BRET changes were expressed as a percent of the maximum response for each receptor.
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 (excitation at 480 nm, emission at 530 nm) for 1 second recordings.

Binding and enzyme profile screen

These experiments were performed by an outside vendor (Eurofins, France). Briefly,
membrane homogenates from stable cell lines expressing each receptor/enzyme were
incubated with the respective radioligand in the absence or presence of (2R,6R)-HNK

or reference control compounds in a buffer. 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 a 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.
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Ex-vivo biodistribution of [3H](2R,6R)-HNK

Rats received an injection (IP) of [3H](2R,6R)-HNK (2 uCi/g), at the indicated time point
and brain, blood, and tissues were collected for radiometric analyses. The brains were

flash frozen in isopentane (Sigma-Aldrich) and stored at —80°C until use. The blood was
collected and after clotting centrifuged (13,000 rpm, 10 min at RT) and serum was collected.
The tissues were solubilized with Solvable™ (PerkinElmer) and bleached with hydrogen
peroxide (Sigma-Aldrich). Serum and tissue samples were dissolved in scintillation cocktail
and radioactivity counts were determined in a Beckman LS 60000TA scintillation counter
(BeckmanCoulter, Indianapolis, IN, USA). The brains were flash frozen in isopentane. Then
the brain tissue was sectioned (10 um) on a cryostat (Leica, Germany) and thaw mounted
onto ethanol-washed glass slides. Slides were air dried and placed in a Hypercassette ™
(Amersham Biosciences) and covered with a BAS-TR2025 Storage Phosphor Screen
(FujiFilm, Japan). The slides were exposed to the screen for 10-14 days and imaged using a
phosphorimager (Typhoon FLA 7000; GE Healthcare).

Ex-vivo biodistribution of [14C](2R,6R)-HNK

This study was performed by Covance laboratories Inc. The detailed methods and additional
results are included in Supplemental Figure 6.

[18F]-Fluorodeoxyglucose PET

This procedure was based on previous studies [9, 81, 82]. 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 i.v. infusion of vehicle (buffered
saline), (S)-ketamine (10 mg/kg), or HNK (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 coregistered to an MRI
template using PMODA4.2 software environment (PMOD Technologies, Switzerland). The
standardized uptake value ratio (SUVR\yg) images were calculated using the whole brain as
a reference region. All statistical parametric mapping analyses were performed using Matlab
R2016 (Mathworks) and SPM12 (University College London). The ROI-based data was
obtained using PMOD and the Schiffer rat VVOI-atlas[83] and the statistical analyses were
performed using GraphPad’s Prism 9.

Forced Swimming Test

Male wild-type mice (CD-1, 35-40 g, N=32) were tested for immobility time. The forced
swim test was performed in normal light conditions (800 Lux). (2R,6R)-HNK, or vehicle
(saline), was administered 24 hours prior to testing. Mice were placed in clear Plexiglass
cylinders (30 cm height x 20 cm diameter) filled with 15 cm of water (23 £+ 1°C) for 6
minutes, which were recorded using a digital video camera. Immobility time, defined as
passive floating with no additional activity other than that necessary to keep the animal’s
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head above water, was subsequently scored during the last 4 minutes of the 6-minute test by
a trained observer blinded to the treatment assignments.

Locomotor activity in mice

Male wild-type mice (C57BL/6J, 20-25 g, N=32) were tested for drug-induced locomotor
activity. The mice (N = 8 per group) received an injection (IP, 10 ml/kg) of (2R,6R)-HNK
(10, 30 or 65 mg/kg) or saline. After the injections, the mice were placed immediately

in a 20 by 20 cm arena with equipped infrared beam sensors to track locomotor activity
(Opto-varimex ATM3, Columbus Instruments). Locomotor activity was tracked for 30 min
as infrared beam crossing and traveled distance were converted to cm and binned into 5 min
time-bins.

Conditioned place preference in mice

Male wild-type mice (C57BL/6J, 20-25 g, N=32) were tested for CPP. 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) as described
above. 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 assigned as their less preferred side. In an alternating fashion for
6-days, mice were injected (IP) with either saline or (2R,6R)-HNK (0, 10, 30 or 65 mg/kg)
and placed in the predetermined drug/no drug side of the chamber for 30 min. In the last
session (designated as Post-Test) the animals had access to both sides during 20 min, and
their CPP score was quantified as: (Tpost — Tpre) / Tpre, Where Tpost and Tpye are the times
spent in the drug paired chamber during the post-test and pre-test sessions, respectively.

Self-administration in rats

Surgery—The procedure is based on previous studies[9]. 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,
i.v.).

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
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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.

Self-administration training—Several cohorts of male and female rats were trained to
self-administer (S)-ketamine (Toronto Research Chemicals, Cat# K165310), (2R,6R)-HNK
or heroin (NIDA Pharmacy) during 3 h/day (three 1 h sessions separated by 10 min) or

1 h/day for 16 days. In all cases, (S)-ketamine or (2R,6R)-HNK were infused over 3.5 s

at a dose of 0.5 mg/kg/infusion, while heroin was infused over 3.5 s at a dose of 0.05
mg/kg/infusion. Responses on the active lever during the timeout period were recorded but
did not result in drug infusions. In all cases, rats were considered trained if there was a
significant difference between their active and inactive lever presses and 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.

Dose response—One cohort (n=8/condition) was placed on a multiple-dose schedule to
observe dose-dependent (S)-ketamine or (2R,6R)-HNK self-administration according to a
randomized unit 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 infusions earned, active, and inactive lever
responses were recorded for each session.

Heroin substitution—After 8 days of training, the cohort of rats trained to press
for heroin had their infusions substituted for (S)-ketamine or (2R,6R)-HNK (0.5 mg/kg/
infusion) (N=8 per group) for 6 days. Their responding was evaluated as described above.

Sample sizes were chosen based on our results from previous experiments. Depending on
experiment, we used paired/two-sample t-tests or single factor and multifactor ANOVAs
with Sidak or Tukey post-hoc tests, taking repeated measures into account where
appropriate. All statistical tests were evaluated at the A<0.05 level.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. (2R,6R)-HNK does not bind nor activate known ketamine binding sites.
Competition binding assays of (2R,6R)-HNK (red) or reference ligands (MK-801 or

naloxone, black) versus radioligands ([3H]-MK801, [3H]-DAMGO or [3H]-U69,593)
labeling NMDA receptors (A), mu-opioid receptors, MOR, (B) or kappa-opioid receptors,
KOR (C), respectively. The curves corresponding to (S)- and (R)-ketamine were published
previously[9] and are displayed for reference. All binding assays were performed at the
same time in rat whole brain (except cerebellum) membrane suspensions. In vitro signaling
elicited by morphine or (2R,6R)-HNK in HEK-293 cells transiently transfected with MOR
or KOR (D-F) and cAMP BRET-based biosensor. All data points are mean + SEM of
representative experiments performed in triplicate (experiments were performed 3-6 times to
estimate the parameters (Ki, EC50 and Emax) or for statistical evaluation of the main effects
of each drug reported in the main text.Figure 2.
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Figure 2. Target deconvolution assays and other suggested tar gets.
Receptor and enzyme competitive screen at two concentrations (100 nM and 10 uM) of

(2R,6R)-HNK (A). Competition binding assays of (2R,6R)-HNK (red) or reference ligands
(Substance P, LY341495 (on mGIuR2) or pentazocine, black) versus radioligands ([3H]-
Substance P, [3H]-LY 341495 or [3H]-pentazocine) labeling Tachykinin receptors, NK1R
(B), metabotropic glutamate receptors types 2 and 3, mGIluR2/3 (C) or sigma-1 receptors
(D), respectively. All binding assays were performed in rat whole brain (except cerebellum)
membrane suspensions. All data points are mean = SEM of representative experiments
performed in triplicate (experiments were performed 3-6 times to estimate the parameters
(Ki, EC50 and Emax) or for statistical evaluation of the main effects of each drug reported in
the main text.Figure 3.
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Figure 3. Fast clearance and no brain regional specificity of (2R,6R)-HNK uptake.
Activity detected in serum and brain after bolus i.v. (1 pCi/g) administration of [3H](2R,6R)-

HNK in rats (A). Saturation binding experiments using rat serum indicate the lack of
high-affinity specific binding in serum proteins (B). Biodistribution of [3H](2R,6R)-HNK 30
min after IV administration, uptake was not blocked in any organ, except the liver, when
pretreating the animals with 10 mg/kg of (2R,6R)-HNK (IP) (C). Lack of enrichment in any
selected brain region of rats injected (i.v., 1uCi/g) with radiolabeled [®H](2R,6R)-HNK (D).
Representative autoradiograms of coronal brain sections of rats injected (1V, 1uCi/g) with
radiolabeled[3H](2R,6R)-HNK 30 min after i.v. administration with or without pretreatment
with 10 mg/kg of (2R,6R)-HNK (IP) (E). Activity detected in plasma after bolus i.v. (100
HCi/g) administration of [3H](2R,6R)-HNK in rats (F). Whole body autoradiograms of rats

Mol Psychiatry. Author manuscript; available in PMC 2023 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Bonaventura et al.

Page 27

injected with radiolabeled [14C](2R,6R)-HNK 30 min and 4h after bolus i.v. administration
(10 mg/kg). All data points are mean £ SEM.
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Figure 4. Changesin metabolic activity induced by (2R,6R)-HNK differ from those produced by
(S)-ketamine.

Brain metabolic mapping using [18F]-FDG PET scanning in rats. [18F]-FDG uptake images
obtained after administration of saline (baseline, n = 4) or (2R,6R)-HNK (10 mg/kg over 40
min, n = 5). They show the average SUVRg (standardized uptake value ratio) calculated
using the whole brain as a reference region (A,B). Voxel-based parametric mapping analyses
revealed significantly increased metabolic activity from baseline values in areas such as

the insula, nucleus accumbens, globus pallidus, dorsomedial thalamus, motor, sensory, and
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visual cortices, and midline cerebellum. Statistical parametric maps of significant decreases
of [*8F]-FDG uptake (P < 0.05, paired t test) (C). Regional [18F]-FDG uptake (SUVRyg) in
the brain regions of animals infused with saline or (2R,6R)-HNK (D). Correlation matrices
of the metabolic activity across brain regions of animals infused with saline, (2R,6R)-HNK
or (S)-ketamine. The data corresponding to the (S) ketamine dataset was reported in [9]. Full
data sets are available in Supplemental Information 6 (E).
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Figure5. Lack of effects of (2R,6R)-HNK on locomotor activity, CPP and self-administration.
Forced Swimming Test (A): male mice were tested in the forced swimming test 24 hours

after a single administration of (2R,6R)-HNK (1, 3 and 10 mg/kg, IP). Plots display
immobility time and are representing individual data points with bars indicating mean £
SEM. *** and **** denote statistical significance between groups (P < 0.001 and P <
0.0001, respectively). Acute locomotor activity (B): male mice were and injected with saline
or (2R,6R)-HNK (10, 30, and 65 mg/kg, IP) and their locomotor activity was measured.
Plots display distance traveled in open field arenas in 5min time bins. CPP. Male mice were
injected with (2R,6R)-HNK (0, 10, 30 or 65 mg/kg) or saline on either side of the CPP
arena for 6 days and were allowed to explore both sides. Plots in (C) display the distance
traveled during the consecutive conditioning sessions. At the end of the conditioning phase
the preference for the drug-paired side was quantified as a CPP score (D). In all cases,

data points are displayed as mean + SD of 8 mice per condition or individual data points
with bars displaying mean £ SEM. Self-administration. Self-administration training: mean
+ SEM number of infusions of saline, (2R,6R)-HNK or (S)-ketamine under the FR1

20-s timeout reinforcement schedule (E). Dose—response curve: mean £ SEM number of
infusions for different unit doses of (2R,6R)-HNK or (S)-ketamine under the FR1 20-s
timeout reinforcement schedule (F). Data from the (S)-ketamine animals was previously
published in [9]. In (G), rats (n=16) were trained to press for heroin and after steady
responding it was substituted by either (2R,6R)-HNK or (S)-ketamine. ® denotes statistical
significance with respect to heroin infusions within the same group (P < 0.05) and * denotes
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statistical significance between groups (P < 0.01). In all cases data points represent mean +
SEM of number of infusions.
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