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To the Editor

We recently published a report in Nature describing the antidepressant actions of (25,65)-
and (2R, 6R)-hydroxynorketamine (HNK), which are metabolites of S and R-ketamine,
respectively (1). In humans, S and R-ketamine are rapidly metabolized and cleared, with
more sustained levels of HNKSs (2). We provided evidence that the metabolic breakdown of
(R, S)-ketamine is essential for its antidepressant effects in mice, and that (25,65)- and (2R,
6R)-HNK independently exert antidepressant actions that do not require A-methyl-D-
aspartate receptor (NMDAR) inhibition (1). The antidepressant actions of the (2R, 6R)-HNK
stereoisomer involve early and sustained activation of a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid receptors (AMPARS) (1).

In their letter to Biological Psychiatry, Collingridge et al. argue that our studies, conducted
using mice, have inherent difficulties in the translation to therapeutic mechanism in humans
(3). We agree with this point; the clinical validation of the antidepressant actions of ketamine
metabolites in humans using an investigational new drug—approved HNK metabolite is
currently in preparation. Collingridge et a/. also express concerns about our finding showing
that R-ketamine is more potent than S-ketamine in a number of mouse models of depression.
While they acknowledge that /-ketamine is less potent than S-ketamine as an NMDAR
antagonist (by about two- to fourfold in vitro), they argue that there is uncertainty when
estimating the brain concentrations of ketamine. We included measurements of brain
ketamine levels after administration of each of these enantiomers (Extended Data Figure
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2C). We showed that the levels of ketamine after administration of equivalent doses of ~-
versus S-ketamine do not differ. In addition, Collingridge et a/. claim that in recent clinical
trials, S-ketamine was found roughly twice as potent as racemic (R, S)-ketamine. While it
would be straightforward to assess for superiority of S-ketamine versus (R,S)-ketamine in a
clinical trial, the results of such a study have not been reported. Singh et a/. (referenced by
Collingridge et al. to support their argument) showed that doses of 0.2 and 0.4 mg/kg S
ketamine, administered intravenously, were comparable in regards to antidepressant effects
in humans, and while both were superior to placebo, (R,S)-ketamine was not included in this
study as a comparator (4). Most published clinical trials using (%, S)-ketamine for the
treatment of depression used the single dose of 0.5 mg/kg (administered via intravenous
infusion) (5-11), and it is therefore not yet certain whether racemic ketamine would be also
effective at a lower dose (e.g., 0.2 mg/kg). Future clinical trials may determine the lowest
antidepressant effective dose of (R, S)-ketamine, and it will be revealing to directly compare
potency of R- versus S-ketamine in a human study. However, at this point the conclusion
that S-ketamine is twice as potent as racemic (%, S)-ketamine for the treatment of human
depression is not supported by the scientific literature.

Our finding of a superiority of R-ketamine versus S-ketamine in animal models of
depression is in line with previous studies by Hashimoto et a/. revealing that /-ketamine has
greater potency and longer-lasting antidepressant behavioral, biochemical, and cellular
actions compared with S-ketamine in several models of depression (12,13). Importantly, in
agreement with the clinical findings of antidepressant effects of S-ketamine (4), we reported
antidepressant effects of S-ketamine in the learned helplessness paradigm 24 hours
postinjection (Figure 1D) (1). However, these antidepressant effects required higher
concentrations of S-ketamine compared with /R-ketamine. Moreover, our data also revealed
antidepressant actions of the S-ketamine metabolite (25,6S5)-HNK (Extended Data Figure
5B, D). Although these antidepressant actions occurred at higher doses than those of (2R,
6R)-HNK, (25,65)-HNK also lacks NMDAR inhibition properties at a concentration of 10
mM (Figure 3A-C). We therefore propose that the antidepressant effects of S-ketamine
cannot be explained solely by NMDAR inhibition, and that they depend upon ketamine’s
metabolism to HNKSs, and in particular (25,65)-HNK.

Collingridge et al. also suggest that the lack of sustained antidepressant effects of MK-801
observed in our studies is not a direct evidence to support an NMDAR inhibition
independent antidepressant effect of (R, S)-ketamine because MK-801 has a different
NMDAR binding affinity and pharmacokinetic profile than (R,S)-ketamine. Although
different NMDAR channel blockers could have been used in addition to MK-801 to support
our hypotheses, some of these antagonists have failed to exert antidepressant actions similar
to (R,S)-ketamine in clinical trials (e.g., AZD6765) (14) or have proven clinically ineffective
(e.g., memantine) (15). The GIuN2B receptor antagonist CP-101,606 did not result in rapid
antidepressant effects at 2 days, but only significantly improved Montgomery—Asberg
Depression Rating Scale scores at 5 and 8 days posttreatment (a finding which has yet to be
replicated) (16), which contrasts with the rapid antidepressant effects of (/,S)-ketamine.
Another GIuN2B receptor antagonist, MK-0657/CERC-301, has recently failed phase 1l
trials for depression (17). Indeed, a recent meta-analysis concluded that NMDAR
antagonists other than (R, S)-ketamine have failed to show consistent efficacy for the
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treatment of depression (18). To more specifically assess the involvement of NMDAR
inhibition in the antidepressant actions of (R, S)-ketamine, we deuterated (R, S)-ketamine at
the 6-position of the cyclohexanone ring, which resulted in a compound that has the same
binding affinity for the NMDAR as (R,S)-ketamine (Extended Data Figure 2F, G), but
hinders its metabolism to (25,65, 2R,6R)-HNK (Figure 2H) since the carbon—deuterium
bond strength is significantly enhanced owing to the difference in zero-point vibrational
energy. Deuterium does not change the mechanism of action, target binding affinity, cellular
activity, pharmacology, pharmacokinetic/pharmacodynamic relationship, permeability,
crystallinity, solubility, central nervous system tolerability, blood-brain barrier penetration,
or volume of distribution of a molecule (19). We showed that deuterated ketamine lacked the
24-hour antidepressant effects in both the forced-swim and learned helplessness tests (Figure
21, J), strongly supporting the conclusions that NMDAR inhibition alone is not sufficient to
result in the unique antidepressant effects of (R, S)-ketamine in animal models, and
metabolism of ketamine is required for its full antidepressant actions.

Finally, Collingridge et al. express concerns regarding the concentration of 10 uM used in
our experiments to assess the effects of (2R, 6R)-HNK on AMPAR transmission in rat
hippocampal slices. Indeed, the concentration we used for these experiments is
approximately sixtyfold higher than the plasma C,ax Observed in bipolar depressed patients
(0.16 pM) receiving 0.5 mg/kg of (R,S)-ketamine administered intravenously over 40
minutes (2), and approximately 3.5-fold higher than the Cp,5x 0bserved in mice (2.82 uM)
receiving 10 mg/kg (R,S)-ketamine intraperitoneally (1). However, brain levels of (25,65,
2R,6R)-HNK in humans undergoing (R, S)-ketamine treatment are unknown, and therefore a
direct comparison of in vitro slice data to in vivo human brain concentrations is not feasible.
There are also no data available regarding the pharmacokinetics of (R,S)-ketamine
administered intraperitoneally to humans to compare to our mouse pharmacokinetic data
after intraperitoneal administration. Nevertheless, at therapeutically effective doses of
ketamine, the total plasma (25,65, 2R, 6R)-HNK exposure is 2.5-fold higher in humans
(administered intravenously; 0.5 mg/kg over 40 minutes) compared to mice (10 mg/kg
intraperitoneally; 1372 vs. 535 ng/mL per hour, respectively). Overall, these differences are
not unexpected because in addition to the different route and time course of administration
there are significant pharmacokinetic and pharmacodynamic differences between rodents
and humans. Finally, we note that the robust and persistent increase in AMPAR field
excitatory postsynaptic potential slope (~600% of baseline; Figure 3D) produced by 10 uM
(2R, 6R)-HNK suggests the likelihood that a significantly lower concentration exerts similar
effects, likely of lower magnitude.

Consistent with previous reports (20-22), we showed that AMPARS have a critical role in
the antidepressant effects of (R, S5)-ketamine. In particular, our experiments revealed that
blocking AMPAR activity prevented the (2R, 6R)-HNK-induced increase in
electroencephalogram gamma frequency oscillations (Extended Data Figure 71) and both the
acute and persistent antidepressant behavioral actions of (R,S)-ketamine and (2R, 6R)-HNK
(Figure 3G, H and 4H). These data suggest that the rapid potentiation of AMPAR-mediated
excitation (Figure 3D-F) drives high-frequency neuronal activity, which is responsible for
the unique antidepressant effects of (R,S)-ketamine via its metabolism to HNKSs. In
agreement with the suggestion of Collingridge et al., this hypothesis predicts that HNK-
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mediated high-frequency correlated neuronal activity, which underlies electroencephalogram
gamma oscillations, induces activity-dependent strengthening of excitatory synapses in
limbic circuits, including medial prefrontal cortex, hippocampus, and ventral striatum (23).
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