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We thank Chen et al. for their commentary[1] on our study[2] which focused on

the pharmacological pleiotropy of (R,S)-ketamine’s enantiomers, and in particular, their
interactions with opioid receptors and their performance in preclinical assays predictive of
human abuse liability. Based on our experimental findings, and prior work, we made three
main conclusions: (i) the clinical effects of racemic ketamine ((R,S)-ketamine) should not
be attributed exclusively to NMDA receptor (NMDAR) antagonism but may also involve
mu (MOR) and kappa (KOR) opioid receptors, (ii) the abuse liability profile of (R,S)-
ketamine is likely due to (S)-ketamine’s pharmacological effects, and (iii) if (R)-ketamine
is effective at treating depression, it should be preferred over (S)-ketamine, because of its
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lower preclinical abuse liability profile. In their commentary, Chen et al.[1] state that these
conclusions are not justified. We address their criticisms below.

Clinical effects of (R,S)-ketamine should not be attributed exclusively to

NMDAR antagonism but may also involve opioid receptors

(R,S)-ketamine binds to and activates MORs and KORs [2, 3] and its efficacy has been
associated with endogenous opioid activity[4]. Yet, in their commentary[1], Chen et al.
claim that (R,S)-ketamine’s and (S)-ketamine’s antidepressant effects are exclusively due to
NMDAR antagonism. This interpretation, however, is not supported by recent findings[3].
For example, Williams et al.[5] showed that the preferential MOR antagonist naltrexone
decreased (R,S)-ketamine’s antidepressant but not its dissociative effects. This finding
suggests that (R,S)-ketamine’s antidepressant effects are mediated by MORs, do not require
NMDAR antagonism, and that NMDAR-dependent dissociative effects are not required for
(R,S)-ketamine’s antidepressant effects.

Additional evidence to the notion that (R,S)-ketamine’s effects are mediated by MORs is

a recent study[6] reporting rapid antidepressant effects of REL-1017, the (S)- enantiomer

of the MOR agonist (R,S)-methadone. REL-1017 is also a MOR agonist (Ki ~20 nM,

EC50 ~600 nM)[7, 8] that shows weak NMDAR antagonism (Ki=~7.4 uM)[9]. As expected,
REL-1017 did not induce dissociation at antidepressant doses[6]. Other evidence against the
notion that (R,S)-ketamine’s antidepressant effects are mediated exclusively by NMDARSs is
that NMDAR antagonists like MK-801 and memantine do not show reliable antidepressant-

like effects in rodent models, and clinical studies with selective NMDA antagonists were not
successful[3].

Finally, Chen et al.[1] estimate the free concentration of (S)-ketamine in the human brain

at antidepressant doses to be ~0.4 uM, which, based on its binding affinity, would represent
only a 5% occupancy at MORs. However, even low occupancy levels at GPCRs could cause
significant signaling and receptor internalization, depending on the receptor reserve, the
state of the receptor, and the machinery it is coupled to. Hence, binding affinity is rarely
correlated with /n vivo efficacy[10].

The abuse liability profile of (R,S)-ketamine is likely due to the

pharmacological actions of (S)-ketamine

Chen et al.[1] state that this conclusion overlooks the likelihood that if (R)-ketamine is

used to treat depression, achieving antidepressant effects would require doses equipotent

at NMDARs to (S)-ketamine’s dose and that this would result in comparable abuse

liability. This argument is centered on the assumptions that NMDAR antagonism is the

sole mechanism responsible for (R,S)-ketamine’s clinical effects and that (S)-ketamine and
(R)-ketamine would exhibit similar effects at equipotent concentrations. However, in studies
that looked at antidepressant-like effects in rodents, equipotent doses of (R)-ketamine

have typically been similar, if not lower, than (R,S)-ketamine[11, 12]. Additionally, our
intravenous self-administration (IVSA) data do not support this argument. The rats failed to
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acquire reliable self-administration of (R)-ketamine at a training dose of 0.5 mg/kg/infusion
even though they pressed the lever, averaging ~15 infusions/h leading to an (R)-ketamine
dose of ~7.5 mg/kg/h. A prior study suggested that ~1.5 mg/kg, 1V, (R,S)-ketamine over

40 min in rats produces equivalent NMDAR occupancy as a human antidepressant dose
(i.e., 0.5 mg/kg, IV, over 40 min)[13]. In our study, rats were exposed to a ~5-fold greater
(R)-ketamine dose (i.e., ~7.5 mg/kg/h) than the rat (R,S)-ketamine dose estimated to lead
to equivalent NMDAR occupancy as a human antidepressant dose. Notably, doses of drugs
self-administered by rats are higher than doses used by humans or self-administered by
monkeys. Therefore, the (R)-ketamine dose range in our study would be sufficient to engage
NMDARs at a similar or greater occupancy level necessary for (R,S)-ketamine’s human
antidepressant effects.

In contrast, rats reliably pressed more for the same (S)-ketamine unit dose, receiving a

dose of ~20 mg/kg during the same conditions (~2.5-fold difference over (R)-ketamine)

and acquired IVSA. Notably, the rats did not increase their pressing for (R)-ketamine

even when the unit dose was increased to 1 mg/kg/infusion (a cumulative dose of ~15
mg/kg/h). In contrast, the lowest (S)-ketamine dose that was self-administered was 0.125
mg/kg/infusion and at this dose rats received more than double the infusions of (S)-ketamine
than (R)-ketamine. This (S)-ketamine dose is 4-fold lower than the (R)-ketamine training
dose, suggesting that the (R)-ketamine dose used for IVSA acquisition was equipotent to the
minimum dose at which rats lever-pressed for (S)-ketamine. An optimal experiment would
be to show that rats exposed to a unit dose of 0.125 mg/kg (S)-ketamine during training
would acquire IVSA. Given that rats acquire IVSA at 0.125 mg/kg of (R,S)-ketamine[14], it
is likely that a similar or perhaps even lower (S)-ketamine dose would also induce reliable
IVSA.

In their argument regarding equipotency of the two enantiomers, Chen et al. do not account
for their known pharmacokinetic differences. Prior studies have shown that (S)-ketamine has
faster elimination[15] and is more rapidly metabolized[16] than (R)-ketamine. This may lead
to greater brain exposure of (R)-ketamine at equimolar doses, a result that is supported by
our biodistribution experiments[2].

Chen et al. claimed that (R,S)-ketamine’s abuse liability is mediated by its dissociative
effects. This interpretation is consistent with the greater abuse liability we observed for (S)-
ketamine in our preclinical assays, and recent human findings suggesting that (R)-ketamine
has less side-effects than (S)-ketamine[15]. Furthermore, this notion is consistent with
results of @ye et al.[17] who reported that NMDAR-mediated sensory effects required a
4-fold greater dose of (R)-ketamine than (S)-ketamine[17]. Interestingly, another study[18]
found that at equimolar doses of (S)- and (R)-ketamine, only (S)-ketamine produced
dissociation and brain activity, indicating that the two enantiomers engage different brain
mechanisms, a finding also supported by our study[2, 19].

Taken together, the above indicate that Chen et al.’s[1] argument for increasing the dose
of (R)-ketamine to match equivalent occupancy of NMDARs by (S)-ketamine does not
necessarily mean that the two enantiomers will have similar abuse liability.
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If (R)-ketamine is effective for treating depression, it would be preferred

over (S)-ketamine, because of its lower preclinical abuse liability profile

Chen et al. correctly stated[1] that clinical evidence regarding the antidepressant effects

of either enantiomer is limited. Although (R)-ketamine seems promising, results from the
only study performed to date are inconclusive[20] and consequently, it is unknown whether
(R)-ketamine doses that produce antidepressant effects will also produce dissociation.
Importantly, even though FDA-approved, the efficacy of intranasal (S)-ketamine itself
requires more long-term systematic studies[21, 22].

Chen et al. also correctly stated[1] that the only approved clinical indication for
(R,S)-ketamine or its enantiomers in the subanesthetic dose range is the approved use

of (S)-ketamine for reducing depressive symptoms in patients with treatment-resistant
depression or major depressive disorder with acute suicidal ideation. As of 2017, the
off-label use of (R,S)-ketamine had been increasing over the previous decade[23] and

it is likely that this trend has continued since then. It is currently unknown whether
(R,S)-ketamine is more effective than (S)-ketamine and comparative clinical trials are
underway. Nevertheless, a recent study that compared (R,S)-ketamine with (S)-ketamine
on standardized neuropsychological and psychopathological measures concluded that (R)-
ketamine was not responsible for the psychotomimetic effects of (S)-ketamine and the
authors suggested that antidepressant doses of (R,S)-ketamine should include (R)-ketamine
with an ideal enantiomer ratio ranging from 2:1 to 4:1 (R)-ketamine:(S)-ketamine[24].

Overall, the preclinical literature supports the notion that (R)-ketamine produces greater
antidepressant-like effects than (S)-ketamine at equipotent doses and that (R)-ketamine
shows potential for less side effects[24, 25]. Our data indicate that antidepressant-like doses
of (S)-ketamine are self-administered in a rat model predictive of human abuse liability[26],
while antidepressant doses of (R)-ketamine are not. However, whether these findings will
translate to the human condition is of course an empirical question and a subject for future
research, and time will tell.

Finally, we acknowledged that our preclinical data suggest that recreational non-medical
use of (S)-ketamine is less likely to result in a substance use disorder (as defined by
DSM-5) than opioid or psychostimulant drugs[2]. Chen et al.[1] argued that because the
drug is being administered in a restricted clinical setting, it is unlikely to be harmful.
However, abuse potential is defined as the tendency of a drug to be used in non-medical
situations, and it is important to keep in mind that (S)-ketamine’s approval was accompanied
by a boxed warning for abuse liability. In fact, addictive opioid drugs are very safe in a
clinical “controlled” environment. However, some individuals who are exposed to opioids
in a clinical setting may eventually develop opioid addiction or use disorder. Since (R,S)-
ketamine has known abuse potential, we do not think that it is misleading to state that
(S)-ketamine, which is more potent than (R,S)-ketamine, may lead a subset of vulnerable
patients to seek non-prescribed ketamine in a non-clinical setting[19, 27, 28].
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