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Sex-specific neurobiological actions of prophylactic

(R, S)-ketamine, (2R,6 R)-hydroxynorketamine, and
(25,6S5)-hydroxynorketamine

Briana K. Chen @', Victor M. Luna®?, Christina T. LaGamma®°, Xiaoming Xu*®, Shi-Xian Deng*>, Raymond F. Suckow>*,
Thomas B. Cooper®®, Abhishek Shah (Y, Rebecca A. Brachman?, Indira Mendez-David®, Denis J. David®, Alain M. Gardier®,
Donald W. Landry*® and Christine A. Denny (%>

Enhancing stress resilience in at-risk populations could significantly reduce the incidence of stress-related psychiatric disorders. We
have previously reported that the administration of (R,S)-ketamine prevents stress-induced depressive-like behavior in male mice,
perhaps by altering a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-mediated transmission in
hippocampal CA3. However, it is still unknown whether metabolites of (R S)-ketamine can be prophylactic in both sexes. We
administered (R S)-ketamine or its metabolites (2R,6R)-hydroxynorketamine ((2R,6R)-HNK) and (2S,6S)-hydroxynorketamine ((25,65)-
HNK) at various doses 1 week before one of a number of stressors in male and female 129S6/SvEv mice. Patch clamp
electrophysiology was used to determine the effect of prophylactic drug administration on glutamatergic activity in CA3. To
examine the interaction between ovarian hormones and stress resilience, female mice also underwent ovariectomy (OVX) surgery
and a hormone replacement protocol prior to drug administration. (25,65)-HNK and (2R,6R)-HNK protected against distinct stress-
induced behaviors in both sexes, with (25,65)-HNK attenuating learned fear in male mice, and (2R,6R)-HNK preventing stress-
induced depressive-like behavior in both sexes. (R,S)-ketamine and (2R,6R)-HNK, but not (25,65)-HNK, attenuated large-amplitude
AMPAR-mediated bursts in hippocampal CA3. All three compounds reduced N-methyl-D-aspartate receptor (NMDAR)-mediated
currents 1 week after administration. Furthermore, ovarian-derived hormones were necessary for and sufficient to restore (R,S)-
ketamine- and (2R,6R)-HNK-mediated prophylaxis in female mice. Our data provide further evidence that resilience-enhancing
prophylactics may alter AMPAR-mediated glutamatergic transmission in CA3. Moreover, we show that prophylactics against stress-
induced depressive-like behavior can be developed in a sex-specific manner and demonstrate that ovarian hormones are necessary
for the prophylactic efficacy of (R,S)-ketamine and (2R,6R)-HNK in female mice.
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INTRODUCTION

MDD is the leading cause of disability worldwide, affecting over
300 million people, and often results from social, psychological,
and biological factors [1]. In 80% of cases, a traumatic event
triggers the first depressive episode, after which symptoms persist
throughout an individual's lifetime [2]. MDD is also highly
comorbid with other psychiatric disorders, including post-
traumatic stress disorder (PTSD), and approximately half of
patients suffering from PTSD are concurrently diagnosed with
depression [3-5]. Regardless of age or socioeconomic status,
women are twice as likely as men to be diagnosed with
depression and develop MDD earlier in life [1, 5]. fMRI data
suggest that women experience fear more strongly than men and
process trauma through distinct brain circuits [6]. Furthermore,

certain antidepressants are less effective in women than in men,
and changes in hormone levels can influence antidepressant
efficacy in women [7, 8]. Given these sex-specific differences, it is
necessary to develop more efficacious treatments for female
patients.

Current treatments for MDD include lifestyle changes, cognitive
behavioral therapy, and antidepressants [9]. However, these
medications are slow to provide relief and fail to alleviate
symptoms in up to 30% of patients [9]. These drawbacks have
led to the use of (R,S)-ketamine, a commonly-used anesthetic, and
(S)-ketamine (Spravato™) as rapid-acting antidepressants for
treatment-resistant MDD (TRD) [10-14]. At sub-anesthetic doses,
antidepressant (R S)-ketamine has a rapid onset of 2 h in humans
and 30 min in mice, can last up to 2 weeks in humans, and acts in
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a sex-specific manner in preclinical studies [14-17]. In mice,
females are more sensitive than males to (R,S)-ketamine, requiring
a lower dose to reverse depressive-like behaviors, and doses
beneficial to males are depressogenic and anxiogenic in females
[16]. These findings underscore the need for further sex-specific
investigation into the use of (R,S)-ketamine in MDD treatment.

Because (R S)-ketamine has a wide range of biological targets,
isolating the specific mechanisms underlying its antidepressant
actions has remained elusive [18]. Indeed, a wide variety of
neurobiological mechanisms have been proposed to underlie (R,
S)-ketamine’s efficacy as an antidepressant, many of which focus
on the compound’s role as an N-methyl-D-aspartate receptor
(NMDAR) inhibitor and include, but are not limited to (1) the
disinhibition hypothesis, in which (R,S)-ketamine is proposed to
preferentially inhibit NMDARs on inhibitory interneurons, leading
to an overall increase in excitatory neurotransmission, (2) direct
inhibition of the GIuN2B subunit, (3) inhibition of spontaneous
NMDAR activity, and (4) a reduction of burst firing in the lateral
habenula (LHb) [19]. These proposed mechanisms are supported
by evidence from a variety of studies, and, importantly, may work
in concert to contribute to the antidepressant actions of (R,S)-
ketamine [15, 19-25].

In addition to the proposed actions of the parent compound (R,
S)-ketamine, recent studies have reported that stereospecific
versions of the drug may play an important role in exerting
antidepressant effects. (R,S)-ketamine is stereoselectively metabo-
lized into various metabolites, including (R,S)-norketamine
and (2R,6R;2S,65)-hydroxynorketamine ((2R,6R;2S,65)-HNK) [26].
(2R,6R;25,65)-HNK is a major metabolite found in the brain and
plasma following (R,S)-ketamine infusion, comprising 15% of the
original (R,S)-ketamine dose in humans [27]. The S(+)-enantiomers
have a significantly higher affinity for the NMDAR than their R
(—)-enantiomer counterparts, contributing to the development of
(S)-ketamine (Spravato) as an FDA-approved treatment for TRD
[12, 27]. However, recent data indicate that (R)-ketamine and
(2R,6R)-HNK may exert more potent antidepressant efficacy with
reduced psychotomimetic side effects, suggesting that NMIDAR-
independent mechanisms may play an important role in the
antidepressant actions of (RS)-ketamine [28-30]. Furthermore,
while (2R,6R)-HNK is proposed to exert antidepressant effects
independent of its parent compound, the data remain unclear
[28, 31]. Thus, further investigation is needed to determine
whether the (S)- or (R)-enantiomer contribute to the antidepres-
sant actions of (RS)-ketamine or (2R,6R;2S,6S)-HNK.

While many studies investigate (R,S)-ketamine’s actions in
treating MDD, recent research indicate that (R,S)-ketamine could
be used to prevent stress-induced depression before it develops.
Our lab and others have shown that a single injection of (R,S)-
ketamine before stress can protect against stress-induced
depressive-like behavior and social avoidance as well as attenuate
learned fear, suggesting the possibility of developing resilience-
enhancing pharmacotherapy [32-35]. In addition, select studies in
human subjects demonstrate that (R S)-ketamine may prevent
psychiatric disorders such as PTSD and post-partum depression
(PPD), but the data in human populations remain unclear [36-39].
However, it is still unknown whether stereospecific (R,S)-ketamine
metabolites, which lack the adverse side effects of their parent
compound, can have the same prophylactic efficacy of their
racemic precursor [28].

Here, we investigated whether stereospecific (R,S)-ketamine
metabolites could have prophylactic efficacy in male and female
mice. (RS)-ketamine and (25,65)-HNK, but not (2R6R)-HNK,
attenuated learned fear in male mice. (RS)-ketamine and
(2R,6R)-HNK, but not (25,65)-HNK, reduced stress-induced depres-
sive-like behavior in both sexes. Electrophysiological recordings
revealed that the divergent behavioral actions of (2R,6R)-HNK and
(25,65)-HNK corresponded with distinct effects on AMPAR- and
NMDAR-mediated excitatory activity in hippocampal CA3. In
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female mice (R,S)-ketamine and (2R,6R)-HNK were prophylactically
effective at a lower dose than in male mice. Moreover, we show
that ovarian-derived hormones mediate the prophylactic actions
of (RS)-ketamine and (2R6R)-HNK in female mice. These data
emphasize the need for sex-specific approaches to the prevention
and treatment of psychiatric disorders.

MATERIALS AND METHODS
Drugs
A single injection of saline (0.9% NaCl), (R,S)-ketamine (Fort Dodge
Animal Health, Fort Dodge, IA), (2R,6R)-HNK (synthesized by the
Organic Chemistry Collaborative Center (OCCC) at Columbia
University), or (25,65)-HNK (synthesized by the OCCC) was
administered ~8 weeks of age. (25,65)-HNK and (2R,6R)-HNK were
synthesized from (S)-norketamine and (R)-norketamine, respec-
tively, and structure was confirmed as previously described [28].
All drugs were prepared in physiological saline and administered
intraperitoneally (i.p.) in volumes of 0.1 cc per 10 mg body weight.
All experiments were approved by the Institutional Animal Care
and Use Committee (IACUC) at the New York Psychiatric Institute
(NYSPl) or by the European Directive, 2010/63/EU for the
protection of laboratory animals, permissions # 92-256B, author-
ization ethical committee CEEA n°26 2012_098. For a full
description of “Materials and methods”, please refer to the Sup-
plementary Materials and Methods.

RESULTS

(2R,6R)-HNK and (25,65)-HNK protect against distinct stress-
induced behaviors in male 12956/SvEv mice

To determine whether (R,S)-ketamine metabolites are effective
prophylactics, male 12956/SvEv mice were administered saline, (R,
S)-ketamine, (2R,6R)-HNK, or (25,65)-HNK at varying doses 1 week
prior to 3-shock CFC and assessed in the forced swim test (FST)
(Fig. 1a). (RS)-ketamine dosing was chosen based on previous
studies [32, 35]. During CFC training, neither (R,S)-ketamine nor
(2R,6R)-HNK altered behavior, but multiple doses of (25,65)-HNK
(0.025, 0.1, 0.3, 10, and 30 mg/kg) reduced freezing (Supplemen-
tary Fig. S1a-S1f). Upon re-exposure, (R S)-ketamine (30 mg/kg)
and (25,65)-HNK (0.025, 0.075, 0.1, 0.3, 10, and 30 mg/kg), but not
(2R,6R)-HNK, reduced freezing (Fig. 1b—d).

The FST is widely used to quantify antidepressant efficacy in
preclinical studies [40]. On day 1, overall immobility time was
comparable between saline- and (RS)-ketamine-administered
mice but reduced in mice administered (2R,6R)-HNK (10 mg/kg)
and (25,65)-HNK (0.075, 0.1, 0.3, 10, and 30 mg/kg) (Supplementary
Fig. S1g-STi). (25,65)-HNK at multiple doses reduced average
immobility time (Supplementary Fig. S1j-S1l). On day 2, mice
administered (R,S)-ketamine (30 mg/kg) and (2R,6R)-HNK (0.075
mg/kg), but not (25,65)-HNK, exhibited reduced immobility times
compared with saline (Fig. 1e—g). Our results indicate, for the first
time, that (2R,6R)-HNK and (25,65)-HNK prevent distinct stress-
induced behaviors in male mice; specifically, (25,6S)-HNK attenu-
ates fear, while (2R,6R)-HNK decreases depressive-like behavior.

(2R,6R)-HNK and (25,65)-HNK differentially alter synaptic activity
in CA3

To examine possible neurobiological effects contributing to the
behavioral responses following drug administration, we per-
formed whole-cell voltage clamp recordings of spontaneous
excitatory postsynaptic currents (EPSCs) in pyramidal cells of
hippocampal CA3 1 week after injection (Fig. 2a). We recently
reported that prophylactic (R,S)-ketamine and prucalopride, a 5-
HT4R agonist, attenuate bursts of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPAR)-mediated synaptic
currents despite targeting different receptors [41]. As previously
demonstrated, saline-administered mice displayed these large
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Prophylactic (R,S)-ketamine, (2R,6R)-HNK, and (25,6S)-HNK differentially protect against stress in male 129S6/SVEv mice.

a Experimental design. b-d (R,S)-ketamine (30 mg/kg) and (25,65)-HNK (0.025, 0.075, 0.1, 0.3, 10, and 30 mg/kg), but not (2R,6R)-HNK,
attenuated learned fear in male mice. e-g (R S)-ketamine (30 mg/kg) and (2R,6R)-HNK (0.075 mg/kg) decreased immobility time on day 2 of the
FST. (25,65)-HNK did not alter immobility time on day 2 of the FST (n = 8-15 male mice per group). Error bars represent + SEM. *p < 0.05. **p <
0.01. ***p < 0.0001. Sal, saline; K, (R,S)-ketamine; HNK, hydroxynorketamine; CFC, contextual fear conditioning; FST, forced swim test; min,

minute; sec, second; mg, milligram; kg, kilogram.

AMPAR-mediated bursts and smaller-amplitude NMDAR-mediated
EPSCs, which were revealed by bath application of 3-dihydroxy-6-
nitro-7-sulfamoyl-benzol[flquinoxaline (NBQX) (Fig. 2b, c). Both
types of synaptic currents were attenuated in (R,S)-ketamine- and
(2R,6R)-HNK-administered mice (Fig. 2d-g). (25,6S)-HNK-adminis-
tered mice also had decreased NMDAR-mediated EPSC ampli-
tudes, but displayed bursts of AMPAR-mediated activity similar to
controls (Fig. 2h, i). These changes occurred 1 week following
administration when mice would typically be exposed to stress
(Fig. 2j, k). Our data suggest that low-dose (2R,6R)-HNK and (25,65)-
HNK differentially alter AMPAR-mediated transmission in hippo-
campal CA3, and that these actions are correlated with the drugs’
distinct behavioral effects.

Antidepressant efficacy of (R,S)-ketamine and (2R,6R)-HNK in male
mice is strain-dependent

Previous results have demonstrated that (RS)-ketamine and
(2R,6R)-HNK are rapid-acting antidepressants in both sexes
[16, 17, 28]. However, this effect is strain- and stress-specific
[32, 42]. We, therefore, sought to replicate previous studies
demonstrating antidepressant efficacy of (R,S)-ketamine and/or
(2R,6R)-HNK in male 129S6/SvEv, C57BL/6J, or BALB/cJR) mice
[16, 43]. (RS)-ketamine and (2R,6R)-HNK did not alter behavior in
non-stressed male 129S6/SvEv mice, but reduced immobility time

Neuropsychopharmacology (2020) 45:1545 - 1556

in non-stressed male C57BL/6J and BALB/cJRJ mice (Supplemen-
tary Fig. S2). These results support previous findings that (R,S)-
ketamine and (2R,6R)-HNK exert strain-specific antidepressant
effects [16, 43].

(R,S)-ketamine and (2R,6R)-HNK, but not (25,65)-HNK, are
prophylactic against stress-induced depressive-like behavior in
female 129S6/SvEv mice

We next sought to determine whether (R S)-ketamine, (2R,6R)-
HNK, or (25,65)-HNK could be prophylactic in female mice. Female
mice were administered saline, (R,S)-ketamine, (2R,6R)-HNK, or
(25,65)-HNK at varying doses 1 week before CFC and administered
the behavioral protocol outlined in Fig. 3a.

(R,S)-ketamine and (2R,6R)-HNK did not alter fear behavior
during CFC training or re-exposure (Supplementary Fig. S3a, b, d, e,
Fig. 3b, c). (25,65)-HNK (0.3 mg/kg) increased freezing during both
CFC training and re-exposure (Supplementary Fig. S3c, f, Fig. 3d).
These data indicate that prophylactic (RS)-ketamine and these
metabolites do not attenuate learned fear in female mice. On FST
day 1, all groups exhibited comparable immobility except mice
administered (25,65)-HNK (0.3 mg/kg), which had higher overall
immobility (Supplementary Fig. S3g-i). Average immobility time
was comparable across all drug groups (Supplementary Fig. S3j-I).
On FST day 2, (RS)-ketamine (10mg/kg) and (2R,6R)-HNK
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(0.025 mg/kg) reduced immobility time compared with saline on locomotion or nociception (Fig. 3h-k). These data show that
(Fig. 3e-f). Immobility time in (25,65)-HNK-administered mice was female mice require ~1/3 of the dose needed by male mice to elicit
not altered (Fig. 3g). Across groups, there was no significant the protective effects of (R,S)-ketamine and (2R,6R)-HNK.

change in behavior in the OF or Tl tests, indicating that decreased Male and female rodents exhibit distinct pharmacokinetic
immobility in the FST was not confounded by nonspecific effects profiles following (R,S)-ketamine administration [28]. To examine
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(2R,6R)-HNK and (25,6S)-HNK differentially alter glutamatergic activity in hippocampal CA3. a Experimental design. Male 12956/

SvEv mice were injected with saline, (R,S)-ketamine (30 mg/kg), (2R,6R)-HNK (0.075 mg/kg), or (25,65)-HNK (0.075 mg/kg). One week later, mice
were sacrificed, and slice electrophysiology was performed in CA3 pyramidal cells. b Representative spontaneous synaptic currents in a saline-
administered mouse from before (black) and after (red) bath application of the AMPAR blocker NBQX (20 pM), which revealed NMDAR-
mediated currents (red) over a 20-s recording period (left). Insets (gray boxes) show an expanded view of a large-amplitude AMPAR-mediated
burst and a small-amplitude NMDAR-mediated EPSC. c Scatter plot showing that a saline-administered mouse displayed large bursts of
AMPAR-mediated EPSCs (498.9 + 105.4 pA) and small-amplitude NMDAR-mediated currents (15.1 + 2.1 pA). d Representative synaptic traces in
a (RS)-ketamine-administered mouse. Gray inset boxes show a single AMPAR-mediated EPSC, not a burst, and a smaller NMDA-mediated EPSC
compared with saline-treated mouse. e In a mouse administered (R,S)-ketamine, large-amplitude AMPAR-mediated bursts were blocked and
NMDAR-mediated EPSCs were attenuated. f Representative spontaneous currents in a (2R,6R)-HNK-administered mouse. Gray boxes indicate a
single AMPAR-mediated current and an NMDAR-mediated EPSC smaller than the saline-treated mouse. g Similar to the (R,S)-ketamine-
administered mouse, a mouse given (2R,6R)-HNK also had no large-amplitude AMPAR-mediated bursts and decreased NMDAR-mediated EPSC
amplitudes. h Representative spontaneous currents in a (25,65)-HNK-administered mouse. Gray boxes indicate show an expanded view of an
AMPA-mediated burst and a NMDA-mediated EPSC. i In mice administered (25,65)-HNK, NMDAR-mediated EPSCs, but not AMPAR-mediated
bursts, were significantly reduced compared with saline-administered mice. j A Fisher’s exact test revealed a significant difference in AMPAR
bursts between saline-administered and (R,S)-ketamine- or (2R,6R)-HNK-administered groups. Average amplitude of AMPAR bursts was
comparable between mice administered saline and (25,65)-HNK. k Average amplitude of small NMDAR currents was significantly reduced in all
experimental drug groups compared with saline-administered mice (n = 4-6 cells per group). Error bars represent + SEM. Sal, saline; K, (R,S)-
ketamine; HNK, hydroxynorketamine; CA3, Cornu Ammonis 3; pA, picoamps; NBQX, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[flquinoxaline;
ms, millisecond; mg, milligram; kg, kilogram; EPSCs, excitatory postsynaptic currents; no., number.

(R,S)-ketamine metabolism in female 129S6/SvEv mice, we used
liquid-chromatography mass spectrometry (LC-MS) to quantify (R,
S)-ketamine metabolite levels. Female mice were administered
saline, (RS)-ketamine (10 mg/kg), (2R,6R)-HNK (0.025 mg/kg), or
(25,65)-HNK (0.025 mg/kg) and sacrificed 10 min later (Supple-
mentary Fig. S4a). (RS)-ketamine administration resulted in a
comparable level of (2R,6R)-HNK and (25,65)-HNK in the brain and
plasma (Supplementary Fig. S4b, c). In saline-, (2R,6R)-HNK-, or
(25,65)-HNK-administered mice, the levels of these compounds
were below quantification limits at the doses administered.

Next, we determined the effects of (R,S)-ketamine or (2R,6R)-
HNK in non-stressed female mice. Mice were given saline, (R,S)-
ketamine, or (2R,6R)-HNK 1 week before context exposure
(Supplementary Fig. S5a). (R,S)-ketamine and (2R,6R)-HNK did not
alter freezing (Supplementary Fig. S5b-d) or depressive-like
behavior (Supplementary Fig. S5e-g), indicating that the beha-
vioral effects of these compounds are specific to stress-induced
behaviors.

(R.S)-ketamine and (2R,6R)-HNK prevent LH-induced depressive-
like behavior in female 129S6/SvEv mice

We have previously shown that prophylactic (R,S)-ketamine
attenuates helplessness in male mice [32]. To validate these
findings in females, female mice were administered saline, (R,S)-
ketamine, or (2R6R)-HNK 1 week prior to LH training and
subsequently tested in the FST and elevated plus maze (EPM)
(Fig. 4a). During LH testing, there was no significant drug effect on
session length or escape latency (Fig. 4b-d). However, (RS)-
ketamine and (2R,6R)-HNK significantly decreased immobility time
in the FST compared with saline (Fig. 4e—g). In the EPM, mice in all
groups traveled a comparable distance (Fig. 4h). (R,S)-ketamine,
but not (2R,6R)-HNK, increased time in the open arms of the EPM
compared with saline-administered mice (Fig. 4i-k, Supplemen-
tary Fig. S6a—c). These data indicate that, unlike in males, (R,S)-
ketamine and (2R,6R)-HNK do not alter helpless behavior but
decrease stress-induced depressive-like behavior, and that (R,S)-
ketamine may be anxiolytic in females exposed to LH stress.

(R,S)-ketamine and (2R,6R)-HNK are prophylactic against chronic
stress in female 129S6/SvEv mice

As previously tested in male mice, we validated our findings in a
model of chronic stress in female mice [32]. Mice were
administered saline, (R,S)-ketamine, or (2R,6R)-HNK 1 week before
a 10-day CIS protocol and tested in the FST and CFC (Fig. 4l). The
order of behavioral tests was chosen to avoid confounding results
in the FST with exposure to CFC stress. On FST day 1, there was no
difference in immobility between saline- and (R,S)-ketamine-
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administered mice (Fig. 4m). (2R,6R)-HNK-administered mice
exhibited increased immobility compared with saline-
administered mice. However, on FST day 2, both drugs
significantly lowered immobility compared with saline (Fig. 4n,
0). During CFC training and re-exposure, freezing was comparable
across all groups (Fig. 4p-r). These data indicate that prophylactic
(R,S)-ketamine and (2R,6R)-HNK can protect against stress-induced
depressive-like behavior following a chronic stressor.

(2R,6R)-HNK, but not (R,S)-ketamine, is prophylactic when
administered 3 days before stress in female 129S6/SvEv mice
Previously, we determined that (R,S)-ketamine is prophylactic
when administered 1 week, but not 1 day or 1 month, before
stress in male mice [35]. To determine the optimal administration
time in females, we tested if either compound could act
prophylactically when given at a smaller time interval before
stress (Supplementary Fig. S7a). Saline, (R,S)-ketamine (2.5, 10, or
30 mg/kg) or (2R,6R)-HNK (0.025 mg/kg) was administered 3 days
before CFC in female mice. During CFC training, (R,S)-ketamine (10
mg/kg) increased freezing compared with saline (Supplementary
Fig. S7b). During re-exposure, all groups froze at comparable levels
(Supplementary Fig. S7c, d). In the FST, (2R,6R)-HNK reduced
immobility compared with saline, indicating that (2R,6R)-HNK can
be prophylactically effective 3 days before stress (Supplementary
Fig. S7e-g).

We then determined whether (2R,6R)-HNK could be adminis-
tered 24 h before stress (Supplementary Fig. S8). However, (2R,6R)-
HNK did not attenuate learned fear or decrease depressive-like
behavior, indicating that both (R,S)-ketamine and (2R,6R)-HNK are
efficacious within a specific time window before stress.

Antidepressant efficacy of (R,S)-ketamine and (2R,6R)-HNK is sex-
and stress-specific

Next, we tested whether (R,S)-ketamine and (2R,6R)-HNK could
induce antidepressant-like behavioral effects in non-stressed
female mice. Female 129S6/SvEv and C57BL/6NTac mice were
administered saline, (R,S)-ketamine, or (2R,6R)-HNK 1h prior to
administration of the FST (Supplementary Fig. S9a, e). In both
strains, immobility time was comparable across groups, indicating
that (R,S)-ketamine (10 mg/kg) and (2R,6R)-HNK (10 mg/kg) do not
exert antidepressant-like responses in stress-naive female mice
(Supplementary Fig. S9b-d, f-h).

We then tested whether (R,S)-ketamine or (2R,6R)-HNK could be
effective when administered after a stressor, as pre-exposure to
stress can alter the antidepressant efficacy of (R,S)-ketamine
(Supplementary Fig. S10a) [42]. Here, (R S)-ketamine and (2R,6R)-
HNK did not reduce immobility levels or alter fear behavior
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design. b-d (R.S)-ketamine and (2R,6R)-HNK did not alter freezing during re-exposure to the CFC context. (25,65)-HNK (0.3 mg/kg) increased
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compared with saline (Supplementary Fig. S10b-f). These results
suggest that (R,S)-ketamine and (2R,6R)-HNK do not induce
antidepressant-like effects in 129S6/SvEv mice and may be
dependent on the type of stress exposure in C57BL/6J mice.

Ovarian hormones mediate the prophylactic efficacy of (R,S)-
ketamine and (2R,6R)-HNK in female 129S6/SvEv mice

We then hypothesized that increased drug sensitivity in female
mice was dependent on ovarian-derived hormones. Female mice

SPRINGERNATURE

kg, kilogram; sec, second; cm, centimeter.

were ovariectomized (OVX) prior to injection of saline, (RS)-
ketamine, or (2R6R)-HNK, and administered the behavioral
protocol outlined in Fig. 5a. In sham and OVX groups, saline, (R,
S)-ketamine, or (2R,6R-HNK) administration did not alter fear
behavior (Fig. 5b—d). On FST day 1, in sham mice, (R S)-ketamine
reduced immobility time compared with saline (Fig. 5e). On FST
day 2, in sham mice, both (RS)-ketamine and (2R6R)-HNK
decreased immobility compared with saline controls. However,
(R,S)-ketamine and (2R,6R)-HNK did not alter immobility in OVX

Neuropsychopharmacology (2020) 45:1545-1556
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mice (Fig. 5f, g), suggesting that ovarian-derived hormones are
necessary for (R,S)-ketamine- and (2R,6R)-HNK-mediated prophy-
laxis in female mice.

Finally, we investigated whether hormone replacement after
OVX could restore the prophylactic effects of both drugs [44].

Neuropsychopharmacology (2020) 45:1545 - 1556

Female mice were ovariectomized and given 1 of 3 hormone
replacement protocols prior to drug injection: (1) a subcutaneous
vehicle (Veh) implant and Veh injections every fourth day (OVX +
Veh), (2) a subcutaneous E2 implant and no injections (OVX + E2),
or (3) a subcutaneous E2 implant and P4 injections every fourth
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Fig. 4 (R,S)-ketamine and (2R,6R)-HNK are prophylactic against LH and CIS stress in female 1295S6/SvEv mice. a Experimental design. b-d
(R,S)-ketamine and (2R,6R)-HNK did not alter session length or escape latency compared with saline in the LH assay. e-g (R,S)-ketamine and
(2R,6R)-HNK significantly reduced immobility on both days of the FST compared with saline. h Mice in all groups traveled a comparable
distance in the EPM. i (R S)-ketamine mice spent significantly less time in the closed arms of the EPM compared with saline mice. j Time spent
in the open arms of the EPM was significantly increased in mice administered (R,S)-ketamine compared with saline-administered mice.
k Entries into the open arms of the EPM was comparable in all groups. | Experimental design. m On day 1 of the FST, (2R,6R)-HNK-administered
mice were significantly more immobile compared with saline mice. n, o On day 2 of the FST, (R S)-ketamine and (2R,6R)-HNK reduced
immobility compared with saline. p-r Freezing during CFC training and re-exposure was comparable across all drug groups (n = 5-10 mice
per group). Error bars represent + SEM. *p < 0.05. **p < 0.01. ***p < 0.0001. Sal, saline; K, (R,S)-ketamine; HNK, (2R,6R)-hydroxynorketamine; LH,
learned helplessness; CIS, chronic immobilization stress; FST, forced swim test; CFC, contextual fear conditioning; EPM, elevated plus maze;
min, minute; sec, second; mg, milligram; kg, kilogram; no., number; cm, centimeter.

day (OVX + E2/P4) (Fig. 5h). During CFC training and re-exposure,
all groups exhibited comparable freezing (Fig. 5i-k). On FST day 1,
OVX + E2 + (2R,6R)-HNK mice exhibited reduced immobility com-
pared with the OVX + Veh + (2R,6R)-HNK group (Fig. 5I). On FST
day 2, OVX + Veh control mice exhibited comparable immobility
across all drug groups (Fig. 5m, n). In OVX + E2 mice, (2R,6R)-HNK
reduced immobility compared with Sal. In OVX 4 E2/P4 mice, (R,S)-
ketamine and (2R6R)-HNK reduced immobility compared with
saline. E2 or E2/P4 replacement alone did not alter depressive-like
behavior in the FST. These data show that E2 alone can restore the
prophylactic effects of (2R,6R)-HNK in OVX female mice, but not (R,
S)-ketamine, while E2/P4 replacement restores the protective
effects of both drugs.

DISCUSSION

This series of experiments yielded 4 main findings: (1) (25,65)-HNK
and (2R,6R)-HNK affect distinct stress-induced phenotypes in male
mice; (2) (25,65)-HNK and (2R,6R)-HNK differentially alter glutama-
tergic activity in CA3; (3) (RS)-ketamine and (2R,6R)-HNK are
prophylactic against stress-induced depressive-like behavior, but
do not alter learned fear, at smaller doses in female than in male
mice; and (4) prophylactic efficacy of (RS)-ketamine and (2R,6R)-
HNK in female mice is modulated by ovarian hormones. (R,S)-
ketamine and (25,65)-HNK attenuated learned fear in male, but not
female, mice, while (RS)-ketamine and (2R,6R)-HNK prevented
stress-induced depressive-like behavior in both sexes. Effective
doses of (R,S)-ketamine and (2R,6R)-HNK in female mice were 1/3
of the effective doses in male mice. Both (RS)-ketamine and
(2R,6R)-HNK protected against a variety of stressors, including CFC,
LH, and CIS stress, in females. In male mice, (RS)-ketamine and
(2R,6R)-HNK, but not (25,65)-HNK robustly attenuated AMPAR-
mediated bursts in hippocampal CA3. In female mice, ablation of
ovarian hormones attenuated the prophylactic effects of both (R,
S)-ketamine and (2R,6R)-HNK. However, replacement of estrogen
alone restored the prophylactic properties of (2R,6R)-HNK, while
replacement of both estrogen and progesterone restored the
prophylactic actions of both (R S)-ketamine and (2R6R)-HNK. A
graphical summary of behavioral results is included in Supple-
mentary Table S1. Statistical analyses are included in Supplemen-
tary Table S2.

Our study is the first to demonstrate that stereospecific (R,S)-
ketamine metabolites protect against distinct stress-induced
behaviors. (25,65)-HNK attenuated learned fear only in male mice.
(2R,6R)-HNK, however, prevented depressive-like behavior in both
sexes. These behavioral actions were mirrored by the metabolites’
divergent effects on glutamatergic activity in hippocampal CA3,
with (25,65)-HNK reducing NMDAR-mediated EPSCs, and (2R,6R)-
HNK attenuating these synaptic currents as well as large AMPAR-
mediated bursts 1 week after injection. Previous studies have also
shown differing effects of stereospecific (R,S)-ketamine and (R,S)-
ketamine metabolites on depressive-like behavior [12, 28-30, 45—
47]. (S)-ketamine and its metabolites possess a greater affinity for
the NMDAR than their (R)-enantiomers [27]. On the other hand,
(2R,6R)-HNK may act preferentially on AMPARs, although previous
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evidence suggests that this action is dose-specific and may not
directly alter depressive-like behavior [28, 48-50]. Our results
suggest that manipulations targeting NMDAR-mediated neural
circuits may be more efficacious in reducing fear behavior in
males, while targeting AMPAR-mediated signaling may reduce
depressive-like behavior in both sexes.

For translation into human populations, the mechanisms of
resilience-enhancing prophylactics must be further elucidated. In
male mice, we have shown that prophylactic (R S)-ketamine acts
on the transcription factor AFosB to alter neural ensembles in
ventral CA3 and changes the excitatory/inhibitory balance of
neurotransmitters in the brain after stress [51, 52]. Other studies
indicate that (R S)-ketamine may sensitize inhibitory dorsal raphe
nucleus (DRN)-projecting neurons in prelimbic cortext to exert its
protective effects [33, 34]. Our laboratory recently demonstrated
that prophylactic (R,S)-ketamine and prucalopride, a 5-HT4R
agonist, attenuate AMPAR-mediated synaptic bursts in CA3,
despite targeting different receptors [41]. Here, we show that,
similarly to (RS)-ketamine, (2R,6R)-HNK, but not (25,65)-HNK,
decreases large-amplitude AMPAR-mediated bursts in CA3. More-
over, a recent study showed that (2R,6R)-HNK enhances pre-
synaptic NMDAR-independent glutamatergic transmission at
Schaffer collateral terminals in CA1 [53]. Combined, these results
suggest that altering AMPAR-mediated glutamatergic transmis-
sion along the Schaffer collateral pathway at CA3-CA1 synapses
may contribute to the modulation of resilience against stress-
induced depressive-like behavior. Further studies examining these
and other resilience-enhancing mechanisms will be crucial for the
development of prophylactic agents.

Our data indicate that extremely small doses of (2R,6R)-HNK can
alter neural activity and behavior despite resulting in below-
quantification levels following administration. Due to technical
limitations, LC-MS may not be sensitive enough to detect
concentrations of (2R,6R)-HNK within the picogram range, and
future studies may have more success using accelerated mass
spectrometry [54, 55]. To our knowledge, microdoses of (RS)-
ketamine and its metabolites have not previously been studied.
However, these doses are more comparable to drug levels
observed in humans following administration of antidepressant
(R,S)-ketamine [50]. Evidence suggests that studying microdosing
in preclinical models may lead to more reliable predictions of
human pharmacokinetics [56-59]. In addition, a separate type of
microdosing, in which individuals repeatedly ingest small
quantities of psychedelic substances, is reported to exert cognitive
benefits without inducing psychotropic or addictive side effects
[54-62]. However, further study is necessary to determine how
microdoses of (2R6R)-HNK can effectively enhance stress
resilience.

Historically, females have not been used to study pharmacolo-
gical therapies for psychiatric disorders due to concerns over
behavioral variability. However, male and female subjects respond
differently to (R,S)-ketamine, perhaps due to differences in
pharmacokinetics or pharmacodynamics [16, 17, 63-65]. Another
potential factor is the estrous cycle. Because of our lengthy
experimental manipulations, we did not track the estrous cycle in
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our study. Nevertheless, we found that replacing E2/P4 or E2 alone also showed that (R,S)-ketamine administration in combination
in OVX mice differentially restored the prophylactic efficacy of (R, with E2/P4 treatment, but not E2 or P4 alone, upregulates brain-
S)-ketamine and (2R,6R)-HNK. These results support previous work derived neurotrophic factor (BDNF) expression in the hippocam-
demonstrating that cyclic E2/P4 treatment restores hedonic pus (HPC) [66]. Combined with our findings, these results
response to (RS)-ketamine in OVX female rats [66]. This study suggest that prophylactic (R,S)-ketamine and (2R,6R)-HNK may
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Fig. 5 Ovarian hormones are necessary for the prophylactic efficacy of (R,S)-ketamine and (2R,6R)-HNK in female 129S6/SvEv mice.
a Experimental design. b—d Neither surgery nor drug administration significantly altered freezing behavior during CFC training or re-exposure.
e On day 1 of the FST, sham + (R,S)-ketamine-administered mice had reduced immobility compared with sham + saline-administered mice.
f, g On day 2 of the FST, within the sham group, (R,S)-ketamine and (2R,6R)-HNK reduced immobility compared with saline. However, within
the OVX group, there was no effect of drug on depressive-like behavior in the FST. h Experimental design and figure legend. i-k Neither
estrogen replacement, estrogen and cyclic progesterone replacement, nor prophylactic drug administration altered freezing during CFC
training and re-exposure in OVX female mice. | On day 1 of the FST, E2 + (2R,6R)-HNK-administered mice exhibited significantly reduced
immobility compared with Veh + (2R,6R)-HNK-administered mice. m, n On day 2 of the FST, immobility was comparable between all drug
groups in the OVX + Veh group. In the OVX + E2 group, (2R,6R)-HNK-administered mice were significantly less immobile compared with
saline-administered mice. In the OVX + E2/P4 group, both (R S)-ketamine and (2R,6R)-HNK reduced immobility in the FST compared with
saline-administered mice (n = 5-18 mice per group). Error bars represent + SEM. *p < 0.05. **p < 0.01. OVX, ovariectomy; Sal, saline; K, (R,S)-
ketamine; HNK, (2R,6R)-hydroxynorketamine; FST, forced swim test; min, minute; mg, milligram; kg, kilogram; sec, second; Veh, vehicle; E2,

estrogen; P4, progesterone.

differentially modulate BDNF levels to enhance resilience against
stress-induced depressive-like behavior. However, further study is
necessary to determine how interactions between ovarian
hormones and (R,S)-ketamine and/or its metabolites may protect
against stress-induced behaviors.

In addition, we observed dissimilarities in prophylactic (R,S)-
ketamine’s effect on fear behavior between the sexes. A recent
study reported that prophylactic (R S)-ketamine administered to
female rats before LH prevented reductions in social exploration
but did not report changes in escape behavior [32, 34]. Indeed,
across species, many studies have demonstrated sex-specific
divergent symptoms of mood disorders. While women diagnosed
with MDD experience higher rates of comorbid anxiety disorders
and greater suicidal ideation, men are at greater risk of comorbid
substance abuse [67]. In rodents, females do not acquire a LH
phenotype, do not express anhedonia as robustly as males, and
are more susceptible to behavioral changes during swimming
stress [68, 69]. Thus, males and females likely process stress using
separate neural strategies that result in distinct behavioral
responses. Consequently, many paradigms developed to model
pathological behavior in male animals may be inappropriate for
use in females.

Previous studies have shown that the antidepressant effects of
(R,S)-ketamine and (2R,6R)-HNK in both sexes are strain- and
stress-specific [15, 28, 29, 42]. Previous reports show that testing
mice of different genetic backgrounds in the same behavioral
assays can lead to opposing conclusions, suggesting that future
experiments should include a variety of mouse strains to
determine antidepressant efficacy [70]. Importantly, we replicated
two different studies in male C57BL/6J and BALB/cJ mice and
found that previously-tested doses of (R,S)-ketamine and (2R,6R)-
HNK exerted antidepressant effects [16, 43]. Although our data did
not indicate antidepressant efficacy in female mice, our results
may be specific to the drug doses, mouse strains, or behavioral
paradigms we utilized. Moreover, we assessed depressive-like
behaviors using the FST; however, future studies should include
additional assays to assess anhenodia. These data highlight the
importance of utilizing numerous mouse strains and behavioral
tests to infer drug-behavioral relationships.

In summary, this study demonstrates that stereospecific
metabolites of (RS)-ketamine induce distinct behavioral pheno-
types in a sex-specific manner perhaps by differentially altering
glutamatergic activity or acting on sex-specific hormones. Our
experiments offer insight into sex-specific mechanisms underlying
resilience to stress against depressive-like behavior. Ultimately,
these studies will elucidate the underlying sex-specific neuro-
pathology of MDD and contribute to advancements in targeted
therapies for stress-related disorders.
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