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Abstract

Background: Although previous reports suggest sex-specific differences in the antidepressant actions of (R,S)-ketamine, these
differences in the antidepressant actions of (R)-ketamine, which is more potent than (S)-ketamine, are unknown.

Methods: Saline or (R)-ketamine was administered 23 hours post lipopolysaccharide administration to adult male or female
mice. Subsequently, antidepressant effects were assessed using a forced swimming test. Furthermore, the concentration of
(R)-ketamine and its 2 major metabolites, (R)-norketamine and (2R,6R)-hydroxynorketamine, was measured in the plasma
and brain after the administration of (R)-ketamine in the mice.

Results: (R)-ketamine (10 mg/kg) significantly attenuated the increased immobility time of forced swimming test in the
lipopolysaccharide-treated mice. There were no sex-specific differences in the concentrations of (R)-ketamine and its 2
metabolites in the plasma and brain.

Conclusions: These findings showed no sex-specific differences in terms of the acute antidepressant effects and
pharmacokinetic profile of (R)-ketamine.
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Introduction

about the safety of repeated (R,S)-ketamine infusions persist,
it has been used as an off-label treatment for mood disorders

Meta-analysis demonstrated that (R,S)-ketamine, a N-methyl-
D-aspartate receptor antagonist, exhibits rapid and long-lasting

antidepressant effects and antisuicidal ideation in treatment-
resistant patients with major depressive or bipolar disorder
(Newport et al., 2015; Wilkinson et al., 2018). At present, (R,S)-
ketamine has gained attention as a rapid-acting antidepres-
sant for treatment-resistant depression. Although the concerns

(Sanacora et al., 2017). However, the precise mechanisms under-
lying the antidepressant actions of (R,S)-ketamine are unknown.

(R,S)-Ketamine, a racemic mixture, comprises equal parts
of (R)-ketamine (or arketamine) and (S)-ketamine (or esketa-
mine). (S)-ketamine shows approximately 3- to 4-fold greater
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anesthetic potency and undesirable psychotomimetic adverse
effects than (R)-ketamine (Hashimoto, 2016a, 2016b). In several
models of depression (e.g., neonatal dexamethasone expos-
ure, chronic social defeat stress [CSDS], learned helplessness
[LH], repeated corticosterone treatment), (R)-ketamine displays
greater potency and long-lasting antidepressant effects than
(S)-ketamine in mice (or rats) with a depression-like phenotype
(Zhangetal., 20143; Yang et al., 2015, 2018; Fukumoto et al., 2017).
Unlike (S)-ketamine, (R)-ketamine does not induce psychoto-
mimetic adverse effects or exhibit abuse potential in mice (Yang
etal., 2015). Furthermore, a positron emission tomography study
demonstrated a marked reduction in dopamine D,, receptor
binding potential in the monkey striatum after a single infusion
of (S)-ketamine but not after that of (R)-ketamine, suggest-
ing that (S)-ketamine-induced dopamine release is associated
with acute psychotomimetic and dissociative adverse effects
in humans (Hashimoto et al., 2017). Collectively, (R)-ketamine
could be a safer antidepressant alternative to (R,S)-ketamine
and (S)-ketamine in humans (Hashimoto, 2016a, 2016b).

(R,S)-Ketamine is rapidly metabolized in the liver by micro-
somal cytochrome P450 enzymes into (R,S)-norketamine
(via N-demethylation) and subsequently into (2S,6S; 2R,6R)-
hydroxynorketamine (HNK). Zanos et al. (2016) reported that
the metabolism of (R,S)-ketamine to (2R,6R)-HNK is essential
for its antidepressant effects in rodents; they reported supe-
rior antidepressant-like actions of (R,S)-ketamine in female
mice compared with those in male mice in the forced swim-
ming test (FST) (Zanos et al., 2016). Although equivalent levels
of (R,S)-ketamine and (R,S)-norketamine were observed, the
concentration of (2S,6S; 2R,6R)-HNK was approximately 3-fold
higher in the brain of female mice compared with that in the
brain of male mice (Zanos et al., 2016). From these data, Zanos
et al. (2016) claimed that (2R,6R)-HNK, the final metabolite from
(R)-ketamine, plays a vital role in the antidepressant actions of
(R,S)-ketamine. However, our recent preclinical studies in male
mice did not replicate the antidepressant effects of (2R,6R)-HNK
in an inflammation, a CSDS model (Yang et al., 2017), and a LH
model of depression in male rats (Shirayama and Hashimoto,
2018). Currently, an increasing debate about the antidepres-
sant actions of (2R,6R)-HNK in rodents exists (Abdallah, 2017;
Chaki, 2018; Hashimoto and Shirayama, 2018). Furthermore,
the sex-specific differences in the antidepressant actions of (R)-
ketamine in rodents with a depression-like phenotype remain
unclear.

This study aimed to examine whether sex-specific differ-
ences could influence the antidepressant effects of (R)-ketamine
in an inflammation model of depression (Zhang et al., 2014b).
Furthermore, we determined the levels of (R)-ketamine and its
2 major metabolites, (R)-norketamine and (2R,6R)-HNK, in the
plasma and brain after the administration of (R)-ketamine in
male and female mice with inflammation-induced depression-
like phenotype.

Materials and Methods

Animals

Eight-week-old adult male and female C57BL/6 mice (weight,
20-25 g; Japan SLC, Inc) were used as model animals. They
were housed under controlled temperatures and 12-hour-
light/-dark cycles (lights were turned on between 7:00 am and
7:00 pm) with ad libitum access to food (CE-2; CLEA Japan, Inc.)
and water. The Chiba University Institutional Animal Care and
Use Committee approved the protocol (permission no. 29-317).
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The pharmacokinetic study of (R)-ketamine was conducted in
accordance with the criteria of the Taisho Pharmaceutical Co.,
Ltd. The Animal Care Committee met the Japanese Experimental
Animal Research Association standards as defined in the
Guidelines for Animal Experiments. Prior to killing via cervical
dislocation, mice were deeply anesthetized with isoflurane and
all efforts were made to minimize pain and distress.

Chemical Reagents

Lipopolysaccharide (LPS; 0.5 mg/kg; L-4130, serotype 0111:B4;
Sigma-Aldrich) was dissolved in physiological saline. (R)-
Ketamine hydrochloride was prepared by the recrystalliza-
tion of (R,S)-ketamine and D-(-)-tartaric acid, as per previous
studies (Zhang et al., 2014b; Fukumoto et al., 2017). The dose
(3 or 10 mg/kg) of (R)-ketamine to be dissolved in physiologi-
cal saline was determined as per previous reports (Yang et al.,
2015, 2018; Zanos et al., 2016). As analytical standard substances,
(R,S)-ketamine hydrochloride solution (50 mg/mL as a free
base; Fujita Pharmaceutical Co., Ltd), (R,S)-norketamine hydro-
chloride (Funakoshi Co., Ltd.), (2R,6R)-HNK, and (2S,6S)-HNK
(Nacalai Tesque, Inc) were used. The analytical internal stand-
ard (IS), 3,4,5,6-tetradeuterophenyl-norketamine hydrochloride
(*H,-norketamine), in methanol (100 pg/mL as a free base) was
purchased from Sigma-Aldrich Co. Other reagents were com-
mercially purchased.

Inflammation Model

The inflammation model using LPS (0.5 mg/kg) was performed
as previously reported (Zhang et al., 2014b; Yang et al.,, 2017).
Saline (10 mL/kg) or LPS (0.5 mg/kg) was i.p. injected into the
male or female mice. Twenty-three hours later, the mice were
i.p. treated with saline (10 mL/kg), (R)-ketamine (3 mg/kg), or (R)-
ketamine (10 mg/kg). The locomotion test (LMT) and FST were
performed 1 and 3 h after the administration of each compound,
respectively.

LMT

LMT was performed using an animal movement analysis sys-
tem (SCANET MV-40; MELQUEST Co., Ltd.). The mice were placed
in experimental cages (560x560x330 mm), and cumulative
exercise was recorded for 60 minutes. The cages were cleaned
between the testing sessions.

FST

FST was conducted using an automated forced-swim appara-
tus (SCANET MV-40; MELQUEST Co., Ltd), wherein the mice
were individually placed in a cylinder (diameter, 23 cm; height,
31 cm) containing 15 cm water maintained at a temperature of
23°C+1°C.The immobility time was calculated using the activity
time as (total) - (active) time by the apparatus analysis software
and was recorded for each mouse for 6 minutes.

Determination of (R)-Ketamine and Its Two
Metabolites in the Plasma and Brain

LPS (0.5 mg/kg) was i.p. injected into the mice. Twenty-three
hours later, the mice were i.p. treated with (R)-ketamine (3 mg/
kg) or (R)-ketamine (10 mg/kg). To determine the plasma and
brain concentration-time profiles, blood and brain samples were
collected 10, 30, 60, 120, and 180 minutes after the administra-
tion of (R)-ketamine. Approximately 300 puL blood was collected
from the jugular vein cava at designated times under isoflurane



934 | International Journal of Neuropsychopharmacology, 2018

anesthesia and placed into a tube containing ethylenediamine-
N,N,N’,N’-tetraacetic acid potassium salt dehydrate as an anti-
coagulant. To collect the brain, the animal was immediately
killed by exsanguination. The analytical biological specimens
were prepared and subjected to protein precipitation as previ-
ously reported (Toki et al., 2018). To simultaneously determine
(R)-ketamine, (R)-norketamine, and (2R,6R)-HNK levels, 5 pL of
the resulting supernatant was subjected to an enantioselective
liquid chromatography-tandem mass spectrometry (LC-MS/
MS) assay with some modifications to a procedure used in our
previous study (Yamaguchi et al., 2018) regarding the separat-
ing conditions. The LC-MS/MS system comprised a Triple Quad
5500 mass spectrometer (AB SCIEX), 4 LC-30AD pumps, a SIL-
30AC,,, autosampler, a CTO-20AC column oven (Shimadzu), and
2 column-switching valves. Chromatographic separation was
performed at 40°C on a Zorbax Eclipse C18 (4.6 mm i.d.x 50 mm;
3.5-pm particles; Agilent Technologies), CHIRALPAK AY-RH
(4.6 mm i.d.x150 mm; 5-pm particles; Daicel), and CHIRALPAK
AS-RH (4.6 mm i.d.x150 mm; 5-uym particles; Daicel) columns
using the mixtures of 1 mM ammonium bicarbonate and ace-
tonitrile as mobile phases at a flow rate of 1.0 or 1.3 mL/min. For
all analytes, the lower limits of quantification in the plasma and
brain were 3 ng/mL and 1.5 ng/g, respectively.

Statistical Analysis

The data are represented as mean+SEM. The analysis was
performed using PASW Statistics 20 (formerly SPSS Statistics;
SPSS). Behavioral data were analyzed using 2-way ANOVA fol-
lowed by the posthoc Tukey test. The Student’s t test was used
to analyze the pharmacokinetic data at each time point. P <.05
were considered statistically significant. The pharmacokinetic

(A)

LPS (0.5 mg/kg, IP)

parameters (C . and AUC_, ) were calculated using a noncom-
partmental model with Phoenix WinNonlin 7.0 software.

Results

Sex-Specific Effects of (R)-Ketamine

Saline or (R)-ketamine (3 or 10 mg/kg) was administered to male
or female mice 23 hours after LPS administration (Figure 1A).
Two-way ANOVA showed the following statistical results of
the locomotion test: group, F,=0.594, P=.622; sex, F, =108.5,
P<.001; and interaction, F, =0.416, P=.742 (Figure 1B). Notably,
there were sex-specific differences in terms of the locomotion
of LPS-treated mice.

Furthermore, 2-way ANOVA showed the following statistical
results for FST: group, F, =33.5, P<.001; sex, F, ,=0.148, P=.702;
and interaction, F,, =0.206, P=.892. The posthoc test revealed
that a 10 mg/kg dose of (R)-ketamine significantly attenuated
the increased immobility time of FST in the mice. However, the
lower (R)-ketamine dose (3 mg/kg) did not show antidepressant
effects in the male or female mice. These data suggest a lack
of sex-specific differences in the antidepressant effects of (R)-
ketamine in an inflammation model, yet there was a sex-specific
difference in terms of the locomotion of the saline-treated mice.

Pharmacokinetic Profiles of (R)-Ketamine and Its
Metabolites in Male and Female Mice

(R)-Ketamine (3 or 10 mg/kg) was administered to male and
female mice 23 hours after the LPS administration. No sex-
specific differences were observed in the plasma and brain con-
centrations of (R)-ketamine, (R)-norketamine, and (2R,6R)-HNK

locomotion FST
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Figure 1. Effects of sex difference in the antidepressant effects of (R)-ketamine in an inflammation model. (A) Saline (10 mL/kg) or lipopolysaccharide (LPS) (0.5 mg/kg)
was administered i.p. into the male and female mice. Twenty-three hours after injection, saline (10 mL/kg) or (R)-ketamine (3 and 10 mg/kg) was administered i.p. into
mice. Locomotion and forced swimming test (FST) were performed 1 and 3 hours after a single injection of (R)-ketamine or saline, respectively. (B) Locomotion. (C) FST.

The values represent the mean +SEM (n=8). *P<.001. NS, not significant.
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Figure 2. Pharmacokinetic profiles of (R)-ketamine and its metabolites after administration of (R)-ketamine. (A) Lipopolysaccharide (LPS) (0.5 mg/kg) was administered
i.p.into the male and female mice. Twenty-three hours after injection, (R)-ketamine (3 and 10 mg/kg) was administered i.p. into mice. Sampling of brain and plasma was
performed 10, 30, 60, 120, and 180 minutes after administration of (R)-ketamine. Concentration of (R)-ketamine, (R)-norketamine, and (2R,6R)-HNK in the plasma and
brain was measured. The values at each time point represent the mean+SEM (n=3). The missing data were under the limit of detection (3 ng/mL). (B) Pharmacokinetic
parameters of (R)-ketamine, (R)-norketamine, and (2R,6R)-HNK in the plasma and brain after administration of (R)-ketamine (3 mg/kg) were determined. There were no
gender differences in the C_,_ and AUC_,, in the plasma and brain. (C) Pharmacokinetic parameters of (R)-ketamine, (R)-norketamine, and (2R,6R)-HNK in the plasma
and brain after administration of (R)-ketamine (10 mg/kg) were determined. There were no gender differences in the C_ _and AUC

s in the plasma and brain.
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(Figure 2A). Furthermore, the pharmacokinetic parameters (C_
and AUC_ ,,) of (R)-ketamine, (R)-norketamine, and (2R,6R)-HNK
in the brain and plasma after the administration of (R)-ketamine
(3 or 10 mg/kg) were similar in both sexes (Figure 2B-C). These
findings suggest no sex-specific differences in the concentra-
tions of (R)-ketamine, (R)-norketamine, and (2R,6R)-HNK in the
brain and plasma after the administration of (R)-ketamine.

Discussion

In this study, we demonstrated that (R)-ketamine showed anti-
depressant effects in the LPS-treated male and female mice
when administered at 10 mg/kg dose but not at 3 mg/kg dose.
Further, we found no sex-specific differences in the levels of
(R)-ketamine and its 2 metabolites, (R)-norketamine and (2R,6R)-
HNK, in the plasma and brain after a single administration of
(R)-ketamine (3 or 10 mg/kg) in the LPS-treated mice. These find-
ings show no sex-specific differences for the antidepressant
actions and pharmacokinetic profiles of (R)-ketamine in the
LPS-treated mice.

Previous reports demonstrated the sex-specific differences
of (R,S)-ketamine’s antidepressant-like effects in rodents. In
the FST, Carrier and Kabbaj (2013) reported antidepressant-like
effects after a single administration of low-dose (R,S)-ketamine
(2.5 mg/kg) in control female rats, but not control male rats.
Furthermore, the antidepressant-like effects of low-dose (R,S)-
ketamine (2.5 mg/kg) were completely abolished when the
female rats were ovariectomized, suggesting a role of gonadal
hormones in low-dose (R,S)-ketamine’s antidepressant-like
actions in female rats (Carrier and Kabbaj, 2013). When the
stage of estrous cycle is controlled, female mice with diestrus
cycles and male mice exhibit similar antidepressant-like effects
of (R,S)-ketamine in FST (Dossat et al., 2018). However, female
mice with proestrus cycles exhibit superior antidepressant-like
effects of (R,S)-ketamine (1.5 mg/kg) than female mice with other
cycles and male mice (Dossat et al., 2018). Thus, menstrual cycle
possibly affects the antidepressant-like effects of (R,S)-ketamine
in control female mice, although the pharmacokinetic profiles
of (R,S)-ketamine were not examined in these mice (Carrier and
Kabbaj, 2013; Dossat et al., 2018).

It has been also reported that the immune response of
female mice differs from male mice (Zellweger et al., 1997) and
that sex hormones in female mice play a role in maintaining
immune responses (Knoferl et al., 2002). Interestingly, Engler
et al. (2016) reported the effects of a low dose of LPS (0.4 ng/kg)
on inflammatory and neuroendocrine response in the blood
of healthy volunteers (14 men, 14 women). Women exhibited
a more profound proinflammatory response with significantly
higher increases in tumor necrosis factor-o and interleukin (IL)-
6. In contrast, the LPS-induced increase in antiinflammatory
IL-10 was significantly higher in men. The LPS-induced increase
in cortisol was significantly higher in woman. Despite these
profound sex-specific differences in inflammatory and neu-
roendocrine responses, men and women did not differ in LPS-
induced alterations in mood and state anxiety or nonspecific
sickness symptoms (Engler et al., 2016). In this study, we did not
find sex-specific differences in the acute antidepressant effects
of (R)-ketamine, supporting the data in humans (Engler et al.,
2016). The weakness of this paper is a lack of saline +drug con-
trol group (without LPS). A further study using the drug control
group without LPS is needed.

Zanos et al. (2016) claim that (2R,6R)-HNK is essential for
(R,S)-ketamine’s antidepressant actions in rodents since (2S,6S)-
HNK’s antidepressant effects were weak. This hypothesis is

also supported by the 3-fold higher levels of (2S,6S;2R,6R)-HNK
in female brain compared with those in male brain after the
administration of (R,S)-ketamine. Unfortunately, the authors
did not measure the plasma levels of (2S,6S;2R,6R)-HNK after
administering (R,S)-ketamine. In contrast, we found no sex-spe-
cific differences in the levels of (R)-ketamine, (R)-norketamine,
or (2R,6R)-HNK in the plasma and brains of the LPS-treated
male and female mice. Although the precise reasons for these
discrepancies are currently unknown, several contributing fac-
tors might exist. First, the use of (R,S)-ketamine vs (R)-ketamine
may have contributed to this discrepancy. In this study, we also
measured the levels of (R)-norketamine and (2R,6R)-HNK in the
plasma and brain, whereas Zanos et al. measured the racemic
mixtures of (R,S)-norketamine and (2S,6S;2R,6R)-HNK in the
brain (Zanos et al., 2016). Second, the use of rodents without
(Zanos et al., 2016) vs those with depression-like phenotypes
(in this study) may have also contributed to this discrepancy.
Last, Zanos et al. (2016) reported that a 10 mg/kg dose of (R,S)-
ketamine showed sustained antidepressant-like effects in con-
trol male and female mice, whereas a lower dose (3 mg/kg)
showed antidepressant-like effects in female, but not male,
mice. In contrast, we found that a 3 mg/kg dose of (R)-ketamine
did not show antidepressant effects in LPS-treated male or
female mice. Therefore, further detailed studies are warranted
to study the role of sex-specific differences in the acute and sus-
tained antidepressant effects of (R,S)-ketamine and its enanti-
omers in rodents with a depression-like phenotype.

In the LH paradigm, we demonstrated that a single bilat-
eral infusion of (R)-ketamine into the infralimbic portion of
the medial prefrontal cortex of rats with a depression-like
phenotype improved depressive-like symptoms (Shirayama
and Hashimoto, 2017), indicating that (R)-ketamine itself has
antidepressant effects. Furthermore, we reported that an intra-
ventricular administration of (R)-ketamine, but not (2R,6R)-
HNK, showed rapid and long-lasting antidepressant effects in a
CSDS model (Zhang et al., 2018). Moreover, a recent study dem-
onstrated that pretreatment with cytochrome P450 inhibitors
did not detect (2R,6R)-HNK in the blood after a single admin-
istration of (R)-ketamine, although its antidepressant effect
was shown (Yamaguchi et al., 2018). Collectively, it is unlikely
that (2R,6R)-HNK is essential for (R)-ketamine’s antidepres-
sant actions in rodents, although further detailed studies are
needed.

In conclusion, this study suggests no sex-specific differences
in the acute antidepressant effects and pharmacokinetic pro-
files of (R)-ketamine in an inflammation model. Therefore, it is
unlikely that sex plays a major role in the acute antidepressant
actions of (R)-ketamine in rodents.
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