International Journal of Neuropsychopharmacology, 2023, 26, 618-626

https://doi.org/10.1093/ijnp/pyad050
Advance access publication 14 August 2023

OXFORD Regular Research Article

Regular Research Article

(S)-Ketamine but Not (R)-Ketamine Shows Acute
Effects on Depression-Like Behavior and Sleep-Wake
Architecture in Rats

Szabolcs Koncz, Noémi Papp, Déra Pothorszki, Gyérgy Bagdy

Department of Pharmacodynamics, Faculty of Pharmacy, Semmelweis University, Budapest, Hungary (Dr Koncz, Dr Papp, Ms Pothorszki, Prof Bagdy); NAP3.0-SE
Neuropsychopharmacology Research Group, Hungarian Brain Research Program, Semmelweis University, Budapest, Hungary (Prof Bagdy).

Correspondence: Gyorgy Bagdy, PharmD, PhD, DSc, Department of Pharmacodynamics, Faculty of Pharmacy, Semmelweis University, 1089 Budapest, Nagyvarad tér
4, Hungary (bagdy.gyorgy@semmelweis.hu).

Abstract

Background: Racemic ketamine consists of two enantiomers, namely (R)-ketamine and (S)-ketamine, with distinguishable pharmaco-
logical properties. Both enantiomers have been reported to show rapid antidepressant effects in rodents. Currently, the (S)-enantiomer
has been approved for the treatment of major depression, whereas (R)-ketamine failed to show antidepressant effect in recent clinical
studies. Major depressive disorder is frequently characterized by disinhibition of rapid eye movement (REM) sleep and disruption
of non-REM (NREM) sleep. Racemic ketamine and most conventional antidepressants affect these parameters. However, it remains
largely unknown which enantiomer is responsible for these effects.

Methods: Here, we compared acute effects of the two ketamine enantiomers (15 mg/kg i.p.) on different sleep-wake stages in freely
moving, EEG-equipped rats. We also evaluated the antidepressant-like activity of the enantiomers in a chronic restraint stress model
of depression.

Results: (S)-ketamine but not (R)-ketamine increased REM sleep latency and decreased REM sleep time at 2 and 3 hours, and
increased electroencephalogram delta power during NREM sleep. In addition, only (S)-ketamine increased wakefulness and
decreased NREM sleep in the first 2 hours. In the forced swimming test, only (S)-ketamine decreased the immobility time of chron-
ically stressed rats.

Conclusion: Effects of the two ketamine enantiomers on rat sleep-wake architecture and behavior are markedly different when
administered in the same dose. (S)-ketamine remarkably affects the sleep-wake cycle and very likely sleep-related neuroplasticity,
which may be relevant for its antidepressant efficacy. Our results regarding (R)-ketamine’s lack of effect on vigilance and behavior
are in line with recent clinical studies.
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Significance Statement

Racemic ketamine consists of two enantiomers, in other words, optical isomers, and both have been reported to show rapid anti-
depressant effects in rodents. This is a unique property, since most antidepressants need a minimum of 2-3 weeks to show ther-
apeutic actions. Currently, (S)-ketamine has been approved for the treatment of major depression, whereas (R)-ketamine failed to
show antidepressant effect in recent clinical studies. Major depressive disorder is frequently characterized by early onset and over-
represented rapid eye movement (REM) sleep. Racemic ketamine and most conventional antidepressants affect these parameters.
However, it remains largely unknown which enantiomer is responsible for these effects. Here we provide the first evidence, to our
knowledge, that a 15-mg/kg dose of (S)-ketamine but not (R)-ketamine in rats shows antidepressant-like effects and suppresses
REM sleep acutely. These results are consistent with the clinical antidepressive effects of (S)-ketamine and underline the impor-
tance of parallel behavioral, sleep, and EEG effects of antidepressants.
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INTRODUCTION

Major depressive disorder is a debilitating mood disorder mainly
characterized by depressed mood, loss of interest, impaired cogni-
tive function, and disturbed sleep (Otte et al., 2016). Most patients
with depression show characteristic sleep-electroencephalogram
(EEG) alterations, including disinhibition of rapid eye movement
(REM) sleep, disruption of sleep continuity, and changes in non-
REM (NREM) sleep. Additionally, several depressed patients show
reduced EEG delta power during sleep (Steiger and Pawlowski,
2019).

The majority of reuptake inhibitor antidepressants suppress
REM sleep (increase REM sleep latency time and decrease REM
sleep time), which is thought to be an important component of
their therapeutic effect (Wilson and Argyropoulos, 2005; Palagini
et al., 2013; Wichniak et al,, 2017; Riemann et al., 2020). These
characteristic sleep effects can be observed in both healthy vol-
unteers and depressed patients (Dumont et al., 2005; Steiger and
Kimura, 2010; Steiger and Pawlowski, 2019). Interestingly, some
of the sleep-EEG effects of classical antidepressants are acute.
However, the therapeutic effects only occur after an adaptive pro-
cess, weeks after beginning of the treatment.

For decades, racemic ketamine has been used widely as a dis-
sociative anesthetic in human and veterinary medicine (Kohtala,
2021). In 2000, Berman et al. were the first to show that a sin-
gle administration of subanesthetic ketamine has a rapid-acting
antidepressant effect in patients with major depressive disorder
(Berman et al., 2000). Since then, several studies have shown that
ketamine relieves the symptoms of depression or depressive-like
states in humans and animals, respectively (Zarate et al., 2006;
Abdallah et al., 2018).

(R,S)-ketamine consists of two enantiomers, namely
(R)-ketamine and (S)-ketamine. In 2019 the (S)-enantiomer of
ketamine (esketamine) was approved by the US Food and Drug
Administration (FDA) and the European Medicines Agency (EMA)
as an adjunctive treatment for treatment-resistant depression
(Jelen et al., 2021). In addition, in 2020, the US Food and Drug
Administration approved new supplemental application for
(S)-ketamine to treat depressed patients with acute suicidal idea-
tion/behavior to provide fast symptomatic relief (Liu et al., 2022).
Thus, (S)-ketamine is the first officially approved and clinically
used rapid-acting antidepressant. However, its wider usability is
limited by its side effects, such as dissociation, and its abuse and
misuse potential. The (R)-enantiomer has not been approved for
clinical use; however, preclinical studies report a more favorable
side-effect profile than that of (S)-ketamine (Yang et al., 2015).
However, (R)-ketamine failed to show a significant antidepressant
effect compared with placebo according to recently published
clinical studies (Johnston et al., 2023; Leal et al., 2023).

The distinguishable effects and side effects of the two enan-
tiomers are not surprising because the enantiomers can be
characterized with a distinguishable pharmacological profile
ranging from different affinities for several receptors,for exam-
ple, (S)-ketamine has 4-fold higher binding affinity for NMDA
(N-methyl-D-aspartate) receptors, and 2-fold higher affinity for
muscarinic receptors than (R)-ketamine. Furthermore, differ-
ential effects on monoamine levels in various brain structures
and different mechanisms of action at molecular level have been
described (Zanos and Gould, 2018; Wei et al., 2020; Rafato-Ulinska
and Patucha-Poniewiera, 2022). Despite the fact that the use of
ketamine enantiomers in the treatment of depression and other
psychiatric or neurological disorders has been of great interest
in recent years (Wang et al., 2022), enantiomer-specific effects of

ketamine on sleep-EEG are scarce, and only the effects of race-
mic ketamine have been described in rodents. Racemic ketamine
in subanesthetic, antidepressant-relevant doses affects sleep
parameters that are characteristically altered in depressed indi-
viduals, namely increases REM sleep latency, decreases REM sleep
time (Ahnaou et al,, 2017; Banerjee et al,, 2020), and increases
delta EEG power during NREM sleep (Feinberg and Campbell,
1993). However, the enantiomer(s) responsible for these effects
has not been investigated. Therefore, in this study, we investigated
the effects of (R)- and (S)-ketamine in an antidepressant-rele-
vant dose on sleep parameters affected by racemic ketamine in
rodents. Antidepressive-like activities of the same doses of the
two enantiomers also were tested in a chronic restraint depres-
sion model.

METHODS
Animals

All housing conditions and animal experiments were performed
in accordance with the EU Directive 2010/63/EU, as well as spe-
cific national laws (the Hungarian Governmental Regulations on
animal studies 40/2013). The experiments were approved by the
National Scientific Ethical Committee on Animal Experimentation
(permit no. PE/EA/292-7/2021). All surgeries were performed
under anesthesia, and all efforts were made to minimize suffer-
ing, pain, and discomfort of the animals throughout the whole
experiment.

Male Wistar rats (n=60, Han:WIST, Toxi-Coop, Budapest,
Hungary) were kept under controlled environmental conditions
at an ambient temperature of 21°C+1°C and a 12-hour-light/-
dark cycle (lights on at 10:00 am). Standard rodent food and tap
water were available ad libitum for the animals during the whole
study.

Surgery

Rats (9 weeks old), weighing 290-325 g at surgery, were equipped
with electroencephalographic (EEG) and electromyographic
(EMG) electrodes under 2% isoflurane anesthesia, using a Kopf
stereotaxic instrument, as described earlier (Kantor et al., 2004;
Papp et al., 2020). Briefly, for fronto-parietal EEG recordings, stain-
less-steel screw electrodes were placed epidurally over the left
frontal cortex (1.5 mm lateral and 2.0 mm anterior to bregma)
and over the left parietal cortex (1.5 mm lateral and 2.0 mm ante-
rior to lambda), and a ground electrode was implanted over the
cerebellum. A pair of EMG electrodes (stainless-steel spring elec-
trodes embedded by silicon rubber, Plastics One Inc., Roanoke,
VA, USA) were placed into the musculature of the neck for EMG
recordings.

After recovery (7 days), rats were moved separately to a square,
glass recording chamber and were attached and kept connected
to the EEG system via a flexible recording cable during the whole
study, permitting free movement to the animals. As a habituation
to the recording conditions, the animals received i.p. injections of
physiological saline for 5 days before the experiment.

EEG Recording and Analysis

After each treatment, EEG, EMG, and motor activity were moni-
tored for 10 hours (Coulburn Lablinc System, Holliston, MA, USA),
while the animals were undisturbed. The signals were filtered
below 0.50 Hz and above 100 Hz and were amplified (EMG: 5000
times, EEG: 10,000 times). Analog-to-digital conversion was car-
ried out at 256-Hz sampling rate.
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The sleep-wake stages were classified using SleepSign for
Animal sleep analysis software (Kissei Comtec America Inc., Fort
Lee, NJ, USA), using conventional criteria (Kantor et al., 2004;
Koncz et al., 2021). We used the automatic scoring feature of the
software to score the vigilance stages at first; after that, visual
supervision was conducted by researchers who were unaware of
the treatment of the rats. 4-second periods (epochs) were differ-
entiated as follows. In wakefulness, the EEG activity was charac-
terized by low-amplitude at beta (14-29 Hz) and alpha (10-13 Hz)
frequencies, along with high EMG and motor activity. In NREM
sleep, the EEG was characterized by high-amplitude delta (0.5-4
Hz) frequency band activity and occasionally occurring spindles
(615 Hz), with decreased EMG activity and minimal motor activ-
ity. In REM sleep, the EEG was characterized by low-amplitude,
high-frequency activity and consistent theta waves (5-9 Hz), with-
out any EMG or motor activity except from transient twitches.

The duration of wakefulness, NREM and REM sleep in each
hour and the sum for the 10-hour period, as well as NREM sleep
latency (time elapsed from the beginning of the administration
until the occurrence of the first NREM sleep episode) and REM
sleep latency (time elapsed between first NREM sleep episode and
the beginning of the first REM sleep episode) were calculated.

For quantitative EEG (QEEG) delta power analysis, we used fast
Fourler transformation (Hanning window, frequency resolution:
0.25Hz)in the 0.5- to 4-Hz frequency range. The 1-Hz bins, marked
by their upper limits, were created by summing the 0.25-Hz bins.
Delta power values were averaged per hour in wakefulness and
NREM sleep, then were averaged over the 1- to 4-Hz range. Epochs
with artifacts or stage transitions were not included in the qEEG
analysis.

Stress Procedures and Behavioral Tests

A chronic restraint stress procedure was used to induce depres-
sive-like behaviors in rats, as previously described (Ampuero et
al., 2015). Rats (7 weeks old) weighing 210-245 g on the first day
of stress were used for the behavioral tests. Before starting the
protocol, the rats were acclimatized to the housing conditions for
8 days. During this period, rats were handled for 2 minutes per
day for 5 days. In the experimental days, rats were kept in their
home cages, except for the 2 hours of restraint stress (between
12:00 pm and 2:00 pm). The restraint plastic bottles were adapted
to prevent any movement of the animal, while a large hole in
the nose and mouth zone allowed breathing. Nonstressed rats
were handled for 2 minutes each day before being placed back
in their cage. Rats were subjected to 10 days of stress (n=27) or
no stress (n=9) before being assessed for depressive-like behav-
iors in the rat forced swimming test on day 12. All rats in a given
cage received identical treatment, which was chosen using ran-
domization for cages. As a habituation to the test conditions, the
animals received i.p. injections of physiological saline for 5 days
before the forced swimming test.

The modified rat forced swimming test was used to test
the antidepressant-like activity of the administered drugs, as
described earlier (Slattery and Cryan, 2012). The animals were
forced to swim for 15 minutes (pretest) and 5 minutes (test) in a
cylinder with 30-cm diameter and 60-cm height (MazeEngineers,
Skokie, IL, USA) filled with 30 cm tap water at a temperature of
24°C+1°C. Four cylinders were used simultaneously, and each
swimming session contained 1 animal from each treatment group
in a randomized order. The swimming test was performed during
the light cycle of the animals (between 1:00 pM and 5:00 pM). The
behavior of the animals was video-recorded for 5 minutes and

later scored for immobility, swimming, climbing, and diving man-
ually using EthoVision XT 15 (Noldus Information Technology,
Wageningen, Netherlands) by 2 blinded experimenters.

Drugs and Treatments

The animals received 15 mg/kg i.p. (S)-ketamine (Ketanest S,
Pfizer Pharma GmbH, Berlin, Germany) or (R)-ketamine (Toronto
Research Chemicals, Toronto, Canada) or vehicle (saline) in a vol-
ume of 1 mL/kg body weight. All treatments were injected by a
male experimenter, while a female experimenter held the ani-
mals. For each animal the drugs were administered exactly at the
beginning of the light (passive) phase in the EEG experiments or 1
hour before the swimming test in the behavioral experiments. The
time of administration was selected based on previous research
investigating the sleep effect of conventional antidepressants and
racemic ketamine (Vas et al.,, 2013; Papp et al., 2018; Banerjee et
al., 2020).

Statistics and Visualization

The statistical analyses were performed using Prism 8 (GraphPad,
San Diego, CA, USA). To evaluate the effects of ketamine enanti-
omers on the time spent in wakefulness, NREM and REM sleep
for each hour, 2-way repeated-measure ANOVA was used. For
the analysis of the effects on overall time spent in wakefulness,
NREM and REM sleep during 10 hours as well as NREM and REM
sleep latencies, 1-way ANOVA was performed. For qEEG data
analyses, mixed-model design ANOVA (2 main factors: treatment
and time) was used. To analyze behaviors in the forced swimming
test, 1-way ANOVA was performed. For multiple comparisons,
Bonferroni post hoc test was performed. A customized script
was used to construct Figure 3C using Matlab 9.13.0.2049777
(Mathworks, Natick, MA, USA).

Results

Effects of Ketamine Enantiomers on Sleep-Wake
Architecture

Effects on Wakefulness

Acute (S)-ketamine treatment promoted wakefulness in the
first 2 hours (treatment: F,, =20.14, P<.0001, treatmentxtime
interaction: F, =5947, P<.0001; Figure 1A) compared with
(R)-ketamine and saline treatment. The latter effect resulted in an
overall increase in time spent in wakefulness during the recorded
10 hours of passive phase (treatment: F,, =20.15, P<.0001; Figure
2A). (R)-ketamine showed no effect on wakefulness.

Effects on NREM Sleep

In parallel with its wake promoting effects, (S)-ketamine treat-
ment decreased the time spent in NREM sleep in the first 2 hours
(treatment: F,,=11.13, P=.0005, treatmentx time interaction:
Fl,.5=5.596, P<.0001; Figure 1B) compared with (R)-ketamine
and saline treatment. This resulted in an overall decrease in
time spent in NREM sleep during the recorded passive phase
(treatment: F,,, 11.13, P=.0005; Figure 2B) and an increase in
NREM sleep latency (treatment: F,, =7.242, P=.0041; Figure 2D).

(R)-ketamine had no effect on any parameters of NREM sleep.

Effects on REM Sleep

(S)-ketamine treatment exerted a prominent REM suppression
effect up to 3 hours after administration (treatment: F,, =9.513,
P=.0011, treatmentxtime interaction: F o 15=3.648, P<.0001;
Figure 1C) compared with (R)-ketamine and saline treatment.
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Figure 1. Effects of (R)-ketamine [15 mg/kg i.p., (R)-KET], (S)-ketamine [15 mg/kgi.p., (S)-KET], and vehicle (saline, SAL) in the amount of: (A) wake, (B)
NREM sleep, and (C) REM sleep for 10 hours post administration, shown in percentages. Drugs were injected at the beginning of the light phase when
all animals were awake. Significant results are indicated by * of the appropriate color (compared with vehicle, P<.05) and * (between two enantiomers,

P<.05). Data are shown as mean+SEM of 8 rats per group.
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Figure 2. Effects of (R)-ketamine [15 mg/kg i.p., (R)-KET], (S)-ketamine [15 mg/kg i.p., (S)-KET], and vehicle (saline, SAL) on the quantity of time
animals spent (A) awake, in (B) NREM sleep, and in (C) REM sleep for 10 hours following administration. Panels (D) and (E) show effects on NREM
sleep latency and REM sleep latency, respectively. Significant results are indicated by * of the appropriate color (compared with vehicle, P<.05) and *
(between two enantiomers, P<.05). Results are presented as mean+SEM (n=8 rats per group).

Moreover, (S)-ketamine increased REM sleep latency (treatment:
F,,,=59.48, P<.0001; Figure 2E) while decreasing the total time
spent in REM sleep (treatment: F,, =9.521, P=.0011; Figure 2C).
(R)-ketamine had no effect on time spent in REM sleep or on REM
sleep latency.

Effects of Ketamine Enantiomers on qEEG Delta
Power During Wakefulness and NREM Sleep

The effects of ketamine enantiomers on qEEG delta power were
sleep-wake stage dependent and enantiomer specific. Namely,
while neither enantiomer had any effect on delta power during
wakefulness (treatment: F,,,=0.04186, P=.9591, treatment x time
interaction: F, ,=1.155 P=.3031; Figure 3A), during NREM
sleep, (S)-ketamine reduced qEEG delta power in the first hour,
which was followed by a delta power increase in the third hour
(treatmentxtime interaction: F .=5.126, P<.0001; Figure 3B),
although the treatment effect alone did not reach significance.

This rebound effect was also observable between 4 and 7 hours
but only at trend level (Figure 3B-C).

Effects of Ketamine Enantiomers on Depressive-
Like Behaviors in Rat Forced Swimming Test

Ten days of chronic restraint stress induced depressive-like
behaviors in saline-treated rats during the forced swimming
test. Namely, saline-treated stressed animals spent more time in
immobility compared with nonstressed animals (P<.05; Figure
4A). Administration of (S)-ketamine 1 hour before the behavioral
test reversed depressive-like behaviors: it significantly reduced
immobility compared with (R)-ketamine (P<.005) and saline
(P<.005) treatment in stressed rats (Figure 4A). (S)-ketamine
treatment also increased swimming and climbing compared with
(R)-ketamine (P<.05) and saline (P<.05 and P<.0005, respectively)
treatment (Figure 4B-C). (R)-ketamine had no effect on stressed
rats, and thus, in this group similar depressive-like behaviors were
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Figure 3. Delta (1-4 Hz) EEG power changes induced by (R)-ketamine [15 mg/kg i.p., (R)-KET] and (S)-ketamine [15 mg/kgi.p., (S)-KET] during wakefulness,
and NREM sleep. Delta power of the two compounds compared with saline in wakefulness are shown in A and in NREM sleep in B. Significant results are
indicated by * of the appropriate color (compared with vehicle, P<.05) and * (between the enantiomers, P<.05). Data are shown as mean+SEM (n=8 rats per
group). Heat maps for saline, (R)-ketamine and (S)-ketamine treatment, as a function of time and frequency are shown in C.

observed as in saline treated stressed animals (Figure 4). Despite
promoting wakefulness, (S)-ketamine failed to increase loco-
motor activity in the open field test (data not shown). Similarly,
(R)-ketamine failed to affect locomotor activity in our in-house
experiments.

Discussion

The main finding of this study is that (S)-ketamine but not
(R)-ketamine significantly alters the architecture of the sleep-
wake cycle and modulates EEG delta power in a sleep-wake stage
dependent manner in Wistar rats. Interestingly, these effects of
the (S)-enantiomer on the vigilance states are similar to race-
mic ketamine described in previous studies (Ahnaou et al., 2017;
Banerjee et al., 2020) (see also Table 1). Moreover, (S)-ketamine

but not (R)-ketamine significantly decreased the depression-like
behaviors induced by chronic stress at the same time interval,
shortly after administration.

Effects on REM Sleep

Here we show that (S)-ketamine but not (R)-ketamine has a
robust REM sleep suppression effect in freely moving rats. Most
slow-acting antidepressants (e.g., reuptake inhibitors) increase
REM sleep latency and decrease REM sleep time. These REM sleep
suppression effects are thought to be important components
of their therapeutic effects (Palagini et al., 2013). Indeed, these
effects can be observed in depressed patients, healthy volunteers,
and stressed and nonstressed animals as well (Dumont et al.,
2005; Steiger and Kimura, 2010; Vas et al., 2013). Treatment with
the rapid-acting antidepressant ketamine elicits a robust and
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Table 1. Preclinical evidence that the enantiomer (S)-ketamine, but not (R)-ketamine, has similar sleep-wake effects to (R,S)-ketamine

Reference Drugs Dose and route Species Time spent in Time spent in Time spent REM sleep
of administration wakefulness NREM sleep in REM sleep latency time

Banerjee etal, 2020 (R S)-ketamine 30 mg/kgi.p. Wistar rat 1 ! 1 T

This study (S)-ketamine 15 mg/kg i.p. Wistar rat 1 ! ! T

This study (R)-ketamine 15 mg/kg i.p. Wistar rat 2 o 2 2

Abbreviations: 1, increased, |, decreased, g, no effect.

fast-onset antidepressant effect both in clinical settings and in
preclinical animal models of depression (Zanos et al.,, 2018). In
rats, acute treatment with racemic ketamine (2.5, 5, 10 mg/kg s.c.)
increased REM sleep latency and reduced REM sleep in the first 2
hours (Ahnaou et al., 2017). These effects were also observed at
a higher dose (30 mg/kg i.p.) of racemic ketamine, namely, keta-
mine increased latency to REM sleep and significantly decreased
the duration of REM sleep, when the first 4 hours were summa-
rized (Banerjee et al., 2020). Here, our results show that only the
(S)-enantiomer had similar REM suppressive effects at this dose
(15 mg/kg i.p.), whereas the (R)-enantiomer had no effect on REM
sleep (see Table 1).

Administration of subanesthetic doses of either (S)- or
(R)-ketamine in mice resulted in similar brain levels of both
drugs (Zanos et al., 2016). Therefore, the different effects of (S)-
and (R)-ketamine treatment on REM sleep can be attributed to
the different neurochemical effects of ketamine enantiomers on
REM sleep regulating neuronal pathways. It has been shown that
systemically administered cholinergic drugs induce REM sleep
(Yamada and Ueda, 2020), whereas administration of cholinergic
receptor antagonists (e.g., atropine and scopolamine) suppresses
REM sleep in animals (Grace and Horner, 2015). In line with this,
racemic ketamine is reported to bind as an antagonist to both
muscarinic and nicotinic acetylcholine receptors. Moreover, a
receptor binding assessment revealed that (S)-ketamine has
a 2-fold higher affinity for mAChRs (muscarinic acetylcholine
receptors) than (R)-ketamine (Zanos et al., 2018; Scotton et al,,
2022). Thus, anticholinergic properties of (S)-ketamine might
contribute to its REM sleep suppressive effects, moreover, could
also be important in its rapid antidepressant effects, as anti-
muscarinic scopolamine’s rapid antidepressant effect has been
described in depressed patients (Furey and Drevets, 2006; Jaffe
et al,, 2013). Serotonergic and noradrenergic neurotransmissions

also play important roles in the regulation of REM sleep; mainly
monoaminergic neurons activate the REM-off circuitry and sup-
press REM sleep (Ursin, 2002; Lu et al., 2006; Bacqué-cazenave
et al.,, 2020). Interestingly, both ketamine enantiomers (both 10
and 20 mg/kg i.p.) acutely increased serotonin release in the pre-
frontal cortex (PFC) of mice, but the effects of (R)-ketamine were
greater than that of (S)-ketamine (Ago et al., 2019). In our study,
acute (R)-ketamine had no effect on REM sleep, suggesting that
serotonergic effects of ketamine enantiomers at this dose are not
key factors in its REM suppressing effects.

Effects on Wakefulness and NREM Sleep

In this study, we report that acute (S)-ketamine treatment pro-
motes wakefulness and increases NREM sleep latency when
administered at the onset of the inactive period. Earlier it was
shown that racemic ketamine in subanesthetic doses elicits
significant wake-enhancing properties (Ahnaou et al., 2017;
Banerjee et al.,, 2020). Our results suggest that most likely the
(S)-enantiomer is responsible for these wake-promoting effects.
In line with this, a previous study showed that (S)-ketamine
treatment (10 and 30 mg/kg i.p.) increased wakefulness and
suppressed overall NREM sleep in the analyzed 1 hour post
administration (Raith et al., 2020). The brain regions and neu-
rotransmitters mediating these effects are not well known.
Blockade of NMDAglutamatergic receptors in the PFC is known
to promote the release of arousal-enhancing neurotransmitters
(e.g., dopamine) and also increase motor activity (Del Arco et
al., 2008). Previously it was shown that (S)-ketamine has a 4-fold
higher binding affinity for NMDA receptors than (R)-ketamine
(zanos et al., 2018; Scotton et al., 2022). In line with this, an in
vivo microdialysis experiment performed on mice showed that
(S)-ketamine caused a robust increase in dopamine release in the
PFC compared with (R)-ketamine. Interestingly, both ketamine
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enantiomers have been shown to increase noradrenaline release
in the same manner (Ago et al., 2019). This effect does not seem
to play an essential role in the wake-enhancing effect of racemic
ketamine, as (R)-ketamine treatment had no effect on wakeful-
ness in our study.

Effects on EEG Delta Power During NREM Sleep

The effects of ketamine enantiomers on delta power were sleep-
wake stage dependent and enantiomer specific. During wake-
fulness, none of the enantiomers had any effect on EEG delta
power. However, during NREM sleep, only the (S)-enantiomer
affected qEEG delta power. In the first hour, (S)-ketamine, in par-
allel with its NREM suppressive effects, reduced EEG delta power.
This was followed by a delta power rebound in the third hour,
which was also observable at trend level during the following
hours. It was previously reported that subanesthetic ketamine
(10 mg/kg i.p.) administered during the passive phase evoked
rebound delta oscillations in mice (Kohtala et al., 2019). Earlier
it was also shown that racemic ketamine treatment (15, 25, and
50 mg/kg i.p.) increases EEG delta power during NREM sleep in
rats (Feinberg and Campbell, 1993; Wang et al., 2023). This is sim-
ilar to our findings with (S)-ketamine. The delta power-increas-
ing effect seems to be important in clinical settings too, as low
baseline delta-sleep ratio (i.e., the ratio of delta EEG intensity
between the first two NREM sleep episodes) of depressed patients
predicted a better antidepressive response to ketamine treatment
(Duncan et al., 2013). Moreover, it has been shown that chronic
treatment with slow-acting antidepressants, such as mirtazapine
and sertraline, also increase delta activity during NREM sleep in
depressed patients (Jindal et al., 2003; Schmid et al., 2006). The
neuroplasticity hypothesis of depression suggests that major
depressive disorder is characterized by deficient synaptic plas-
ticity (Liu et al., 2017). Slow wave activity (EEG delta intensity)
during NREM sleep has been proposed as a marker of synaptic
plasticity (Esser et al., 2007; Duncan and Zarate, 2013; Dudysova
et al., 2020). In line with this, patients with depression and rats
exposed to chronic stress show reduced EEG delta power through-
out sleep (Mrdalj et al., 2013; Steiger and Pawlowski, 2019). It is
important to mention one of the limitations of our study: we eval-
uated the sleep-EEG characteristics only in nonstressed animals.
Thus, further studies are needed with EEG-equipped chronically
stressed animals to confirm the correlation between the sleep-
EEG effects and the antidepressant effects of the ketamine enan-
tiomers. Overall, acute effects of (S)-ketamine on delta frequency
band during NREM sleep might have a role in its rapid and sus-
tained antidepressant effects, but further studies are needed with
depressed patients or animal models of depression.

Antidepressant-Like Activity of Ketamine
Enantiomers

It was previously shown that a single dose of 15 mg/kg i.p.
(S)-ketamine produced an acute (1 hour after dosing) and sus-
tained (48 hours after dosing) antidepressant-like effects in the
rat forced swimming test (du Jardin et al., 2016). Moreover, 14 days
after the administration, the same dose of (S)-ketamine resulted
in improved anhedonic behavior in adult rats following mater-
nal deprivation (Réus et al., 2015). Interestingly, in mice and rat
models of depression, it has been shown that (R)-ketamine (10
and 20 mg/kg, i.p.) produces a more potent antidepressant-like
effect than (S)-ketamine (Fukumoto et al., 2017). In rats, a sin-
gle administration of (R)-ketamine (10 mg/kgi.p.) 24 hours before
the forced swimming test reversed the depressive-like behavior

induced by repeated corticosterone treatments (Fukumoto et al.,
2017). Moreover, in mice, (R)-ketamine has been reported to show
antidepressant effects at lower doses than (S)-ketamine (Zanos
et al,, 2016). Overall, these data suggest that a 15-mg/kg i.p. dose
of either (S)- or (R)-ketamine is relevant for the antidepressant
effects in rats. Nevertheless, we found that in rats exposed to
chronic restraint stress, only (S)-ketamine had antidepressant-like
activity measured by the forced swimming test at the dose of 15
mg/kg 1.p. Furthermore, we found that (S)-ketamine treatment
reversed the depression-like behaviors induced by chronic stress,
while (R)-ketamine effects on these parameters were similar to
saline treatment in the applied dose. Our findings are in line with
the results of recent clinical trials, which reported no significant
differences between (R)-ketamine (PCN-101) and placebo treat-
mentin depressed patients (Johnston et al., 2023; Leal et al., 2023).
It should be mentioned however, that in these studies placebo
exhibited a greater effect than the reported effects of ketamine in
most of the clinical literature previously published.

In humans, the acute pharmacological effects of a single dose
of racemic ketamine last for minutes to hours, whereas the anti-
depressive effects peak at approximately 24 hours and last up to
7 days. It has been hypothesized that the antidepressant effect of
ketamine is also linked to its effects on sleep and circadian reg-
ulation (Duncan and Zarate, 2013; Rantamé&ki and Kohtala, 2020;
Kohtala et al., 2021). As previously shown in preclinical studies,
racemic ketamine markedly affects sleep parameters that can
be crucial in the pathophysiology of depression. The present
study revealed that in the studied dose only the enantiomer
(S)-ketamine is responsible for these effects, such as REM sleep
suppression and NREM sleep delta power increase. Furthermore,
only the (S)-enantiomer showed antidepressant-like effects in this
rat model of depression. Although (R)-ketamine in clinical studies
appears to be safe with high tolerability (no sedation and dissoci-
ation), it seems to be ineffective in doses used for (S)-ketamine in
the treatment of depression. Our study supports the notion that
(R)-ketamine, with a lack of sleep-related effects, might show a
better side-effect profile, but it might also indicate the lack of its
therapeutic effects. In fact in our studies, sleep-EEG and behavio-
ral effects were parallel, but the effects were clearly different for
(R)- and (S)-ketamine.

Supplementary Materials

Supplementary data are available at International Journal of
Neuropsychopharmacology (INPPY) online.
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