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Abstract

Rationale (R)-Ketamine produced beneficial effects in a variety of models of inflammatory diseases, including low dose
of bacterial lipopolysaccharide (LPS) (0.5-1.0 mg/kg)-induced endotoxemia. LPS-treated mice have been used as animal
model of delirium.

Objectives We investigated the effects of (R)-ketamine in neuroinflammation and cognitive impairment in rodents after
administration of high dose of LPS.

Methods LPS (5 mg/kg) or saline was administered intraperitoneally (i.p.) to mice. (R)-Ketamine (10 mg/kg) was admin-
istrated i.p. 24 h before and/or 10 min after LPS injection.

Results LPS (5.0 mg/kg) caused a remarkable splenomegaly and increased plasma levels of pro-inflammatory cytokines
[i.e., interleukin (IL-6), IL-17A, and interferon (IFN)-y]. There were positive correlations between spleen weight and plasma
cytokines levels. Furthermore, LPS led to increased levels of pro-inflammatory cytokines in the prefrontal cortex (PFC) and
hippocampus. Moreover, LPS impaired the natural and learned behaviors, as demonstrated by a decrease in the number of
mice’s entries and duration in the novel arm in the Y maze test and an increase in the latency of mice to eat the food in the
buried food test. Interestingly, the treatment with (R)-ketamine (twice 24 h before and 10 min after LPS injection) significantly
attenuated LPS-induced splenomegaly, central and systemic inflammation, and cognitive impairment.

Conclusion Our results highlighted the importance of combined prophylactic and therapeutic use of (R)-ketamine in the
attenuation of LPS-induced systemic inflammation, neuroinflammation, and cognitive impairment in mice. It is likely that
(R)-ketamine could be a prophylactic drug for delirium.
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Introduction neuropsychiatric symptoms) and cognitive impairment in

humans and rodents (Draper et al. 2018; Kealy et al. 2020;

Systemic infection and inflammation could trigger a spec-
trum of sickness behavior (i.e., fatigue, lethargy, appe-
tite loss, sleep disorder, locomotor activity decrease,

Jiancheng Zhang and Li Ma contributed equally to this work.

P4 Kenji Hashimoto
hashimoto @faculty.chiba-u.jp

Division of Clinical Neuroscience, Chiba University Center
for Forensic Mental Health, Chiba 260-8670, Japan

Department of Critical Care Medicine, Union Hospital,
Tongji Medical College, Huazhong University of Science
and Technology, Wuhan 430022, People’s Republic of China

Department of Anesthesiology, Renmin Hospital of Wuhan
University, Wuhan 430022, People’s Republic of China

Savage et al. 2019; Schedlowski et al. 2014; Sultan et al.
2021; Yamanashi et al. 2021). Delirium is shown to be a
maladaptive sickness behavior response (Cunningham
and Maclullich 2013), which is associated with multiple
adverse consequences (i.e., extended length of hospital
stay, decreased chance of discharge to home, and long-
term cognitive impairment) and significant financial bur-
den (Inouye et al. 2014; Leslie et al. 2008; McCusker et al.
2003; Pandharipande et al. 2013). However, little is known
of the pathophysiology of delirium, and no effective pro-
phylactic and therapeutic measures have been identified.
Clinical observations and experimental studies have sug-
gested a close relationship between systemic inflamma-
tion and delirium-related cognitive impairment (Annane
and Sharshar 2015; Biesmans et al. 2013; D’Esposito and
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Postle 2015; Jackson et al. 2009; Oliveira-Lima et al. 2019;
Schmidt et al. 2002; Sultan et al. 2021; Yamanashi et al.
2021). Systemic administration of bacterial lipopolysac-
charides (LPS) plays an important role in the triggering of
innate immune response and leads to delirium in rodents
(Biesmans et al. 2013; D’Esposito and Postle 2015; Oliveira-
Lima et al. 2019; Sultan et al. 2021; Yamanashi et al. 2021).
LPS-induced animal model to mimic Gram-negative bacte-
rial infection is widely used to investigate the psychiatric and
cognitive consequences of bacterial infection and systemic
inflammation (Biesmans et al. 2013; D’Esposito and Postle
2015; Oliveira-Lima et al. 2019; Zhang et al. 2014b, 2020).

Neuroinflammation after systemic administration of LPS
has been suggested to play an essential role in the patho-
physiology of endotoxemia-derived cognitive impairment.
Microglial cells, which are the resident immune cells of the
central nervous system (CNS), contribute to neuroinflam-
mation, and microglia are morphologically activated with
increased cell numbers in the cortex, hippocampus, and thal-
amus of mice 24 and 48 h after intraperitoneal injection of
high dose of LPS (5 mg/kg) (Hoogland et al. 2018; Murray
et al. 2012; Oliveira-Lima et al. 2019; Walker et al. 2019).
The expression of tumor necrosis factor-o (TNF-a), inter-
leukin (IL)-1p, IL-6, and monocyte chemoattractant protein
1 in the brain was also markedly increased after systemic
LPS (5 mg/kg) administration (Hoogland et al. 2018; Mur-
ray et al. 2012; Walker et al. 2019; Yang et al. 2020). It is
reported that LPS-induced acute cognitive impairment can
be mimicked by systemic stimulation with IL-1p (Griffin
et al. 2013) or TNF-a (Hennessy et al. 2017), and that LPS-
induced cognitive impairment was attenuated by systemic
administration of IL-1 receptor antagonist (Cunningham
and Sanderson 2008; Skelly et al. 2019). Furthermore, sys-
temic administration of LPS is reported to increase IL-17A
expression in the plasma and hippocampus, and IL-17A is
involved in LPS-induced neuroinflammation and cognitive
impairment in aged rats via microglial activation (Sun et al.
2015). Moreover, systemic LPS administration could rapidly
increase the protein expression of interferon-y (IFN-y) in
the plasma, spleen, and hippocampus, resulting in rodent
models of neurological disorders (Curtin et al. 2009; Jachne
et al. 2015; Lestage et al. 2002; Seemann and Lupp 2016).
Collectively, it is likely that systemic administration of high
dose (i.e., 5 mg/kg) of LPS causes systemic inflammation
and neuroinflammation in the brain, resulting in cognitive
impairment in rodents.

It has been well-established that (R,S)-ketamine, an
N-methyl-p-aspartate receptor (NMDAR) antagonist, pos-
sesses potent anti-inflammatory properties (Alqahtani et al.
2020; Chang et al. 2018a, b; De Kock et al. 2013; Lu et al.
2020; Mastrodonato et al. 2020; Ward et al. 2011). (R,S)-
Ketamine could reverse LPS-mediated upregulation of pro-
inflammatory cytokines and enzyme expression in microglia
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cells in vitro (Lu et al. 2020). Pretreatment with (R,S)-ket-
amine attenuated systemic inflammation in rats after LPS
administration, in a dose-dependent manner (Lu et al. 2020),
suggesting prophylactic effect of (R,S)-ketamine. (R,S)-Ket-
amine reduces the number of microglia and macrophages
in the hypothalamus and hippocampus 24 h after transient
hypoxia in fetal sheep (Chang et al. 2018a). Interestingly,
LPS-induced depression-like behaviors in mice were
improved after subsequent administration of (R,S)-ketamine,
suggesting therapeutic effect of (R,S)-ketamine (Zhang and
Hashimoto 2019). In addition, a single intravenous infusion
of (R,S)-ketamine significantly decreased serum levels of
IL-6 in treatment-resistant patients with depression (Yang
et al. 2015). Collectively, it seems that (R,S)-ketamine has
potent anti-inflammatory actions (Hashimoto 2015).

(R,S)-Ketamine is an equal mixture of (R)-ketamine
and (S)-ketamine. Although (R)-ketamine is less potent at
NMDAR than (S)-ketamine (Hashimoto 2019, 2020), our
group reported that (R)-ketamine exerts more potent neuro-
protective effects than (S)-ketamine in a variety of models
of inflammatory diseases, including low-dose LPS (0.5 mg/
kg)- or chronic social defeat stress-induced depression-like
behaviors (Chang et al. 2018b; Yang et al. 2017), ischemic
stroke (Xiong et al. 2020), Parkinson’s disease (Fujita et al.
2020), osteoporosis (Fujita and Hashimoto 2020), and ulcer-
ative colitis (Fujita et al. 2021). Collectively, it is likely that
(R)-ketamine would be a novel therapeutic drug without
side effects of ketamine (Hashimoto 2019, 2020; Wei et al.
2020, 2021; Yang et al. 2019). However, it remains unclear
whether (R)-ketamine could exert anti-inflammatory effects
on systemic inflammation and neuroinflammation and thus
improve cognitive impairment in rodents after endotoxemia
induced by systemic administration of high dose of LPS
(5 mg/kg).

The aim of the present study was to evaluate the prophy-
lactic and/or therapeutic effects of (R)-ketamine on systemic
inflammation, neuroinflammation, and delirium-related
cognitive impairment produced by LPS (5§ mg/kg)-induced
endotoxemia.

Materials and method
Animals

Adult male C57BL/6 mice (aged 8 weeks) were purchased
from Japan SLC Inc. (Hamamatsu, Shizuoka, Japan). Mice
were housed under controlled conditions for temperature and
humidity, 12-h light/dark cycles (lights on 07:00-19:00), and
allowed free access to food (CE-2; CLEA Japan, Inc., Tokyo,
Japan) and water. All experiments with the mice were car-
ried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of
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the National Institutes of Health, USA, and approved by the
Chiba University Institutional Animal Care and Use Com-
mittee (permission number: 2-308). Animals were deeply
anesthetized with inhaled isoflurane and rapidly killed by
cervical dislocation. All efforts were made to ameliorate
animal suffering.

Administration and behavioral tests

The mice were randomly divided to three groups (n=10/
group). Saline (10 ml/kg) or lipopolysaccharides (LPS;
5 mg/kg, Sigma-Aldrich, Tokyo, Japan) was given intra-
peritoneally (i.p.) to mice (Fig. 1a). (R)-Ketamine hydro-
chloride was prepared by recrystallization of (R,S)-ketamine
(Ketalar®, ketamine hydrochloride, Daiichi Sankyo Phar-
maceutical Ltd., Tokyo, Japan) and p-( —)-tartaric acid, as
described previously (Zhang et al. 2014a). The dose (10 mg/
kg as hydrochloride) of (R)-ketamine dissolved in the 0.9%
saline was used as previously reported (Fujita et al. 2020;
Zhang et al. 2014a, b, 2018, 2019). Saline (10 ml/kg) or
(R)-ketamine (10 mg/kg) was administrated to mice in three
different protocols as follows: (1) a single administration
of (R)-ketamine 24 h prior to LPS injection; (2) a single
administration of (R)-ketamine 10 min after LPS injection;
and (3) (R)-ketamine was injected twice 24 h before and
10 min after LPS injection.

The mice were deeply anesthetized with inhaled isoflu-
rane (5%) 24 h after injection of saline or LPS. Blood was
collected via cardiac puncture, placed into tubes containing
ethylenediaminetetraacetic acid (EDTA), and immediately
centrifuged at 3000 g for 5 min at 4 °C to get plasma and
then stored at — 80 °C until bioanalysis. The bilateral pre-
frontal cortex (PFC) and hippocampus were collected rap-
idly and stored at — 80 °C until bioanalysis. The weights of
spleens were recorded immediately after spleen removal.

Behavioral tests

The Y maze test and buried food test have been shown to
be capable of assessing delirium (Peng et al. 2016). The Y
maze test was performed 26 h before and 22 h after a single
injection of saline or LPS to assess the spatial recognition
memory (learned behavior). The buried food test was per-
formed 24 h before and 24 h after a single injection of saline
or LPS to assess the natural behavior.

The Y maze test was performed as described previ-
ously with a litter modification (Peng et al. 2016). Each
maze consisted of three equal arms (30 cm length X8 cm
width X 15 cm height) termed novel, start, and other, which
were at a 120° angle from each other. The first training trial
was 10 min in duration; the novel arm was blocked but the
mouse could explore the other two open arms. After 1 h, the
second retention trial (retention) was conducted. The mouse
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Fig. 1 Effects of combined prophylactic and therapeutic use of (R)-
ketamine on spleen weight after LPS treatment. a Treatment sched-
ule. Adult mice were intraperitoneally injected with lipopolysaccha-
rides (LPS, 5 mg/kg) or saline (10 ml/kg). (R)-Ketamine (10 mg/kg)
or saline (10 ml/kg) were intraperitoneally injected to mice at 24 h
before and 10 min after LPS injection. Spleen was collected 24 h
after injection of LPS or saline. b Body weight loss in mice treated

with (R)-ketamine or saline 24 h after LPS injection (unpaired Stu-
dent’s t test: t=2.385, P=0.0283). ¢ Representative picture of spleen
and spleen weight (one-way ANOVA: F,,;=20.51, P<0.0001).
d The ratio of spleen weight/body weight (one-way ANOVA:
F,,,=29.06, P<0.0001). Data are shown as mean+SEM (n=10/

group). "P<0.05, ““P<0.0001. LPS, lipopolysaccharides; R-KT,
(R)-ketamine
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was placed back in the same start arm with free access to all
3 arms for 5 min. A video camera was installed 60 cm above
the chamber to record the number of entries and the time
spent in the novel arm. Each of the arms of the Y maze was
cleaned with 75% ethanol solution between trials.

The buried food test was conducted as described previ-
ously with slight modifications (Peng et al. 2016). Two days
prior to the test, each mouse was given several pieces of
sweetened cereal. On the day of the test, the test cage was
prepared with clean bedding with a height of 3 cm, and 1
sweetened cereal pellet was buried 0.5 cm below the surface
of bedding in one corner of the test cage. The mouse was
then placed in the diagonal corner to explore for 5 min, and
the latency of finding the buried cereal pellet was recorded.
Latency was defined as the time between when the mouse
was placed in the test cage and when the mouse grasped
the cereal pellet in its forepaws or teeth. If the mouse could
not find the buried cereal pellet within 5 min, the latency
was recorded as 5 min. The bedding from the test cage was
changed and the test cage was cleaned with 75% ethanol
solution after each test.

Enzyme-linked immunosorbent assay (ELISA)

Plasma levels of IL-6 (Cat number: 88—7064, Invitrogen,
Camarillo, CA, USA), IL-17A (Cat number: RK00039,
ABclonal, Inc., Tokyo, Japan), and IFN-y (Cat number:
RKO00019, ABclonal, Inc., Tokyo, Japan) were measured
using commercial ELISA kits according to the manufac-
turer’s instructions.

Western blot

Tissue samples from the PFC and hippocampus were
homogenized in ice-cold Laemmli lysis buffer and then
centrifuged at 3000 g for 10 min at 4 °C to get the super-
natants. The protein concentrations were quantified using a
bicinchoninic acid (BCA) protein assay kit (Bio-Rad, Her-
cules, CA). The samples were then mixed with an equal
volume of loading buffer (125 mM Tris/HCI, pH 6.8, 20%
glycerol, 0.1% bromophenol blue, 10% p-mercaptoethanol,
and 4% sodium dodecyl sulfate) and boiled for 10 min at
95 °C. Proteins were separated using 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
gels Mini-PROTEAN® TGX™ Precast Gel; Bio-Rad) and
then transferred onto polyvinylidene difluoride (PVDF)
membranes using a Trans Blot Mini Cell (Bio-Rad). The
membranes were blocked with 5% skim milk in TBS with
0.1% Tween 20 (TBST) for 1 h at room temperature and
then incubated with the following primary antibodies: rabbit
polyclonal anti-ionized calcium-binding adapter molecule
1 (Iba-1; 1:1,000, Cat number: 016-20,001, Wako Pure
Chemical Industries, Ltd., Tokyo, Japan), rabbit monoclonal
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anti-IL-6 (1:1,000, Cat number: 129128, Cell Signaling
Technology, Inc., Danvers, MA, USA), rabbit monoclo-
nal anti-IL-17A (1:1,000, Cat number: A0688, ABclonal,
Inc., Tokyo, Japan), rabbit monoclonal anti-IFN-y (1:1,000,
Cat number: A12450, ABclonal, Inc., Tokyo, Japan), rab-
bit monoclonal anti-inducible nitric oxide synthase (iNOS;
1:1,000, Cat number: ab3523, Abcam, Cambridge, MA,
USA), and mouse monoclonal anti-p-actin (1:10,000,
Sigma-Aldrich Co., Ltd., St Louis, MO, USA) overnight at
4 °C. After three washes with TBST, the membranes were
incubated with horseradish peroxidase (HRP)-conjugated
anti-rabbit or anti-mouse antibody (1:5,000) for 1 h at room
temperature. After being washed three washes with TBST,
the bands were visualized using enhanced chemilumines-
cence (ECL) plus the Western Blot Detection system (GE
Healthcare Bioscience) and captured by ChemiDoc™ Touch
Imaging System (170-01,401; Bio-Rad Laboratories, Her-
cules, CA). The images were subjected to grayscale analysis
using Image Lab™ 3.0 software (Bio-Rad Laboratories).

Statistical analysis

Data were expressed as the mean + standard error of the
mean (S.E.M). Data were analyzed using one-way analy-
sis of variance (ANOVA) followed by post-hoc Newman-
Keuls’s multiple comparison tests. Correlation was analyzed
by Pearson correlation. P <0.05 was considered to be statis-
tically significant. Statistical analysis was performed using
SPSS version 20.0 software (SPSS, Tokyo, Japan).

Results

Effects of (R)-ketamine on spleen weight and plasma
levels of inflammatory cytokines after LPS
treatment

First, we examined the effects of (R)-ketamine (10 mg/kg)
in three different protocols on the spleen weight and plasma
levels of inflammatory cytokines in mice after LPS treatment
(Fig. 1a). Treatment with (R)-ketamine (twice, 24 h before
and 10 min after LPS injection) significantly decreased the
body weight loss (Fig. 1b) and attenuated LPS-induced
increase in the spleen weight (Fig. 1c) and the ratio of spleen
weight/body weight at 24 h after LPS injection (Fig. 1d).
Previously, we reported increased spleen weight and
inflammatory cytokines in blood after administration of a
low dose of LPS (0.5 mg/kg) (Zhang et al. 2020). Here,
we examined whether (R)-ketamine (10 mg/kg) attenuates
increases in plasma levels of cytokines and spleen weight
in mice after LPS (5 mg/kg) administration (Fig. 2a). Treat-
ment with (R)-ketamine (twice, 24 h before and 10 min after
LPS injection) significantly attenuated the increase in the
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Fig.2 Effects of combined prophylactic and therapeutic use of (R)-
ketamine on plasma inflammatory cytokines after LPS treatment. a
Treatment schedule. Adult mice were intraperitoneally injected with
lipopolysaccharides (LPS, 5 mg/kg) or saline (10 ml/kg). (R)-Keta-
mine (10 mg/kg) or saline (10 ml/kg) were intraperitoneally injected
to mice at 24 h before and 10 min after LPS injection. Plasma was
collected 24 h after injection of LPS or saline. b Plasma levels of
IL-6 (one-way ANOVA: F,;=27.14, P<0.0001). ¢ Plasma levels
of IL-17A (one-way ANOVA: F,;=10.26, P=0.0005). d Plasma

plasma levels of IL-6, IL-17A, and IFN-y after LPS (5 mg/
kg) administration (Fig. 2b—d). Interestingly, there were
positive correlations between the spleen weight and plasma
levels of inflammatory cytokines (IL-6, IL-17A, or IFN-y)

levels of IFN-y (one-way ANOVA: F,,;=3.519, P=0.0439). e
There was a positive correlation (r=0.599, P=0.001) between spleen
weight and plasma IL-6. f There was a positive correlation (r=0.451,
P=0.012) between spleen weight and plasma IL-17A. g There was
a positive correlation (r=0.641, P<0.001) between spleen weight
and plasma IFN-y. Data are shown as mean+SEM (n=10/group).
“P<0.05, " P<0.01, " P<0.0001. IFN-y, interferon; IL, interleukin;
LPS, lipopolysaccharides; R-KT, (R)-ketamine

in the three groups (Fig. 2e—g), indicating a close associa-
tion between inflammation in the periphery and increased
spleen weight. The data are consistent with our previous
report (Zhang et al. 2020).
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In contrast, pretreatment with (R)-ketamine (24 h before
LPS injection) did not alter the spleen weight and the ratio
of spleen weight/body weight in mice after LPS administra-
tion (Supplemental Fig. 1a—d). In addition, a single admin-
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not affect the spleen weight, the ratio of spleen weight/body
weight, and the plasma levels of inflammatory cytokines
(IL-6, IL-17A, and IFN-y) after LPS administration (Sup-
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«Fig. 3 Effects of combined prophylactic and therapeutic use of (R)-
ketamine on the neuroinflammation and cognitive function after
LPS treatment. a Treatment schedule. Adult mice were intraperi-
toneally injected with lipopolysaccharides (LPS, 5 mg/kg) or saline
(10 ml/kg). (R)-Ketamine (R-KT; 10 mg/kg) or saline (10 ml/kg)
were intraperitoneally injected to mice at 24 h before and 10 min
after LPS injection. The Y maze test was performed 26 h before and
22 h after injection of LPS or saline. The buried food test was per-
formed 24 h before and 24 h after injection of LPS or saline. The
prefrontal cortex (PFC) and hippocampus were collected immedi-
ately after the buried food test. b, ¢ Western blot analysis of ionized
calcium-binding adapter molecule 1 (Iba-1) and B-actin in the PFC
(one-way ANOVA: F, ,,=7.494, P=0.0026) and hippocampus (one-
way ANOVA: F,,;=5.805, P=0.0080). d, e Western blot analy-
sis of IL-6 and B-actin in the PFC (one-way ANOVA: F, ,;=4.811,
P=0.0163) and hippocampus (one-way ANOVA: F,,;=3.822,
P=0.0345). f, g Western blot analysis of IL-17A and p-actin in the
PFC (one-way ANOVA: F, ,;=6.467, P=0.0072) and hippocampus
(one-way ANOVA: F, ,,=6.701, P=0.0043). h, i Western blot analy-
sis of IFN-y and f-actin in the PFC (one-way ANOVA: F, ,,=5.897,
P=0.0075) and hippocampus (one-way ANOVA: F,,;=5.999,
P=0.0070). j, k Western blot analysis of iNOS and fp-actin in the
PFC (one-way ANOVA: F,,;=10.45, P=0.0004) and hippocam-
pus (one-way ANOVA: F2,27=7.673, P=0.0023). 1, m Entries in the
novel arm (one way ANOVA: F,,;=16.11, P<0.0001) and dura-
tion in the novel arm (one way ANOVA: F, »,=6.941, P=0.0037)
in the Y maze test. n The latency to eat food in the buried food test
(one-way ANOVA: F,,;=10.75, P=0.0004). Data are shown as
mean+SEM (n=10/group). "P<0.05, “P<0.01, ““P<0.0001.
IFN-y, interferon; IL, interleukin; iNOS, inducible nitric oxide syn-
thase

Effects of (R)-ketamine on the neuroinflammation
and delirium-related cognitive impairment after LPS
administration

Western blot analysis showed increased expression of Iba-1,
IL-6, IL-17A, IFN-y, and iNOS in both the PFC and hip-
pocampus after LPS (5 mg/kg) administration. Increased
protein levels of Iba-1, IL-6, IL-17A, IFN-y, and iNOS in
both the PFC and hippocampus by LPS were significantly
attenuated by the combined prophylactic and therapeutic use
of (R)-ketamine (Fig. 3b—k).

In the Y maze test, LPS (5 mg/kg) significantly reduced
the number of mice’s entries and duration in the novel arm
as compared to the saline control (Fig. 31, m), suggesting
cognitive impairment. LPS-induced reduction of entries and
duration in the novel arm was significantly attenuated by the
combined prophylactic and therapeutic use of (R)-ketamine
(Fig. 31, m).

The buried food test has been used to check for the ability
to smell volatile odors (Peng et al. 2016). Combined prophy-
lactic and therapeutic use of (R)-ketamine significantly attenu-
ated LPS (5 mg/kg, 24 h after injection)-induced increase in
the latency of mice to eat the food as compared to the saline
control (Fig. 3n). In contrast, a single administration of (R)-
ketamine (i.e., 24 h before or 10 min after LPS injection) did

not affect the latency to eat the food as compared to the saline
control (Supplemental Fig. 1h, 2e).

Discussion

The major findings of this study are as follows: first, systemic
administration with high dose of LPS (5 mg/kg) caused an
increase in the systemic inflammation, neuroinflammation,
and delirium-related cognitive impairment, consistent with the
previous reports (Hoogland et al. 2018; Oliveira-Lima et al.
2019; Yang et al. 2020). Furthermore, we found a notable
protective effects of (R)-ketamine on LPS-induced delirium-
related cognitive impairment, which could be associated
with substantially significant decrease in the pro-inflamma-
tory cytokines in the plasma, and a decrease in the activated
microglia and pro-inflammatory cytokines in both the PFC
and hippocampus. Importantly, the treatment with (R)-ket-
amine (twice, 24 h before and 10 min after LPS injection)
could reverse LPS-induced splenomegaly, systemic inflam-
mation, neuroinflammation, and delirium-related cognitive
impairment. In contrast, a single injection of (R)-ketamine
(24 h before LPS injection or 10 min after LPS injection)
did not protect against LPS-induced inflammatory events in
mice. Collectively, it is likely that (R)-ketamine might have
prophylactic and therapeutic effects for LPS-induced cogni-
tive impairment.

The systemic administration of bacterial LPS to mice could
trigger systemic inflammatory response, resulting in delirium
and related cognitive impairment (Biesmans et al. 2013;
Oliveira-Lima et al. 2019; Sultan et al. 2021; Yamanashi et al.
2021). Accumulating evidences suggested a close relationship
between systemic inflammation-induced neuroinflammation
and delirium-related cognitive impairment (Annane and Shar-
shar 2015; Jackson et al. 2009; Schmidt et al. 2002; Sultan
et al. 2021; Yamanashi et al. 2021). The pathophysiology of
delirium and its related cognitive impairment remains unclear.
It has been reported that systemic administration of LPS could
induce the release of pro-inflammatory cytokines and media-
tors in the brain, indicating that systemic inflammation could
induce neuroinflammation in the brain (Hoogland et al. 2018;
Sun et al. 2015; Yang et al. 2020). Activation of microglia
cells and elevation of inflammatory cytokines [i.e., IL-1p,
IL-6, IL-17A, TNF-a, IFN-y, MCP-1, iNOS, and cyclooxy-
genase-2 (COX-2)] in the cortex and hippocampus after LPS
administration have been suggested to play key roles in the
pathophysiology of endotoxemia-derived cognitive impair-
ment (Cunningham and Sanderson 2008; Curtin et al. 2009;
Griffin et al. 2013; Hennessy et al. 2017; Hoogland et al.
2018; Jachne et al. 2015; Lestage et al. 2002; Oliveira-Lima
et al. 2019; Seemann and Lupp 2016; Skelly et al. 2019; Sun
et al. 2015; Yang et al. 2020). It is reported that LPS-induced
acute cognitive impairment can be reduced by systemic
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administration of IL-1 receptor antagonist (Cunningham and
Sanderson 2008; Curtin et al. 2009; Griffin et al. 2013; Hen-
nessy et al. 2017; Hoogland et al. 2018; Jaehne et al. 2015;
Lestage et al. 2002; Oliveira-Lima et al. 2019; Seemann and
Lupp 2016; Skelly et al. 2019; Sun et al. 2015; Yang et al.
2020). Systemic neutralization of IL-17A could attenuate
LPS-induced activation of microglia cells, an increase in
the hippocampal inflammatory mediators (i.e., IL-6, TNF-
a, iNOS, and COX-2), and cognitive impairment (Sun et al.
2015). Microglia cells can produce various pro-inflammatory
cytokines in the brain after LPS exposure (Fu et al. 2018; Peng
et al. 2017). IL-17A plays important roles in the activation of
microglia cells and it stimulates the synthesis and secretion of
inflammatory cytokines (i.e., IL-6 and TNF-a) from activated
microglia cells, in a dose-dependent manner (Fu et al. 2018;
Peng et al. 2017). Collectively, the current data suggest that
(R)-ketamine could produce potent anti-inflammatory effects
in LPS (5 mg/kg)-treated mice although its precise mecha-
nisms are currently unclear.

The PFC has been shown to play important roles in cogni-
tive and behavioral functions (i.e., working memory, deci-
sion-making, autism, and depression) in humans and rodents
(D’Esposito and Postle 2015; Pu et al. 2020; Yang et al. 2017;
Zhang et al. 2018). Impairment in cognitive domains such as
cognitive deficits and behavioral flexibility has been shown to
be associated with a dysregulation of PFC activity (Karlsgodt
et al. 2009). Hippocampus is also a key brain region involved
in the pathogenesis of cognitive deficits (Lisman et al. 2017).
Systemic LPS injection-induced neuroinflammation in the
PFC and hippocampus contributes essentially to cognitive
impairment (Griffin et al. 2013; Hennessy et al. 2017; Mak-
inson et al. 2019; Sun et al. 2015). In this study, we found that
treatment with (R)-ketamine (twice, 24 h before and 10 min
after LPS injection) significantly attenuated LPS (5 mg/kg)-
induced increase in the plasma levels of pro-inflammatory
cytokines (IL-6, IL-17A, and IFN-y), which was accompanied
by a significant reduction in the protein expression of Iba-1,
pro-inflammatory cytokines (IL-6, IL-17A, and IFN-y), and
iNOS in the PFC and hippocampus. The data suggest that
combined prophylactic and therapeutic use of (R)-ketamine
could improve LPS-induced cognitive impairment through
potent anti-inflammatory actions in the periphery and CNS.

In contrast, a single prophylactic (24 h before LPS injec-
tion) or therapeutic (10 min after LPS injection) use of (R)-
ketamine had no significant protective effects on splenomeg-
aly, systemic inflammation, and cognitive impairment in LPS
(5 mg/kg)-treated mice. Interestingly, the previous studies
demonstrated that pre- or post-treatment with (R,S)-ketamine
could exert protective effects against inflammatory responses
induced by administration of LPS (0.5-1.0 mg/kg) (Huang
et al. 2019a, b; Mastrodonato et al. 2020). Post-treatment with
(R)-ketamine could also attenuate LPS (0.5 mg/kg)-induced
depression-like behaviors in mice (Yamaguchi et al. 2018;
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Yang et al. 2017). In this study, we found that a single pre- or
post-treatment with (R)-ketamine had no significant effects
on systemic inflammation and cognitive impairment induced
by LPS (5 mg/kg, i.p.), suggesting that single pre- or post-
treatment with (R)-ketamine could not exert anti-inflamma-
tory effects on LPS (5 mg/kg)-induced systemic inflammation
and neuroinflammation. At present, the precise mechanisms
underlying potent anti-inflammatory action by treatment with
(R)-ketamine (twice, 24 h before and 10 min after LPS injec-
tion) are unclear. Further detailed study is needed.

From the current data, it is unclear whether (R)-ketamine
could ameliorate inflammation in the periphery and brain
independently. We previously reported that blockade of
IL-6 receptor in the periphery promoted rapid and sustained
antidepressant-like effects in a chronic social defeat stress
model although intracerebroventricular injection of IL-6
receptor antibody did not exert antidepressant-like effects in
the same model (Zhang et al. 2017). Thus, it is possible that
anti-inflammatory effects in the periphery might contribute
to anti-neuroinflammatory effects in the brain, resulting in
improvement of depression-like behaviors. Collectively, it is
likely that the close relationship between systemic inflamma-
tion-induced neuroinflammation and delirium-related cogni-
tive impairment may play a role in the beneficial effects of
(R)-ketamine although further study is needed.

Postoperative delirium is a form of delirium in patients
who have undergone surgery and anesthesia, usually peak-
ing 1-3 days after their operation. Furthermore, postopera-
tive delirium and cognitive impairment have been associ-
ated with increased mortality (Deiner and Silverstein 2009;
Duning et al. 2021; Whitlock et al. 2011). It is, therefore,
very important to prevent the development of postoperative
delirium and cognitive impairment. Since there are several
intraoperative risk factors for delirium, it is of great inter-
est to prevent postoperative delirium in patients who have
undergone surgery. From the current data, it is possible that
(R)-ketamine might have prophylactic effects for postoperative
delirium and cognitive impairment in patients with surgery. A
phase 1 study showed safety profile of (R)-ketamine in healthy
subjects (Wei et al. 2021). Therefore, a future randomized
double-blind placebo-controlled trial of (R)-ketamine is of
great interest to prevent the development of postoperative
delirium and cognitive impairment.

Conclusions

Combined prophylactic and therapeutic use of (R)-ketamine
could attenuate systemic inflammation, neuroinflammation,
and delirium-related cognitive impairment in mice after
administration of high dose of LPS. Our understanding
of beneficial actions of (R)-ketamine in the LPS-induced
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neuroinflammation will undoubtedly shed light on novel
therapeutic strategies for the treatment of bacterial LPS-
induced delirium and related cognitive impairment.
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