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Purpose: This study aimed to assess the protective effect of a clinical dose esketamine on cerebral ischemia/reperfusion (I/R) injury
and to reveal the potential mechanisms associated with microglial polarization and autophagy.

Methods: Experimental cerebral ischemia was induced by middle cerebral artery occlusion (MCAO) in adult rats and simulated by
oxygen-glucose deprivation (OGD) in BV-2 microglial cells. Neurological and sensorimotor function, cerebral infarct volume,
histopathological changes, mitochondrial morphological changes, and apoptosis of ischemic brain tissues were assessed in the
presence or absence of esketamine and the autophagy inducer rapamycin. The expression of biomarkers related to microglial M1
and M2 phenotypes in the ischemic brain tissues was determined by immunofluorescence staining and RT-qPCR, and the expression of
proteins associated with autophagy and the AKT signaling pathway in the ischemic brain tissues was assayed by Western blotting.
Results: Esketamine alone and esketamine combined with rapamycin alleviated neurological impairment, improved sensorimotor
function, decreased cerebral infarct volume, and mitigated tissue injury in the MCAO rats. Importantly, esketamine promoted
microglial phenotypic transition from M1 to M2 in both the MCAO rats and the OGD-treated BV-2 microglia, induced autophagy,
and inactivated AKT signaling. Furthermore, the effects of esketamine were enhanced by addition of autophagy inducer rapamycin.
Conclusion: Esketamine at a clinical dose attenuates cerebral I/R injury by inhibiting AKT signaling pathway to facilitate microglial
M2 polarization and autophagy. Furthermore, esketamine combined autophagy inducer can provide an improved protection against
cerebral I/R injury. Thus, this study provides new insights into the neuroprotective mechanisms of esketamine and the potential
therapeutic strategies of cerebral I/R injury.
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Introduction

Stroke is an acute cerebrovascular disease characterized by a sudden disruption in cerebral blood flow, ranks as the
second in the most common cause of global mortality." As a predominant type of stroke, ischemic stroke accounts for
70-80% of cases, which seriously threatens the quality of life in the middle-aged and elderly populations.” Restoring
blood supply remains the standard treatment strategy for ischemic stroke, but reperfusion of blood flow inevitably leads
to serious tissue injury in the ischemic territory, which is called as cerebral ischemia/reperfusion (I/R) injury,”* by mainly
manifested as neuron necrosis in the core area of cerebral infarction.” The cerebral I/R injury can eventually cause
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neurological dysfunction and consciousness impairment. Hence, there is an urgent need to develop safer and more
effective treatment strategies for ischemic strokes.

Accumulating evidence highlights the important role of microglia-mediated neuroinflammation in the pathogenesis of
cerebral I/R injury.®” As the resident immune cells in the brain, microglia are ubiquitously present in the central nervous
system and have been regarded as the first line of defense against ischemic stroke.® When cerebral ischemia occurs,
microglia can be rapidly activated and recruited to the ischemic and penumbra areas to participate in the monitoring of
the microenvironment.”'® The activated microglia are able to phenotypically differentiate into the two phenotypes, that
is, the “classically activated” M1 and “alternatively activated” M2. M1-like microglia secrete and release proinflamma-
tory cytokines that exert deleterious effects on neuronal injury. In contrast, microglia with an M2-like phenotype produce
anti-inflammatory mediators and facilitate repair and regeneration of damaged neuronal tissues.'' Therefore, the
exploration of effective candidates to inhibit M1 polarization of microglia or facilitate the phenotype shift of microglia
from M1 to M2 has become a research hotspot for alternative therapies for ischemic stroke.

Esketamine is a novel non-competitive N-methyl-D-aspartate (NMDA)-receptor antagonist that has been approved by
the FDA for therapy of treatment-resistant depression.'” Increasing clinical studies have elucidated that esketamine
promotes neuronal activation and neuroplasticity in the hippocampus.'*'* In a rat model of propofol-induced brain injury
and cognitive impairment, esketamine has been shown to improve the spatial learning and memory dysfunction, attenuate
the neurological injury and suppress apoptosis.'” Importantly, a recent work demonstrates that esketamine prevents
postoperative emotional disorders and neurocognitive dysfunction through inhibition of microglia M1 polarization in
ageing rats with preoperative sleep disturbance.'® Autophagy is a highly conserved homeostatic process, during which
autophagosomes devour and degrade damaged or aged organelles for further processing and recycling to maintain
cellular homeostasis.'” It is reported that esketamine can provide a protection against traumatic brain injury by inducing
autophagy and relieving oxidative stress in the mice model.'® Furthermore, enhanced microglial autophagy is attributable
to the polarization of microglia into an anti-inflammatory state under brain ischemic conditions.'*?° Thus, we hypothe-
sized that esketamine could regulate microglial polarization and autophagy, thereby providing a protection against
cerebral I/R injury. To validate this hypothesis, this experiment was designed to assess the effects of esketamine on
the cerebral I/R injury, microglia M1/M2 polarization and autophagy in the experimental cerebral I/R injury model
induced by middle cerebral artery occlusion (MCAO) and simulated by oxygen-glucose deprivation (OGD) in the BV-2
microglial cells. Given that the neuroprotection and neurotoxicity of ketamine are closely related to dose and frequency

of administration,>'*?

this experiment selected a clinical dose of esketamine. Our main purpose was to determine the
potential of clinical dose esketamine as a neuroprotective candidate for cerebral I/R injury, and to further reveal the

contributions of microglial polarization and autophagy to the neuroprotection of esketamine.

Materials and Methods

Experimental Animals

The experimental protocol was approved by the Animal Care and Use Committee of Beijing Friendship Hospital, Capital
Medical University (Number:22—1010, Date: 2023-02-08). Specific pathogen-free Sprague Dawley male rats (6 weeks
old) were obtained from Beijing HFK Bioscience Co., Ltd. Rats were housed under the conditions with a 12-h light-dark
cycle, temperature of 21-23 °C and a relative humidity of 60%-65%. All the animals had free access to rodent chow and
water. The animals were allowed to acclimatize for seven days before the initiation of the experiment. All experimental
procedures were performed in accordance with the Guidelines for Animal Experimentation of our institutes and Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.

BV-2 Cell Culture
The BV-2 microglia, provided by the BeNa Culture Collection (Beijing, China), were cultured in a high glucose

Dulbecco’s modified Eagle’s medium (DMEM; Biosharp, Guangzhou, China) supplemented with 10% fetal bovine
serum (FBS; Hyclone, UT, USA) under an atmosphere of 5% CO, at 37 °C.
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Establishment of Cerebral I/R Injury Model

The in vivo model of cerebral I/R injury was established by the MCAO method, as previously reported.*** After the
animals were anesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg), a skin incision was made
through the neck midline, and the right common carotid artery and the right external carotid artery were exposed. A 40
monofilament nylon suture coated with silicon was inserted into the right internal carotid artery through the external
carotid stump and advanced by approximately 18 mm to block blood flow in the right middle cerebral artery. After a 2-h
occlusion, the monofilament was removed to restore the blood flow of the right middle cerebral artery for 24-h of
reperfusion. The rats with Longa scores of 1 to 3 were considered successful MCAO models and used for follow-up
experiments.*>

Animal Grouping and Interventions

Using a random number table generated by a computer, the animals were divided into four groups (n=10 per group): the
control, MCAO, esketamine, and esketamine+rapamycin groups. Rats in the control group underwent the MCAO without
occlusion of blood flow. Animals in the MCAO group underwent the MCAQO. Animals in the esketamine group
underwent the MCAO and received 1.6 mg/kg esketamine through the tail vein 1.5 h after cerebral ischemia. The rats
in the esketamine+rapamycin group were intraperitoneally injected with the autophagy inducer rapamycin 1 mg/kg once
a day for 3 consecutive days before MCAO surgery and then underwent the same interventions as those in the esketamine
group. Rapamycin was prepared in 1 mL solution containing 2% dimethyl sulfoxide, 30% polyethylene glycol 300, 5%
Tween 80 and 63% normal saline. The rats in other groups were intraperitoneally injected with normal saline with same
volume for 3 consecutive days before MCAO surgery.

Neurological Deficit Assessment

After a 24-h reperfusion, the neurological deficits of animals were observed by the Longa scores as described in the
previous study.>® The Longa scores are classified into five grades (0—4 points). Grade I (0 points): normal performance
without any neurological deficits; Grade II (1 point): contralateral forepaws cannot fully extend; Grade III (2 points):
circling to the opposite side while walking; Grade IV (3 points): falling to the opposite side while walking; and Grade V
(4 points): no spontaneous walking or loss of consciousness.

Motor Function Evaluation

After 24-h of reperfusion, the sticky label test was used to assess motor and neural function recovery in animals after
cerebral I/R injury. As a training, this test was performed once a day for three consecutive days before MCAO surgery.
Briefly, the animals were fitted in a clean test cage for 60s and two pieces of square viscose paper with a side length of
3 mm were pasted on the palms of the two forelimbs. The rats were quickly placed in the test cage to observe and record
the time required to feel the paper and to tear it off.

Morris Water Maze (MWM) Test

The MWM test was carried out designed to evaluate the spatial learning and memory abilities of rats.*>*® The apparatus
consisted of a large circular pool (diameter, 150 cm; height, 40 cm; filled with depth of 30 cm water at 21.5 £ 1 °C). The
escape platform was submerged 2 cm below the water surface. On the second day after MCAO surgery, that is, after 24-h
of reperfusion, training was conducted for 5 consecutive days. In the first 5 days, the platform position was fixed, and
each animal was trained four times a day. Each time, a quadrant was randomly selected as the water inlet point, and the
rats were slowly placed in the water facing the pool wall and allowed to rest on the platform for 15s after reaching it in
less than 60 s. If it took more than 60 s to reach the platform, the investigator led it to stay on the platform for 15 s.
Escape latency and swimming distance were recorded. On the sixth day, the platform was removed, and the rat was
placed in the water at the same location as before to swim freely for 60 s. The number of times the rats crossed the
quadrant where the platform was located and the time spent in the target quadrant were measured and calculated. The
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ANY-maze video tracking system (Shanghai Jilang Software Technology Co., LTD, China) with a CCD camera was used
to analyze MWM behaviors.

Evaluation of Infarct Volume

After 24-h of reperfusion and completion of neurological assessment, the rats were euthanized with an intraperitoneal
injection of sodium pentobarbital (150 mg/kg). The brain was then rapidly removed and sliced into five coronal sections
with a thickness of 2 mm from the anterior to the posterior side. These brain tissues were stained with 2% 2, 3, 5-
triphenyltetrazolium chloride (TTC; Servicebio, Wuhan, China) solution at 37 °C for 15 min. Next, 4% paraformalde-
hyde was used to fix and preserve brain slices overnight. The infarcted brain tissues were stained white and the non-
infarcted regions were stained red. Images were photographed using an inverted microscope (Leica, Germany), and the
infarct volume was calculated using the ImagelJ software (National Institutes of Health, USA). The infarct area of each
layer of the brain slices was calculated, and the sum of the infarct area of each brain slice was multiplied by the thickness
(2 mm) to obtain the total infarct volume. The Infarct volume (%) = infarct volume/total volumex100%.’

Histopathological Changes of Brain

After 24-h reperfusion, histopathological changes in the ischemic area of the brain were analyzed using hematoxylin and
eosin (H&E) staining. Briefly, the brain tissues were placed in 4% paraformaldehyde for 24 h. Paraffin-embedded brain
sections (coronally sliced into 5 um-thick sections) were prepared and stained with H&E. Histopathological changes in
the hippocampus on the ischemic side were observed and images were taken under an inverted microscope (Leica).

Morphological Observation of Mitochondria

After a 24-h reperfusion, the fresh brain tissue in the ischemic area was fixed in 2.5% glutaraldehyde, post-fixed in 1%
osmium tetroxide, dehydrated in an ascending alcohol series, and embedded in epoxy resin. The ultrathin sections were
stained with uranyl acetate and lead citrate. Mitochondrial morphology was observed using a transmission electron
microscopy (Hitachi, Tokyo, Japan).

Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling (TUNEL)
Assay

Paraffin-embedded sections of ischemic brain tissues (5-um thick) were conventionally dewaxed with xylene and
rehydrated with gradient ethanol. After permeabilization with 20 pg/mL protein kinase K for 20 min, apoptosis was
assessed using the TUNEL assay (KeyGEN Biotech, Nanjing, China) according to the manufacturer’s recommendations.
The cells were observed using an optical microscope (Leica). The percentage of apoptotic cells in the ischemic brain
tissues was quantified using the ImageJ software (National Institutes of Health, USA).?®

Oxygen-Glucose Deprivation (OGD) Model and Interventions

The OGD model of BV-2 cells was established to mimic cerebral I/R injury, as previously described.>*>° The BV-2 cells
were cultured in the glucose-free DMEM for 6 h, 12, and 24 h in an incubator with 94% N,, 5% CO, and 1% O, at 37 °
C. To determine the appropriate time for OGD treatment to cause microglial activation, BV-2 cells were exposed to the
OGD treatment for 6, 12, and 24 h. As the percentage of Iba-1"CD16" positive cells was highest when the OGD
treatment lasted for 12 h, a 12-h OGD treatment was selected for the following experiment, in which BV-2 cells were
pretreated with 15 mg/L esketamine with or without 100 pmol/L rapamycin for 1 h before OGD treatment for 12 h.

Cell Viability Assay

Cell viability was evaluated using a cell counting kit-8 assay (CCK-8; Dojindo, Kumamoto, Japan). After the indicated
treatments, the BV-2 cells were treated with 10 pL. CCK-8 solution at 37 °C for 2 h according to the manufacturer’s
recommendations. The absorbance was measured at 450 nm using a microplate reader (Thermo Scientific,
Houston, USA).
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Immunofluorescence Assay

Microglial polarization was analyzed by co-immunostaining for Iba-1 and cluster of differentiation (CD)16, or Iba-1 and
CD206. Paraffin-embedded brain sections (5-um thick) were conventionally dewaxed with xylene and rehydrated with
gradient ethanol. The sections were permeabilized with 0.1% Triton X-100 (BioFROXX) for 3 min, followed by 5%
bovine serum albumin (BSA; BioFROXX) for 1 h. For the immunofluorescence staining, the BV-2 cells were fixed with
4% paraformaldehyde and permeabilized in 0.1% Triton X-100 (BioFROXX) for 3 min. Subsequently, the cells were
blocked with 5% BSA (BioFROXX) for 1 h at 37 °C. Then, the slides were exposed with Iba-1 (Servicebio, Wuhan,
China), CD16 (Proteintech, Chicago, IL, USA), and CD206 (Proteintech, Chicago, IL, USA) antibodies at 4 °C
overnight. After washing three times with PBS, the slides were incubated with the Cy3-labeled goat anti-rabbit IgG
(Servicebio, Wuhan, China) or the FITC-labeled goat anti-mouse IgG (Servicebio, Wuhan, China) antibody for 1 h at 37
°C. The nuclei were counterstained with Hoechst 33258 in the dark. Images were obtained using an inverted fluorescence
microscope (Leica).

Real-Time Quantitative PCR (RT-qPCR) Assay

Total RNA was isolated from brain tissues or cultured BV-2 cells using TRIzol reagent (Biosharp). Complementary DNA
was synthesized by reverse transcription using Vazyme HiScriptlIQ RT SuperMix (Cronda, Beijing, China) according to
the manufacturer’s instructions. The qPCR was performed using SYBR Green PCR Master Mix (Takara, Toyobo, Japan)
on an ABI 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The results were expressed as the
fold change from the control and analyzed using the 2 **“* method.?' p-actin was used as an endogenous control. Primer
sequences used in this study are listed in Table 1.

Western Blotting

Total proteins were extracted from the brain tissues and BV-2 cells using RIPA lysis buffer (Biosharp) and quantified
using bicinchoninic acid (BCA) protein assay kits (Biosharp) according to standard protocols. Equal amounts of protein
(40 pg/lane) were loaded into each well of a 12% SDS-PAGE gel for electrophoresis. The separated proteins were
transferred onto polyvinylidene fluoride membranes. The membranes were blocked with 5% BSA (BioFROXX) for 1 h.
Subsequently, the membranes were probed with primary antibodies against Belinl (Proteintech, Chicago, IL, USA),
LC3II/LC3I (Proteintech, Chicago, IL, USA), phospho-protein kinase B (p-AKT(Ser473)) (BIOSS, Beijing, China),

Table | The Primer Sequences Used in RT-qPCR

Genes Forward (5’ to 3') Reverse (5' to 3’)

In vivo experiment

CDI6 (rat) ATTTACAGAATGGCAAAGGCAAGA GGTAGAAAGCTGGAGGGAGACG
iNOS (rat) TTGGAGCGAGTTGTGGATTGTT GGTGAGGGCTTGCCTGAGTGA
CD206 (rat) CCTGGCCGCGTTCTTTCA GGCGTCTTGGACCCATTTCTC
Arg-1 (rat) TTTACAAGACAGGGCTACTTTCAGG TGATTACCTTCCCGTTTCGTTC
TNF-a (rat) GGCCACCACGCTCTTCTGTC TGGGCTACGGGCTTGTCACTC
IL-1B (rat) TCCCTGAACTCAACTGTGAAATAG GAAGCTCCACGGGCAAGA
IL-10 (rat) ACTGCTATGTTGCCTGCTCTTAC TGTGGGTCTGGCTGACTGG
B-actin (rat) CACCCGCGAGTACAACCTTC CCCATACCCACCATCACACC
In vitro experiment

CDI16 (mouse) AATGCACACTCTGGAAGCCAA CACTCTGCCTGTCTGCAAAAG
iNOS (mouse) GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
CD206 (mouse) CTCTGTTCAGCTATTGGACGC TGGCACTCCCAAACATAATTTGA
Arg-1 (mouse) CTCCAAGCCAAAGTCCTTAGAG GGAGCTGTCATTAGGGACATCA
TNF-0 (mouse) GGAACACGTCGTGGGATAATG GGCAGACTTTGGATGCTTCTT
IL-1B (mouse) TGCCACCTTTTGACAGTGATG TTCTTGTGACCCTGAGCGAC
IL-10 (mouse) CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGG
B-actin (mouse) GTCCCTCACCCTCCCAAAAG GCTGCCTCAACACCTCAACCC
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AKT (BIOSS, Beijing, China), and B-actin (Servicebio, Wuhan, China) at 4 °C overnight, followed by incubation with
HRP-conjugated secondary antibody for 1 h. The blotted protein bands were visualized by enhanced chemiluminescence
detection system (EMD Millipore Corporation, Massachusetts, USA). The grayscale was calculated using Imagel
software (National Institutes of Health, USA). The constitutively expressed protein, B-actin, was used as a loading
control.

Statistical Analysis

Data are displayed as the mean + standard deviation (SD), and statistical tests were performed using GraphPad Prism 8.0
version (GraphPad Software Inc., USA). Comparisons between multiple groups were performed using one-way analysis
of variance with post-hoc Tukey’s test. Statistical significance was set at a P value of less than 0.05.

Results

Esketamine Alleviated Neurological Dysfunction and Sensorimotor Impairments by
MCAO Surgery

As shown in Figure 1A, the MCAO group compared with the control group exhibited a significantly increased Longa
score, which was decreased by esketamine. Furthermore, the Longa score was significantly lower in the esketamine +
rapamycin group than in the esketamine group. The sticky-label test revealed that the MCAO surgery resulted in
significantly increased time required for contacting and removing the sticker in the left forelimb (Figure 1B and C).
However, these effects were significantly decreased by treatment with esketamine with or without rapamycin. The MWM
test indicated that all tested animals displayed a progressive reduction in escape latency and swimming distance with
training, suggesting that the rats learned the location of the platform had been placed (Figure 1D-F). However, escape
latency and swimming distance were significantly prolonged in the MCAO group compared to those in the control group,
implying that the MCAO surgery had a negative effect on neurocognitive function. In contrast, esketamine alone or in
combination with rapamycin markedly shortened escape latency and swimming distance, demonstrating an improvement
in MCAO-induced neurocognitive impairments. Moreover, compared with the control group, the MCAO group showed a
significantly decreased number of crossings and time spent in the target quadrant, which were increased in the
Esketamine and Esketamine+Rapamycin groups (Figure 1G and H). These results indicated that esketamine attenuates
neurological dysfunction and sensorimotor impairments induced by MCAO surgery.

Esketamine Reduced Cerebral Infarct Volume, Injury Severity and Apoptosis by
MCAO Surgery

No cerebral infarction occurred in the control group because there was no ischemic intervention. However, the MCAO
surgery produced a significant infarct volume in the right brain. The infarct volume in the right brain was significantly
decreased in the esketamine and esketamine + rapamycin groups compared to that in the MCAO group, but the difference
was not statistically significant (Figure 2A). Similarly, the control group had normal histopathological manifestations in
the brain, that is, the neuronal structures were clear and the cell membrane was intact. However, the MCAO surgery
resulted in significant histopathological abnormalities in the right ischemic brain area, such as degeneration, necrosis, and
neuronal arrangement disorder. Furthermore, esketamine alone or esketamine combined with rapamycin significantly
attenuated the histopathological abnormalities in the right ischemic brain area induced by the MCAO surgery, particularly
esketamine combined with rapamycin (Figure 2B). Transmission electron microscopy indicated that the neuronal
membrane was severely damaged, the nuclear membrane was damaged, the ridges were reduced and blurred, and the
number of mitochondria was obviously decreased in the ischemic brain tissues of the MCAO group, which was
significantly attenuated by esketamine combined with or without rapamycin (Figure 2C). Additionally, the MCAO
surgery caused a significant increase in TUNEL-positive cells in the ischemic brain tissues, but esketamine alone or
esketamine combined with rapamycin significantly reduced the MCAO surgery-induced increase in TUNEL-positive
cells in the ischemic brain tissues (Figure 2D). These data revealed that esketamine decreased the cerebral infarct
volume, tissue injury severity, and apoptosis induced by MCAO surgery.
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Figure | Esketamine alleviated neurological impairments and sensorimotor dysfunction by MCAO surgery. (A) Longa score (***P<0.001). (B and C) The times required to
contact and to remove the sticker during the double-sided sticker removal experiment (***P<0.001). (D) Navigational path map of the MWM test in each group; (E and F)
Mean daily escape latencies and swimming distance of rats in the MWM test (*P<0.05 vs control group; #P<0.05 vs MCAO group; *P < 0.05 vs Esketamine group). (G and H)
Numbers of platform crossing and time spent in the target quadrant of rats during the probe trial (*P<0.05, **P<0.01, **P< 0.001). n=10.

Abbreviations: MCAO, middle cerebral artery occlusion; MWM, Morris Water Maze; R, right side; L, left side; d, day.

Esketamine Promoted the Phenotypic Transition of Microglia from M1 to M2 in the
MCAOQO Rats

Both immunofluorescence staining and RT-qPCR assays were used to measure the expression of biomarkers associated
with microglial phenotypes: Iba-1"CD16", inducible nitric oxide synthase (iNOS), tumor necrosis factor-a (TNF-o), and
interleukin-1p (IL-1p) for M1 microglia, and Iba-1"CD206", Arginase-1 (Arg-1), and interleukin-10 (IL-10) for M2
microglia. As shown in Figure 3A and B, the expression of Iba-1"CD16" in the ischemic brain tissues was significantly
increased, and the expression of Iba-1"CD206" was significantly lower in the MCAO group than in the control group.
However, esketamine alone or esketamine combined with rapamycin significantly restored the above expression changes
caused by the MCAO surgery in both Iba-1"CD16" and Iba-1"CD206 ", especially esketamine combined with rapamycin.
Compared with the control group, the mRNA expression of CD16, iNOS, TNF-a, and IL-1p in the ischemic brain tissues
was significantly elevated, but the mRNA expression of CD206, Arg-1, and IL-10 in the ischemic brain tissues was
evidently reduced in the MCAO group. Both esketamine alone and esketamine combined with rapamycin significantly
alleviated the expression changes of the above biomarkers induced by MCAO surgery, and the weakening effects of

esketamine combined with rapamycin on the expression changes of these biomarkers were stronger than those of
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Figure 2 (A) Representative TTC-stained cerebral slices and the between-group comparisons of infarct volume; (B) The histopathological changes of hippocampus in the
ischemic side with H&E staining. Scale bar = 50 pum; (C) Mitochondrial morphological changes using transmission electron microscope. Scale bar = 5 um; (D) Representative

pictures of apoptosis in the ischemic brain tissues using TUNEL staining and the between-group comparisons for the percents of TUNEL positive cells. *P<0.01; ***P<0.001.
Scale bar = 50 um. n=5.

Abbreviations: MCAO, middle cerebral artery occlusion; TTC, 2% 2, 3, 5-triphenyltetrazolium chloride; H&E, hematoxylin-eosin; TUNEL, terminal deoxynucleotidyl
transferase-mediated dUTP Nick end labeling.

esketamine alone (Figure 4A and B). These results indicate that the MCAO surgery facilitates microglial M1 phenotype
expression and inhibits microglial M2 phenotype expression, whereas esketamine may reverse these changes induced by
the MCAO surgery by promoting the phenotypic transition of microglia from M1 to M2.
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Figure 3 Esketamine promoted the phenotype transition of microglia from M| to M2 in the MCAO rats. Representative images of double immunofluorescence staining for

Iba-1"CD16" (A) and Iba-1"CD206" (B) in the peri-infarct regions and the between-group comparisons of their quantitative data. **P < 0.01, ***P<0.001. Scale bar = 50 pm.
n=5.
Abbreviation: MCAO, middle cerebral artery occlusion.

Esketamine Enhanced Autophagy and Inhibited AKT Signaling Activation in the MCAO
Rats

Western blotting was performed to determine the cerebral expression of autophagy biomarkers including Beclinl and
LC3II/LC3I. As shown in Figure 5A, the expression of Beclinl and LC3II/LC3I in the ischemic brain tissue was
significantly downregulated by the MCAO surgery. Esketamine significantly decreased the inhibitory effects of MCAO
surgery on the cerebral expression of Beclinl and LC3II/LC3I. The addition of rapamycin further enhanced the effects of
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Figure 4 Esketamine promoted the expression of microglia M2 phenotype biomarkers and inhibited the expression of microglia M| phenotype markers in the MCAO rats. (A)
The between-group comparisons for mRNA expression of microglia M| (CD16 and iNOS) and M2 (CD206 and Arg-1) phenotype biomarkers in the ischemic brain tissues by
RT-qPCR; (B) The between-group comparisons for mRNA expression of TNF-o, IL-1f and IL-10 in the ischemic brain tissues by RT-qPCR. **P < 0.01, **P < 0.00I. n=5.
Abbreviations: MCAO, middle cerebral artery occlusion; iNOS, inducible nitric-oxide synthase; Arg-1, Arginase-1; TNF-o, tumor necrosis factor-o; IL- 1B, interleukin-1f;
IL-10, interleukin-10.

esketamine on the cerebral expression of the above biomarkers, but significant between-group differences were not
observed. Additionally, p-AKT expression in the ischemic brain tissues was elevated by the MCAO surgery compared to
that in the control group (Figure 5B). Both esketamine alone and esketamine combined with rapamycin significantly
inhibited the cerebral expression of p-AKT after MCAO surgery; however, the inhibitory effects of esketamine combined
with rapamycin were more significant than those of esketamine alone. These results indicate that esketamine enhances
autophagy and inhibits AKT signaling activation in the MCAO rats.

The OGD Treatment Suppressed Phenotypic Transition of Microglia from M| to M2
The results of in vitro experiments using BV-2 microglia are shown in Figure 6A and B. The OGD treatment significantly
increased the percentage of Iba-1"CD16" cells and decreased that of Iba-1°'CD206" cells. As the percentage of Iba-
1"CD16"-positive cells was the highest when the OGD treatment lasted for 12 h, a 12-h OGD treatment was selected for
further experiments. Collectively, OGD treatment suppressed the transition of microglia from the M1 to M2 phenotype.

Esketamine Increased the Viability of OGD-Treated BV-2 Microglia and Facilitated the

Phenotypic Transition of Microglia from M| to M2

As displayed in Figure 7A, 12-h OGD treatment resulted in significantly decreased viability of BV-2 microglia compared
to the control treatment. However, both esketamine alone and esketamine combined with rapamycin significantly
increased the viability of OGD-treated BV-2 microglia, and the effect of esketamine combined with rapamycin was
significantly stronger than that of esketamine alone (Figure 7B and C). Moreover, both the increase in the M1 microglia
labeled with Iba-1"CD16" and the decrease in the M2 microglia labeled with Iba-1"CD206" induced by the OGD
treatment were reversed by the addition of esketamine with or without rapamycin. In addition, the OGD treatment
significantly elevated the mRNA expression of M1 microglia-related biomarkers (CD16 and iNOS) but reduced the
mRNA expression of M2 microglia-related biomarkers (CD206 and Arg-1), upregulated TNF-a and IL-1f expression,
and downregulated IL-10 expression (Figure 8A and B). Esketamine significantly inhibited the effects of OGD treatment
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Figure 5 Esketamine enhanced autophagy and inhibited AKT signaling activation in the MCAO rats. (A) Representative Western blotting images for expression of
autophagy-related markers in the ischemic brain tissues and the between-group comparisons of their quantitative data; (B) Representative Western blotting images for
expression of p-AKT and AKT in the ischemic brain tissues and the between-group comparisons of their quantitative data. **P<0.01, ***P<0.001. Scale bar = 50 um. n=5.
Abbreviations: MCAO, middle cerebral artery occlusion; AKT, serine/threonine protein kinase.

on the expression of the above-mentioned biomarkers in the BV-2 microglia, and the effects of esketamine were
significantly enhanced by the addition of rapamycin. These results indicate that esketamine increases the viability of
OGD-treated BV-2 microglia and facilitates the phenotypic transition of microglia from M1 to M2.

Esketamine Inhibited AKT Signaling Activation in the OGD-Treated BV-2 Microglia
The expression of p-AKT in the OGD-treated BV-2 microglia was detected using Western blotting. As shown in Figure 9A
and B, the OGD treatment caused significantly elevated expression of p-AKT in BV-2 microglia compared to the control
group. However, esketamine significantly attenuated the effect of OGD treatment on p-AKT expression in BV-2 microglia,
and this effect was significantly enhanced by the addition of rapamycin. These results demonstrate that esketamine can inhibit
AKT signaling activation in the OGD-treated BV-2 microglia.

Discussion

Ischemic stroke is one of the leading causes of disability and mortality worldwide, and has a huge emotional and
economic impacts on families and societies. This study demonstrated that esketamine alleviated neurological impair-
ments, improved sensorimotor function and cell viability, and reduced the cerebral infarct volume and injury severity in
the MCAO rats and the OGD-treated BV-2 microglia. Moreover, esketamine inhibited microglial M1 polarization and
AKT signaling activation induced by I/R or OGD treatment, and facilitated the phenotypic transition of microglia from
M1 to M2 and autophagy. These findings suggest that esketamine provides a significant protection against cerebral injury
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Figure 6 The OGD treatment suppressed the phenotype transition of microglia from M| to M2. Representative images of double immunofluorescence staining for Iba-
1"CDI16" (A) and Iba-1"CD206" (B) in the BV-2 microglia exposed to the OGD treatment for 6 h, 12 h and 24 h and the between-group comparisons of their quantitative
data. ¥**P<0.001.

Abbreviation: OGD, oxygen-glucose deprivation.

induced by I/R and OGD treatments. Thus, this experiment confirms our hypothesis and provides evidence that
esketamine may be a potential therapeutic drug for ischemic stroke.

As a NMDA receptor antagonist, there is no study having determined the optimal dose of esketamine for the
protection against cerebral I/R injury. Available literature indicates that the neuroprotection and neurotoxicity of another
NMDA receptor antagonist ketamine are closely related to dose and frequency of administration. That is, more frequent
and higher doses of ketamine may produce a significant reduction in the number of glutamate synapses caused by a long-
term increased neurotoxicity.?' In contrast, a low frequency (1-3 times/week) or small dose (10 mg/kg) of ketamine can
provide significant neuroprotective effects with increased synaptic spine density and efficiency and improved synaptic
plasticity, and may maintain the neuroprotective and anti-depressant effects without increasing synaptic glutamate levels
and neurological toxicity.”” Furthermore, increasing the dose of intraperitoneal esketamine injection more than 4 mg/kg
does not further enhance the protection against traumatic brain injury.!” Thus, this study was designed to determine
whether esketamine at a clinical dose provided a protection against cerebral I/R injury by modulating microglial
polarization and autophagy. In clinical practice, an intravenous dose of esketamine 0.5-1.0 mg/kg is recommended for
anesthesia induction. Due to the differences in pharmacokinetics and pharmacodynamics between animals and human,
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Figure 7 Esketamine increased the viability of OGD-treated BV-2 microglia and facilitated the phenotype transition of microglia from M| to M2. (A) The viability of OGD-
treated BV-2 microglia; (B and C) Representative images of double immunofluorescence staining for Iba-1"CD16" and Iba-17CD206" in the OGD-treated BV-2 microglia
and the between-group comparisons of their quantitative data. *P < 0.05, ***P<0.001. Scale bar = 50 pm.

Abbreviation: OGD, oxygen-glucose deprivation.
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Figure 9 Esketamine inhibited AKT signaling activation in the OGD-treated BV-2 microglia. (A) Representative Western blotting images for expression of p-AKT and AKT;
(B) The between-group comparisons of their quantitative data. ***P<0.001.
Abbreviations: OGD, oxygen-glucose deprivation; AKT, serine/threonine protein kinase.

the recommended conversion factor of intravenous milligram equivalent for drugs is 3.2.*% In view of the above, 1.6 mg/
kg of intravenous esketamine used in our experiment is equivalent to a clinical dose of 0.5 mg/kg.

Microglia are a distinct subtype of mononuclear macrophages that resides in the brain, which can sense mild disorders
in homeostasis and be activated rapidly.*® As the main innate immune cells of central nervous system, microglia are the
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most effective regulators for the repairs and regeneration of neurological damages.** The dynamic responses of microglia
to ischemic brain injury present a variety of phenotypes, and promoting the differentiation of microglia from M1 to M2 to
attenuate the detrimental effects after ischemic stroke attack has become a topic of concern.”® During the cerebral I/R
process, M1-like phenotype microglia are characterized by the expression of classical biomarkers including CD16 and
iNOS, and secret pro-inflammatory cytokines including TNF-o and IL-1pB, aggravating cerebral injury.*® On the contrary,
M2-like phenotype microglia express the biomarkers including CD206 and Arg-1, and release anti-inflammatory
mediators including IL-10 to facilitate the repairs and regeneration of damaged cerebral tissues.’’ Esketamine is a
rapid-onset anesthetic with antidepressive effect and has been used for clinical treatment of severe treatment-resistant
depression. Available evidence demonstrates that esketamine can prevent postoperative emotional disorders and neuro-
cognitive dysfunction by inhibiting microglial M1 polarization to decrease the production and secretion of pro-inflam-
matory cytokines, including TNF-a and IL-1B, in aging rats with preoperative sleep disturbances.'® Interestingly,
esketamine can also improve the spatial learning and memory dysfunction as well as alleviate the neuronal injury and
cell apoptosis in the propofol-induced brain injury rats.'> Huang et al*® reported that esketamine mitigated anxiety-like
behavior of post-stroke anxiety mice by inhibiting microglial activation and decreasing production of inflammatory
cytokines in the cortex. Furthermore, a recent work showed that esketamine improved sepsis-related symptoms,
alleviated spatial cognitive impairments, and reduced hippocampal neuroinflammation and cell apoptosis in the mice
with sepsis-associated encephalopathy.®® In the mice model of traumatic brain injury, esketamine effectively inhibited
oxidative stress and decreased the number of damaged neurons and TUNEL-positive cells in the cortex.'® Our
experiment demonstrated a significant neuroprotective effect of esketamine on cerebral I/R injury, as evidenced by
alleviated neurological impairments, improved sensorimotor function, and reduced cerebral infarct volume and cell
apoptosis in the MCAO rats. More importantly, esketamine shifted microglial polarization from the M1 phenotype
toward the M2 phenotype, and decreased the production of inflammatory cytokines in the ischemic brain tissues. Thus,
our results support the conclusion of previous studies that anti-inflammation may be a potential mechanism underlying
the protective effect of esketamine against cerebral I/R injury.

Autophagy is an evolutionarily conserved process for degrading and recycling aged or misfolded proteins and
damaged organelles and plays a critical role in maintaining the homeostasis and survival of cells.*” In mammalian
cells, autophagy is precisely regulated by multiple signaling pathways. Mammalian target of rapamycin (mTOR), a
serine/threonine protein kinase, is crucial for the regulation of autophagy. mTOR integrates the upstream signals that
inhibit autophagy via the PI3K-AKT/protein kinase B signaling pathway. AKT is activated by phosphorylation at two
key regulatory sites. Ser473 phosphorylation plays a key role.*' The activated PI3K phosphorylates plasma membrane
lipids that trigger AKT via 3-phosphoinositide-dependent protein kinase 1. Activated AKT can further phosphorylate
tuberous sclerosis protein 2 and obstruct its interplay with tuberous sclerosis protein 1, ultimately resulting in mTOR
activation to inhibit autophagy.****** Given that autophagy is regarded as part of an integrated pro-survival signaling
pathway in ischemic or hypoxic neurons,*° this study determined the role of autophagy in the protection of esketamine
against cerebral I/R injury by using a specific mTOR inhibitor, rapamycin, and observing AKT activation.

In available literature, however, there is still controversy regarding the contribution of autophagy to cerebral I/R
injury. Some studies have reported that autophagy may induce neuronal death in the ischemic brain tissues, and that
inhibition of autophagy can protect against cerebral I/R injury. However, increasing evidence supports the neuroprotec-
tive effects of autophagy activation in ischemic brains and/or neuronal cells by degrading neuronal organelles and
proteins.*®*%*34¢ The current consensus is that autophagy may be a double-edged sword for ischemic neurons.*” That is,
moderate autophagy may act as a pro-survival mechanism of ischemic neurons, while excessive autophagy can lead to
neuronal death and secondary neurological injury.**** Thus, precise regulation of the autophagic intensity of neurons
after an ischemic attack is important to attenuate cerebral injury and improve neurological function.

As mentioned above, the intensity of autophagy activation is the key to determine the outcome of ischemic brains
and/or neuronal cells.*’ In our in vivo experiment, rapamycin treatment was carried out by intraperitoneal injection. In
contrast to an intracerebroventricular injection, systemic administration of rapamycin has a very poor bioavailability in
the central nerve system as P-glycoprotein at the blood-brain barrier can limit the penetration of drug into the brain.
Based on previous work,*® thus, a large dose of rapamycin (1 mg/kg) was intraperitoneally administered once a day for 3
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consecutive days before MCAQ surgery in our experiment. It has been shown that this administration method can
provide an intracerebral concentration of rapamycin to activate autophagy, improve metabolism and attenuate neuronal
injury in the I/R brain area.**~° For in vitro experiment, 100 pmol/L rapamycin was used, according to previous work.>*

It is reported that activation of autophagy with rapamycin can ameliorate neuronal injury and death in the neonatal
rats subjected to cerebral hypoxia-ischemia.** Lomitapide, a microsomal triglyceride transfer protein inhibitor, can
reduce the neuronal tissue loss and improve the neurological function by promoting autophagic flux, inhibiting apoptosis
and microglial migration in the experimental cerebral ischemia models induced by the MCAO surgery in the adult male
mice and simulated by OGD treatment in the N2a-BV2 cells.*> By protecting mitochondrial function and enhancing
microglial autophagy, moreover, sodium tanshinone IIA sulfonate can also attenuate the OGD-induced neuronal injury.*®
In addition, cellular prion protein has been shown to reduce the OGD-induced microglial damage by enhancing and
prolonging autophagy activation to skew microglia toward an anti-inflammatory state.’>* In contrast, a previous study
by Xia et al>® demonstrates that inhibition of microglial autophagy induces M1 phenotype with increased production of
TNF-o and iNOS, thereby promoting neuroinflammation. This evidence indicates that enhanced microglial autophagy
can be attributed to the polarization of microglia into an anti-inflammatory state under ischemic conditions. Intriguingly,
esketamine exerts a neuroprotective effect in the traumatic brain injury mice model by inducing autophagy and relieving
oxidative stress.'® In the present study, esketamine enhanced autophagy and facilitated the phenotypic transition of
microglia from M1 to M2 in the MCAO rats and the OGD-treated BV-2 microglia. Furthermore, the addition of the
autophagy inducer rapamycin further enhanced the protective effects of esketamine on the MCAO-induced cerebral
injury and the OGD-induced microglial damage by promoting the phenotypic transition of microglia toward M2. In
addition, it has been shown that esketamine can inhibit the phosphorylation of AKT, a key signaling molecule involved in
the regulation of microglial autophagy and polarization in cerebral I/R injury.”*>® This study showed that esketamine
could inactivate the AKT signaling pathway in the MCAO rats and the OGD-treated BV-2 microglia. Furthermore, the
autophagy inducer rapamycin inhibited p-AKT expression following MCAO and OGD treatments. Based on the findings
of previous studies and our experiments, we consider that esketamine at a clinical dose may induce autophagy and
promote the phenotypic transition of microglia from M1 to M2 by inhibiting the AKT signaling pathway, thereby
attenuating cerebral I/R injury. Interestingly, a randomized placebo-controlled clinical trial with cross-over design
demonstrates that the pretreatment with an oral low-dose rapamycin can prolong the antidepressant effect of intravenous
ketamine 0.5 mg/kg, and increase the response and remission rates at 2 weeks following treatment.”’ Similarly, our
results experiment also showed that the pretreatment with systemic rapamycin significantly improved the protection of
esketamine against cerebral I/R injury. Thus, this experiment may provide new insights into the potential therapeutic
strategies not only for cerebral I/R injury but for neuropathic pain, neurodegenerative conditions, mood disorders, and
others.

Our experimental design had several limitations that require special attention. First, only a single dose of esketamine
and an intervention time point were designed. Thus, the important question that this experiment cannot answer is whether
the neuroprotective effect of esketamine on cerebral I/R injury is dose-dependent, and whether the implementation time
of esketamine treatment can significantly affect the protective effect of esketamine on cerebral I/R injury. Second,
regarding the mechanisms by which esketamine protects against cerebral I/R injury, only AKT signaling related to
microglial polarization and autophagy were examined in this experiment. Available evidence indicates that various
mechanisms associated with neuronal excitotoxicity, oxidative stress, calcium overload, mitochondrial dysfunction,
endoplasmic reticulum stress, monocyte or macrophage polarization, and ion channels are also involved in the protection
of drug interventions against cerebral I/R injury.”® *° Evidently, this study cannot provide any evidence for the possible
contributions of these factors to the neuroprotective effects of esketamine against cerebral I/R injury. Third, this
experiment used only male rats to ensure consistency in research conditions. It is generally believed that there are sex
differences in ischemic stroke outcomes and therapies, post-stroke remodeling, and functional recovery.61 Furthermore,
multiple levels of pathophysiology are involved in the mechanisms that affect sexual differences in ischemic stroke.>'%*
Thus, only the use of male animals to determine the protective effects and mechanisms of esketamine against cerebral I/R
injury is another important limitation of this study. Fourth, this study only evaluated the role of autophagy in the
neuroprotective mechanism of esketamine using an mTOR pathway inhibitor but did not perform further validation using
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an mTOR pathway activator. Furthermore, this experiment did not assess the changes in autophagy at different time
points after esketamine treatment, though the period and level of autophagy determine the final fate of cells.*” Fifth,
available evidence demonstrates that a high level of rapamycin in the brain can block the neuronal autophagy activation
and antidepressant effect of ketamine.’” As the level of rapamycin in brain was not determined in this experiment, we can
not determine whether the beneficial interaction between esketamine and rapamycin obtained in this study is the result of
ischemic brain tissues exposed to a low level of rapamycin. Last, as this is a preclinical study in animals and cultivate
cells, our findings cannot be directly extrapolated into clinical practice. Therefore, more basic and clinical studies are
required to address these issues.

Conclusions

In summary, this study demonstrates that esketamine at a clinical dose can protect against cerebral I/R injury by
inhibiting the AKT signaling pathway to shift microglial polarization toward the M2 phenotype and induce autophagy.
Furthermore, esketamine combined autophagy inducer can provide an improved protection against cerebral I/R injury.
Thus, this study provides new insights into the neuroprotective mechanisms of esketamine and the potential therapeutic
strategies of cerebral I/R injury.
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