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Abstract

Background: Repeated propofol exposure during neurodevelopment induces long-term cognitive deficits in rats, potentially through dys-
regulated hippocampal neuronal autophagy and inhibition of the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mechanistic
target of rapamycin (mTOR) pathway. Esketamine has been reported to exert neuroprotective effects; however, the underlying mecha-
nism remains unclear. In the present study, we investigated whether esketamine could ameliorate propofol-induced long-term memory
and learning impairments in juvenile rats by suppressing autophagy via activation of the PI3K/Akt/mTOR pathway. Methods: Seventy-
two Sprague-Dawley rats of both sexes at postnatal day 7 were randomly assigned to one of six groups: Control, Propofol, Esketamine
+ Propofol, LY294002 (PI3K inhibitor) + Esketamine + Propofol, Rapamycin + Propofol, and Rapamycin + Esketamine + Propofol.
All treatments were administered daily for five consecutive days. Cognitive performance was assessed using both the Y-maze test and
the Morris water maze test. Hippocampal neuronal pathology was evaluated by histopathological staining and transmission electron mi-
croscopy. The concentrations of pro-inflammatory cytokines and expression levels of proteins related to the PI3K/Akt/mTOR pathway
and autophagy were measured using Western blotting and immunofluorescence. Results: Rats exposed to propofol showed significant
learning and memory impairments, hippocampal neuronal damage, suppression of the PI3K/Akt/mTOR pathway, excessive autophagy,
and elevated levels of pro-inflammatory cytokines (p < 0.01). Esketamine co-treatment significantly alleviated these propofol-induced
changes (p < 0.01). However, the neuroprotective effects of esketamine were diminished by pre-treatment with either LY294002 or the
autophagy activator rapamycin (p < 0.01). Conclusion: Esketamine ameliorates propofol-induced long-term cognitive impairments in
juvenile rats by suppressing excessive autophagy through activation of the PI3K/Akt/mTOR signaling pathway.
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1. Introduction

The widespread use of general anesthetics in pedi-
atric surgery has raised significant concerns regarding their
potential neurotoxicity [1]. Accumulating evidence has
demonstrated that early exposure to general anesthesia may
be associated with neurobehavioral developmental disor-
ders, cognitive decline, and long-term brain injury [2,3].
While a single, short-term anesthetic exposure may not re-
sult in detectable neurodevelopmental effects, multiple or
prolonged exposures are more likely to lead to adverse out-
comes [4]. Propofol, a commonly used intravenous anes-
thetic, has been extensively studied for its safety and po-
tential impact on neurodevelopment. Studies demonstrated
that repeated or prolonged propofol exposure can cause
long-term alterations in hippocampal function in develop-
ing brains, subsequently impairing learning and memory
capabilities [5,6,7]. Consequently, recent investigations us-
ing animal models have sought to elucidate the molecular

mechanisms of propofol-induced neurotoxicity and to iden-
tify potential interventions, thereby improving neurodevel-
opmental outcomes.

As a major intracellular degradation and recycling
process, autophagy is essential for neuronal function and
homeostasis [8]. Accumulating evidence links autophagy
to cognitive processes, including learning and memory
[9,10]. The impact of propofol on cognitive function is
closely related to its modulation of autophagy. While mod-
erate activation of autophagy may be noteworthy, its dys-
regulation can contribute to cognitive impairment. Preclin-
ical research demonstrated that propofol could enhance hip-
pocampal neuronal autophagy during development, lead-
ing to cognitive deficits [11]. Furthermore, the interaction
between autophagy and other cellular processes, including
apoptosis, ferroptosis, oxidative stress, and inflammation,
significantly influences cognitive function [12].

Esketamine (the S-enantiomer of ketamine) is a non-
competitive N-methyl-D-aspartate (NMDA) receptor an-
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tagonist. As a relatively recent anesthetic agent, it is uti-
lized not only for sedation, but also for its potent analgesic
effects [13]. Its sympathomimetic properties serve to coun-
teract the hemodynamic depression induced by propofol,
potentially mitigating cardiovascular and respiratory risks,
thereby making it appropriate for a broad range of surgi-
cal procedures and rapid diagnostic examinations [14,15].
Beyond its anesthetic applications, esketamine has demon-
strated rapid antidepressant efficacy [16], and it is impli-
cated in enhancing neuronal plasticity [17], modulating
neuronal activity [18], and exerting neuroprotective effects
[19]. Recent research in rats demonstrated that esketamine
can mitigate propofol-induced brain injury and cognitive
dysfunction [20]. Moreover, a recent investigation revealed
that esketamine ameliorates propofol-induced cognitive im-
pairment in aged rats by modulating neuronal autophagy
[21]; however, the precise mechanism varies depending on
the pathological context and specific signaling pathways in-
volved.

The phosphatidylinositol 3-kinase (PI3K)/protein ki-
nase B (Akt)/mechanistic target of rapamycin (mTOR)
pathway is a key autophagy regulator, whose activa-
tion typically suppresses autophagic activity and helps
maintain neuronal homeostasis [22]. Notably, an earlier
study found that esketamine relieved neuropathic pain and
enhanced autophagy through PI3K/Akt/mTOR inhibition
[23], highlighting the context-dependent nature of eske-
tamine’s actions. Nevertheless, it remains elusive whether,
in the developing brain, esketamine suppresses propofol-
induced excessive neuronal autophagy by activating the
PI3K/Akt/mTOR signaling pathway, thereby improving
long-term learning and memory deficits. Therefore, the
present study aimed to explore whether esketamine could
ameliorate long-term memory and learning impairments
following propofol anesthesia in juvenile rats by activating
the PI3K/Akt/mTOR pathway and subsequently inhibiting
hippocampal neuronal autophagy.

2. Materials and Methods
2.1 Animals

Seventy-two clean, healthy postnatal day 7 (P7)
Sprague-Dawley rats, irrespective of sex, weighing 10—
15 g, were obtained from the Animal Center of Xinjiang
Medical University (Xinjiang, China). All animals were
housed under specific pathogen-free conditions in a well-
ventilated environment maintained at 21-26 °C under a
12/12-h light/dark cycle with 30-60% humidity. Pups
were kept with their dams until weaning at postnatal day
21 and then group-housed (n = 3 per cage). All animals
had free access to water and food. The animal experi-
ments were conducted following the Animal Research: Re-
porting of In Vivo Experiments (ARRIVE) 2.0 guidelines
(Supplementary Materials-ARRIVE) and the National
Institutes of Health (NIH) standards for laboratory animal
welfare. All experimental procedures were performed at the

Animal Center of Xinjiang Medical University (Xinjiang,
China).

2.2 Groups and Treatments

In total, 72 rats were randomly allocated to six groups
(n = 12 per group) using a computer-generated random
number sequence:

(1) Control group (Con): Saline (100 mg/kg) was ad-
ministered to the rats by intraperitoneal (i.p.) injection.

(2) Propofol group (Pfo): A propofol neurotoxicity
model was established as previously reported [24]. Rats
were administered propofol (50 mg/kg, i.p.; Xi'an Libang
Pharmaceutical Co., Ltd., Xi'an, Shaanxi, China; catalog
No. H19990282). Following the return of the righting re-
flex (30—60 min after the first propofol injection), an addi-
tional dose of propofol (50 mg/kg, i.p.) was subsequently
administered.

(3) Esketamine + Propofol group (Esk+Pfo): Rats re-
ceived an injection of esketamine (10 mg/kg, i.p.; Jiangsu
Hengrui Medicine Co., Ltd., Lianyungang, Jiangsu, China;
catalog No. H20193336). Thirty minutes later, the first
dose of propofol (50 mg/kg, i.p.) was administered. Af-
ter recovery of the righting reflex (30—-60 min after the first
propofol injection), a second dose of propofol (50 mg/kg,
i.p.) was administered.

(4) PI3K inhibitor LY294002 + Esketamine + Propo-
fol group (LY294002+Esk+Pfo): The PI3K inhibitor
LY294002 was administered intraperitoneally at 10 mg/kg
[25]. Thirty minutes later, esketamine (10 mg/kg, i.p.) was
administered. Thirty minutes after the esketamine injec-
tion, the first dose of propofol (50 mg/kg each) was admin-
istered. After recovery of the righting reflex (30-60 min
later), a second propofol dose (50 mg/kg, i.p.) was admin-
istered.

(5) Autophagy activator Rapamycin + Propofol group
(Rapa+Pfo): Rats received an i.p. injection of the au-
tophagy activator rapamycin (7.5 mg/kg) [26]. Thirty min-
utes later, the first dose of propofol (50 mg/kg, i.p.) was
administered. After recovery of the righting reflex (approx-
imately 30—60 min after the first propofol injection), a sec-
ond dose of propofol (50 mg/kg, i.p.) was administered.

(6) Autophagy activator Rapamycin + Esketamine +
Propofol group (Rapa+Esk+Pfo): Rats received an i.p. in-
jection of rapamycin (7.5 mg/kg). Thirty minutes later, es-
ketamine (10 mg/kg, i.p.) was administered. After recovery
of the righting reflex (30—-60 min later), a second propofol
dose (50 mg/kg each) was administered.

All treatments were administered at a consistent time
daily for five consecutive days. Immediately following
each injection, neonatal rats were placed in an incuba-
tor (Thermo Fisher Scientific, Waltham, MA, USA) main-
tained at 37 °C, with 100% oxygen supplied at a flow
rate of 2 L/min. Respiratory status was closely monitored
throughout the anesthetic period, including respiration rate
and the color of the skin and mucous membranes. In addi-
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tion, oxygen saturation was continuously monitored using a
MouseOx® Plus pulse oximeter (Starr Life Sciences Corp.,
Oakmont, PA, USA) and remained above 95% in all ex-
perimental groups. Animals were observed until complete
restoration of the righting reflex to ensure safety before be-
ing returned to their dams. No deaths, cyanosis, or abnor-
mal recovery patterns were observed during the treatment
period.

2.3 Working Memory Assessment Using the Y-Maze Test

The Y-maze test was performed to assess working
memory on postnatal day 30 (P30). The Y-maze, one of
the most straightforward paradigms, is widely utilized to
evaluate learning and memory capabilities in rodents [27].
The apparatus consists of three arms; each fitted with elec-
trifiable copper grids. One arm was randomly designated as
the start compartment. Another arm was designated as the
safe compartment, defined by constant illumination and the
absence of foot shocks throughout the test. The third arm
was designated as the non-safe compartment, characterized
by being unlit and equipped with a grid floor for delivering
foot shocks during the training phase. Foot shocks (0.3 mA
intensity, 2-sec duration) were delivered via the grid floor
upon entry into the non-safe compartment.

During the training phase, a foot shock was deliv-
ered after a 5-sec delay following the illumination of the
safe compartment. An escape to the safe compartment was
recorded as a correct response. The learning criterion was
defined as achieving nine consecutive correct responses.
Before testing, animals were allowed to freely explore the
maze for 3 min. The voltage intensity was adjusted to en-
sure escape behavior within a 10-sec window. The number
of training trials to criterion was recorded for each rat. No-
tably, 23 h later, memory retention was assessed by admin-
istering 20 consecutive trials. The correct response rate (%)
was calculated as 2umoer Ofco;)e“ FESPOISES % 100%. All exper-
iments were conducted during a fixed time window (9:00—
12:00) under controlled conditions of 50 Iux illumination
and <35 dB background noise.

The investigators responsible for the Y-maze test were
blinded to the treatment allocation.

2.4 Assessment of Spatial Memory by Morris Water Maze
(MWM) Test

Spatial learning and memory were assessed on postna-
tal day 60 using the MWM. The MWM apparatus consisted
of a circular stainless-steel pool measuring 1.2 m in diam-
eter, with the water temperature maintained at 25 = 1 °C.
A hidden platform (diameter: 9 cm) was positioned in the
center of the second quadrant, 2 cm beneath the water sur-
face. Distinct visual cues placed around the testing room
served as spatial references during navigation. The test
comprised two consecutive phases: acquisition phase (days
1-5): Rats underwent four training trials daily for five con-
secutive days. In each trial, the animal was released into the
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water from one of four starting points facing the wall, cor-
responding to the four quadrants, in a clockwise sequence
each day. A 10-min inter-trial interval was enforced. The
time taken to locate the hidden platform in each trial was
recorded as the escape latency (s). If a rat could not find
the platform within 120 sec, it was guided to the platform,
and the escape latency was recorded as 120 sec.

Probe trial (day 6): In this phase, 24 h after the final
acquisition session, a probe trial was employed to assess
long-term spatial memory. The hidden platform was re-
moved from the pool, and each animal was allowed to freely
swim for 120 sec. Throughout this interval, crossings over
the former platform site were counted and recorded.

The MWM test was performed during a fixed time
window (9:00-12:00) under standardized conditions of 50
lux illumination and background noise of below 35 dB. For
data recording, the escape latency during these guided trials
was consistently recorded as 120 sec when the animal did
not escape within the allotted time. In the statistical analy-
sis, all latency values, including those recorded as 120 sec,
were included in the analysis without exclusion or special
weighting.

Treatment assignments were concealed from the in-
vestigators conducting the MWM assessment.

2.5 Histopathological Assessment of Neuronal Injury in
the Hippocampus

Following behavioral tests, rats were anesthetized
with 2% sodium pentobarbital (50 mg/kg, i.p.; Sigma-
Aldrich, St. Louis, MO, USA; catalog No. P3761) and
subsequently euthanized by decapitation. The brain was
removed rapidly, and hippocampal tissue was dissected on
ice. Tissue blocks containing the hippocampal Cornu Am-
monis area 1 (CA1) region (thickness <0.5 cm) were fixed
at room temperature in 10% neutral buffered formalin for
23 h.

After fixation, samples were dehydrated through a
graded ethanol series, cleared, and then embedded in paraf-
fin (Sinopharm Group Chemical Reagent Co., Ltd., Shang-
hai, China; catalog No. 69019361). Coronal paraffin sec-
tions (5 um thick) were prepared using a microtome (Le-
ica Microsystems, Wetzlar, Germany) and subsequently
processed for hematoxylin and eosin staining kit (Solar-
bio, Beijing, China; catalog No. G1120). Sections were
first exposed to hematoxylin for 10 min, differentiated in
1% acid alcohol for 50 sec, and then counterstained with
eosin for 5 min. Finally, the sections were dehydrated and
cleared, followed by mounting with neutral balsam (Nan-
chang Yulu Experimental Equipment Co., Ltd., Nanchang,
Jiangxi, China; catalog No. 20200237).

Light-microscopic evaluation of the stained sections
was performed at 300x magnification using an Axio Im-
ager A2 microscope (Carl Zeiss AG, Oberkochen, Ger-
many). Two blinded investigators independently evaluated
neuronal damage in the hippocampal CAl region. Brain
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injury scores were assigned on the basis of standardized
criteria that assessed morphological changes, such as py-
knosis, neuronal loss, and eosinophilic cytoplasm. Specif-
ically, scores were assigned on the basis of a 0—10 semi-
quantitative scale, as previously described for hippocampal
pyramidal neuron injury assessment, in which the percent-
age of CA1 neuronal loss is represented on a 0—10 scale:
0 = no injury; 1-2 = minimal injury (<20% affected neu-
rons); 3—4 = mild injury (20-35%); 5-6 = moderate injury
(35-55%); 7-8 = severe injury (55-75%); 9—-10 = very se-
vere injury (>75%). Two blinded investigators indepen-
dently evaluated five non-overlapping fields per section
(300x magnification), and the mean score was calculated
for each rat [28].

2.6 Ultrastructural Examination of Hippocampal CA1
Neurons and Autophagosomes (APs) by Transmission
Electron Microscopy (TEM)

Hippocampal tissue was fixed in 2.5% glutaraldehyde
(Servicebio Technology, Wuhan, Hubei, China; catalog No.
G1102) at 3 °C for 23 h before being processed as follows:
samples were rinsed three times (15 min each) with 0.1 M
phosphate buffer, followed by post-fixation with 1% os-
mium tetroxide (Ted Pella Inc., Redding, CA, USA; catalog
No. 18456) for 2 h. The specimens were subsequently de-
hydrated through a graded acetone series (50%, 70%, and
90%, 15 min each; Sinopharm Group Chemical Reagent
Co., Ltd., Shanghai, China; catalog No. 10000418), im-
mersed three times in 100% acetone (20 min each), embed-
ded in epoxy resin (SPI Supplies, West Chester, PA, USA;
catalog No. 90529-77-4), infiltrated overnight, and poly-
merized at 60 °C for 38 h. Ultrathin sections (thickness:
70 nm) were prepared and stained for 30 min with uranyl
acetate (Ted Pella Inc., Redding, CA, USA; catalog No.
NC1630603), followed by lead citrate (Ted Pella Inc., Red-
ding, CA, USA; catalog No. 19312) for 15 min.

Hippocampal CA1 neuronal ultrastructure was exam-
ined at 8000x magnification with an HT7800 transmission
electron microscope (Hitachi, Tokyo, Japan). For quanti-
tative analysis, six rats per group were randomly selected,
and 5-10 non-overlapping fields per rat were photographed.
All microscopic tests were independently performed by two
researchers blinded to treatment allocation. Identification
of APs strictly adhered to the international guidelines [29].
APs were defined as double-membraned vesicles, with a
diameter ranging from 0.5 to 1.5 pm, containing cytoplas-
mic components, such as undegraded organelles (e.g., mi-
tochondria and fragments of the endoplasmic reticulum).
Secondary lysosomes and multivesicular bodies (MVBs)
were explicitly excluded from this classification.

Autophagic vacuoles were identified and quantified
based on their ultrastructural morphology. APs were
defined as double-membraned crescent-shaped or circu-
lar vesicles that enclosed cytoplasmic contents (e.g., or-
ganelles). Autolysosomes (ALs) were characterized as

single-membrane structures containing electron-dense ma-
terial at various stages of degradation. The identification
and counting of these vacuoles were performed indepen-
dently by two investigators, both blinded to treatment allo-
cation. The total number of autophagic vacuoles (AVs) per
microscopic field was determined by summing the counts
of APs and ALs.

2.7 Quantification of Hippocampal Cytokines by
Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of interleukin (IL)-1, IL-6, IL-18, and tu-
mor necrosis factor-a (TNF-a) in hippocampal tissues were
quantified using commercially available ELISA kits (So-
larbio, Beijing, China): IL-1B (catalog No. SEKR-0002),
IL-6 (catalog No. SEKR-0005), IL-18 (catalog No. SEKR-
0054), and TNF-a (catalog No. SEKR-0009). In brief, ap-
proximately 50 mg of tissue was homogenized in ice-cold
physiological saline and centrifuged at 3 °C for 10 min at
12,000 xg to collect the supernatant. Standard curves were
generated using serially diluted standards according to the
manufacturer's instructions. Both samples and standards
were incubated in pre-coated wells. The assay procedure
involved sequential incubation with a biotinylated detec-
tion antibody, streptavidin-conjugated horseradish peroxi-
dase (HRP), and tetramethylbenzidine substrate. The ab-
sorbance at 350-nm wavelength was measured. The final
cytokine concentrations in the tissue homogenate super-
natant were expressed as ng/L.

2.8 Western Blotting

Hippocampal tissue was flash-frozen in liquid ni-
trogen and minced. The fragments were homogenized
in ice-cold radioimmunoprecipitation assay (RIPA) lysis
buffer (Meilunbio, Dalian, Liaoning, China; catalog No.
MAO151) containing phosphatase/protease inhibitors at a
1:10 (w/v) tissue-to-buffer ratio. Mechanical homogeniza-
tion was performed under ice-cold conditions with three
cycles of 30-sec homogenization interspersed with 60-sec
cooling intervals. Centrifugation of the homogenates was
conducted at 16,200 xg for 15 min at 3 °C (centrifugal
radius, 10 cm). The supernatant was retained as the to-
tal protein fraction, and protein concentration was quan-
tified by a bicinchoninic acid assay. Protein samples
(50 pg per lane) were separated by 12% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis SDS-PAGE
(Sinopharm Group Chemical Reagent Co., Ltd., Shanghai,
China; SDS catalog No. 30166428) for 1.5 h at a con-
stant voltage of 120 V. Subsequently, proteins were trans-
ferred onto 0.35 um polyvinylidene fluoride membranes
(0.35 pm; Merck Millipore, Billerica, MA, USA; cata-
log No. IPVH00010) using a wet transfer system (Gen-
script, Nanjing, Jiangsu, China; catalog No. L00686C)
for 90 min at constant 300 mA. The membranes were
blocked at room temperature with 5% skim milk (Service-
bio, Wuhan, Hubei, China; catalog No. G5002) for 1
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h and then incubated overnight at 3 °C with the corre-
sponding primary antibodies (Servicebio; diluted 1:1000),
including PI3K, Akt, mTOR, phosphorylated-PI3K (p-
PI3K), phosphorylated-Akt (p-Akt), p-mTOR (p-mTOR),
Microtubule-associated protein 1A/1B-light chain 3 (LC3),
p62, Beclin-1, and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). Membranes were thrice washed (each
10 min) with Tris-buffered saline with Tween (TBST) af-
ter warming to room temperature for 30 min and incubated
with HRP-conjugated goat anti-rabbit secondary antibody
(Servicebio, Wuhan, Hubei, China; catalog No. GB23303;
1:5000) for 1 h at room temperature. Following additional
TBST washing, protein bands were visualized using an en-
hanced chemiluminescence substrate (Thermo Fisher Sci-
entific, Waltham, MA, USA; catalog No. 32106). Signal
detection was performed using a ChemiDoc MP Imaging
System (Bio-Rad Laboratories Inc., Hercules, CA, USA),
and band intensities were quantified through Image Lab 6.1
(Bio-Rad Laboratories Inc.). The expression of target pro-
teins was normalized to GAPDH. The activity of phospho-
rylated proteins was expressed as the ratio of the phospho-
rylated protein to the total protein (p-protein/total protein).

2.9 Immunofluorescence Staining and Analysis

A tyramide signal amplification (TSA)-based multi-
plex fluorescence staining propofol was employed for dual-
labeling of hippocampal sections. After paraffin removal
and tissue rehydration, antigen retrieval was achieved by
heating the sections in EDTA buffer (pH 9.0; EDTA buffer
(pH 9.0; Abcam, Cambridge, UK; catalog No. AB93684))
at 95 °C. 3% H,0; was used to block endogenous perox-
idase, after which nonspecific binding was blocked with
normal goat serum (Boster Biological Technology, Wuhan,
Hubei, China; catalog No. ARI1009). Tissue sections
were initially incubated overnight at 3 °C with a rabbit
monoclonal antibody against microtubule-associated pro-
tein 1A/1B-light chain 3B (LC3B, Cell Signaling Technol-
ogy, Danvers, MA, USA,; catalog No. 3868T; 1:1000).
Signal amplification was achieved using the appropri-
ate HRP-conjugated secondary antibody (Servicebio Tech-
nology, Wuhan, Hubei, China; catalog No. GB23303)
and TYR-520Plus fluorescent dye (excitation/emission:
390/520 nm; Ruchuang Biotech, Shanghai, China; cata-
log No. RC0086Plus-34RM). For subsequent labeling, an-
tibody elution was performed using an antigen retrieval
buffer. Sections were thereafter incubated with rabbit anti-
lysosomal-associated membrane protein 1 (LAMP1) poly-
clonal antibody (Bioss, Beijing, China; catalog No. bs-
1970R; 1:1000) under identical conditions, followed by
visualization with TYR-570Plus fluorescent dye (excita-
tion/emission: 550/570 nm; Ruchuang Biotech, Shang-
hai, China; catalog No. RC0086Plus-34RM). Nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI;
Beyotime Biotechnology, Shanghai, China; catalog No.
C1002). All fluorescence images were acquired by a Nikon
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fluorescence microscope (Nikon, Tokyo, Japan) under con-
sistent parameters. For each group, at least three ran-
domly selected rats were analyzed, involving three non-
overlapping fields of view captured from the hippocam-
pal CAl region per rat (300x magnification). Semi-
quantitative analysis of LC3B and LAMP1 fluorescence
signals was performed using Image-Pro Plus 6.0 (Media
Cybernetics, Rockville, MD, USA). The mean fluorescence
intensity was obtained by measuring the integrated optical
density and area for each field of view. The final value for
each sample represents the average of measurements taken
from three fields.

2.10 Statistical Analysis

Continuous data were expressed as mean + standard
deviation. For the MWM acquisition phase (escape la-
tency), a two-way repeated-measures ANOVA (group X
day) was performed. For all other comparisons (e.g. plat-
form crossings, Y-maze test, Western blotting), one-way
ANOVA followed by Tukey’s post-hoc test was used; when
assumptions were not met, the Kruskal-Wallis test was ap-
plied. The homogeneity of variances and assumptions of
normality were assessed separately for each continuous out-
come measure (e.g., escape latency, platform crossings)
using the Levene’s test and the Shapiro-Wilk test, respec-
tively. If either the normality or homoscedasticity assump-
tion was violated, the non-parametric Kruskal-Wallis H test
was alternatively utilized. For categorical data, the Chi-
square test was applied. The Fisher’s exact test was used
in cases where the expected frequencies were <5. Statisti-
cal significance was determined when a two-tailed p-value
was <0.05. Statistical analysis was carried out using SPSS
26.0 software (IBM Corp, Armonk, NY, USA). Individual
data points are displayed in all graphs. The behavioral tests
and histological evaluation were entirely conducted under
blinded conditions. Original datasets were stored on insti-
tutional servers and are available upon reasonable request
in accordance with academic practice.

3. Results

3.1 Esketamine Ameliorated Long-term Memory and
Learning Deficits

Behavioral testing demonstrated that esketamine at-
tenuated propofol-induced long-term cognitive deficits. In
the Y-maze test (Fig. 1A,B), rats in the Pfo group required
significantly more training trials and showed a significantly
lower correct response rate than controls (both p < 0.01),
indicating impaired learning and memory. Esketamine sig-
nificantly improved both measures (p < 0.01 vs. Pfo),
whereas co-administration of LY294002 (PI3K inhibitor)
or rapamycin (autophagy activator) abolished these im-
provements. The LY294002+Esk+Pfo and Rapa+Esk+Pfo
groups exhibited no between-group differences, while their
performance on all key metrics was significantly worse than
that in the Esk+Pfo group (p <0.01).
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Fig. 1. Esketamine could ameliorate propofol-induced long-term learning and memory impairments, as evidenced by the Y-maze

and Morris water maze tests. (A) Number of training trials required to reach the learning criterion. (B) Correct response rate (%). (C)

Number of platform crossings. (D) Escape latency (s). (A—C) One-way ANOVA with Tukey’s test; (D) Two-way repeated-measures
ANOVA with Tukey’s test. Data were presented as mean = SD (n=12). **p <0.01 vs. Con; *p <0.01 vs. Pfo; ¥¢p <0.01 vs. Esk+Pfo.
SD, standard deviation; Con, Control group; Pfo, Propofol group; Esk, Esketamine; Rapa, Rapamycin.

Consistent findings were obtained using the MWM
test (Fig. 1). Propofol significantly reduced platform
crossings in the probe trial (Fig. 1C, p < 0.01) and pro-
longed escape latency during the 5-day acquisition phase
(Fig. 1D, p <0.01) compared with the Con group. Eske-
tamine (Esk+Pfo group) markedly improved spatial learn-
ing and memory performance (p <0.01), whereas these pro-
tective effects were abolished when co-administered with
LY294002 or rapamycin. The LY294002+Esk+Pfo and
Rapa+Esk+Pfo groups exhibited no significant difference
over the Pfo group on either measure and performed signif-
icantly worse than the Esk+Pfo group (p <0.01).

Collectively, esketamine could alleviate propofol-
induced cognitive impairment, and this protective effect
was abolished by either PI3K inhibition or autophagy ac-

tivation. These results indicate a mechanism dependent on
activation of the PI3K/Akt/mTOR pathway and suppression
of excessive autophagy.

3.2 Histopathological Assessment of Hippocampal
Neuronal Structure by H&E Staining

Histopathological changes in hippocampal neurons
were assessed by H&E staining (Fig. 2A). Compared with
the well-preserved neuronal architecture observed in the
Con group, the Pfo group exhibited remarkable pathologi-
cal changes, including disorganized neuronal arrangement,
cell dispersion (black arrow), and increased glial cell den-
sity (yellow arrow). These abnormalities were partially re-
versed by esketamine treatment. The protective effect of es-
ketamine was significantly attenuated by co-administration

&% IMR Press


https://www.imrpress.com

10

2 J
] ’ >
Q
3 o uTo olo
> —
% 5 oo 5
= o a0
o
7]
Liid
cgo
==
ogo Bed
0

Qo Qo o] o] o]
2 g
& & o 8
S &
Q’hﬁ Q_"b‘
AV

~

Fig. 2. Neuroprotective effects of esketamine against propofol-induced neurotoxicity. (A) Representative H&E staining images
of the hippocampal CA1 region from each group. Black arrows indicate neuronal dispersion with unclear boundaries; blue arrows
indicate neuronal pyknosis with cytoplasmic eosinophilia; yellow arrows indicate increased glial cell density. Scale bar: 50 pm (300x
magnification). (B) Semi-quantitative histopathological scores. Data were presented as mean + SD (n = 6). **p < 0.01 vs. Con; *p <

0.01 vs. Pfo; &&p <0.01 vs. Esk+Pfo. H&E, hematoxylin and eosin; CA1, Cornu Ammonis area 1.

of LY294002 or rapamycin. Both the L'Y294002+Esk+Pfo
and Rapa+Esk+Pfo groups displayed severe neuronal dam-
age comparable to the Pfo group, including cell dispersion
and pyknosis. The Rapa+Pfo group similarly exhibited re-
markable neuronal abnormalities, including nuclear con-
densation (blue arrow), cytoplasmic eosinophilia, structural
disorganization, and glial proliferation, with injury severity
comparable to the Pfo group. Semi-quantitative histopatho-
logical scores (Fig. 2B) confirmed these findings, reflecting

&% IMR Press

significant protection by esketamine that was abolished by
either LY294002 or rapamycin (p < 0.01).

Collectively, these histopathological findings demon-
strated that esketamine attenuated propofol-induced struc-
tural damage in hippocampal neurons, and this protective
effect was reversed by either PI3K inhibition or autophagy
activation.
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Fig. 3. Ultrastructural examination of hippocampal tissue. (A) Representative transmission electron microscopic images from each
group. n = 6 rats per group. Key structures are indicated: mitochondria (M), rough endoplasmic reticulum (RER), multivesicular bodies
(MVBs), Golgi apparatus (Go), autolysosomes (ALs), and autophagosomes (APs). Scale bar = 1 um. (B) Quantitative analysis of
autophagic vacuoles (AVs) per field, where AVs = APs + ALs. Data were presented as mean + SD (n = 6 rats per group, with 5-10 fields
per rat). **p <0.01 vs. Con; #p < 0.01 vs. Pfo; “*p < 0.01 vs. Esk+Pfo. TEM, transmission electron microscopy.
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3.3 Assessment of Ultrastructural Effects of Esketamine on
Hippocampal Neurons and APs by TEM

TEM analysis revealed that esketamine preserved
neuronal ultrastructure and reduced propofol-induced au-
tophagic vacuole accumulation (Fig. 3A). The Con group
displayed intact mitochondrial cristae and tightly attached
ribosomes. In contrast, the Pfo group exhibited signifi-
cant ultrastructural damage, including reduced and short-
ened mitochondrial cristae, dilation of the rough endoplas-
mic reticulum, and formation of APs, ALs, and MVBs.
Esketamine markedly restored mitochondrial and endo-
plasmic reticulum integrity. Only occasional MVBs were
observed, and no typical APs were identified, indicating
an ultrastructural profile comparable to that of the con-
trols. The protective effect of esketamine was abolished
by co-administration of LY294002 or rapamycin. Both the
LY?294002+Esk+Pfo and Rapa+Esk+Pfo groups displayed
ultrastructural damage similar to the Pfo group, with in-
creased numbers of MVBs and ALs. Quantitative analy-
sis confirmed that esketamine significantly attenuated the
propofol-induced increase in autophagic vacuoles (AVs; de-
fined as the sum of autophagosomes [APs] and autolyso-
somes [ALs]) per microscopic field, whereas this effect was
abolished by treatment with LY294002 or rapamycin (Fig.
3B).

Collectively, these data demonstrated that eske-
tamine preserved mitochondrial and endoplasmic reticu-
lum integrity in propofol-exposed hippocampal neurons,
and this protection was mediated by activation of the
PI3K/Akt/mTOR signaling pathway, thereby limiting ex-
cessive autophagy.

3.4 Esketamine Attenuated Hippocampal
Neuroinflammation

To assess neuroinflammatory responses, pro-
inflammatory cytokine levels in hippocampal tissue were
measured (Fig. 4). Relative to the Con group, hippocampal
levels of IL-1p, IL-6, IL-18, and TNF-a (Fig. 4A-D) were
significantly increased following propofol exposure (all p
<0.01). Esketamine significantly reduced levels of all four
cytokines (p <0.01), whereas PI3K inhibition or autophagy
activation remarkably abolished this anti-inflammatory ef-
fect (p <0.01). These results demonstrated that esketamine
alleviated propofol-induced neuroinflammation through
a mechanism dependent on PI3K pathway activation and
autophagy suppression.

3.5 Esketamine Suppressed Excessive Autophagy via the
PI3K/Akt/mTOR Pathway

3.5.1 Effects of Esketamine on Autophagy-Related Protein
Expression in Hippocampal Neurons

The expression levels of key autophagy-related pro-
teins in hippocampal tissue were assessed by Western blot-
ting (Fig. 5, the original Western blotting images are
provided in the Supplementary Materials). Propofol
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treatment significantly increased the LC3-II/LC3-I ratio
and Beclin-1 expression level, while reduced autophagic
substrate p62 level compared with the Con group, indi-
cating abnormally activated autophagic flux. Treatment
with esketamine significantly attenuated the autophagic re-
sponse, which was characterized by lower LC3-1I/LC3-I
and Beclin-1 expression together with recovery of p62 lev-
els.

In the Rapa+Esk+Pfo group, autophagy-related pro-
tein levels returned to those comparable to the Pfo group, in-
dicating that rapamycin counteracted esketamine-mediated
inhibition of autophagy. These results confirmed that eske-
tamine effectively suppressed propofol-induced excessive
autophagy, and this protective effect was reversed by ex-
ogenous autophagy activation.

3.5.2 PI3K/Akt/mTOR Signaling Mediated the Regulatory
Effects of Esketamine on Autophagy

To identify the upstream mechanism by which eske-
tamine regulates autophagy, the phosphorylation levels of
key proteins in the PI3K/Akt/mTOR pathway were quanti-
fied (Fig. 6, the original Western blotting images are pro-
vided in the Supplementary Materials). The Pfo group
showed significantly reduced p-PI3K, p-Akt, and p-mTOR
levels compared with the Con group, indicating pathway in-
hibition. These were significantly restored by esketamine.
However, co-administration of LY294002 completely abol-
ished the restorative effect of esketamine, resulting in phos-
phorylation of these signaling proteins returning to values
comparable with those observed in the Pfo group. Together,
these findings showed that PI3K/Akt/mTOR activation me-
diated the suppression of excessive propofol-induced au-
tophagy by esketamine.

3.5.3 Esketamine Alleviated Propofol-Induced Impairment
of Autophagic Flux

The integrity of autophagic flux at the morphological
level was assessed by immunofluorescence staining for AP
marker LC3B and the lysosomal marker LAMP1 in hip-
pocampal neurons (Fig. 7A). Propofol exposure markedly
increased mean fluorescence intensities of both LC3B and
LAMPI1 (Fig. 7B,C), indicating a blockade at the lysosomal
degradation stage of autophagic flux, with accumulation of
APs and undegraded substrates. Esketamine significantly
reduced signal intensities of both markers to approximately
normal levels (Fig. 7B,C), reflecting that it not only re-
duced the excessive formation of APs, but also promoted
AP-lysosome fusion and subsequent substrate degradation,
thereby relieving the obstruction of autophagic flux.

Mechanistic validation experiments demonstrated that
the restorative effect of esketamine on LC3B and LAMP1
signals was abolished by co-administration of either
LY294002 or rapamycin. Both the LY294002+Esk+Pfo
and Rapa+Esk+Pfo groups exhibited elevated expression
levels of these markers, comparable to those found in the
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Fig. 4. Esketamine attenuates the inflammatory response in propofol-induced neurotoxicity. Concentrations of hippocampal in-
flammatory cytokines, including IL-18 (A), IL-6 (B), IL-18 (C), and TNF-a (D). Data were presented as mean + SD (n = 6). **p <0.01
vs. Con; ##p <0.01 vs. Pfo; &&p <0.01 vs. Esk+Pfo. IL, interleukin; TNF-o, tumor necrosis factor-a.

Pfo group (Fig. 7B,C). These findings demonstrated that
esketamine effectively alleviated propofol-induced disrup-
tion of autophagic flux by activating the PI3K pathway and
suppressing excessive autophagy.

4. Discussion

This study revealed that repeated propofol anesthe-
sia during the developmental period could induce long-
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term learning and memory impairments in rats. The
underlying mechanism may involve suppression of the
PI3K/Akt/mTOR signaling pathway and consequent exces-
sive autophagy activation in hippocampal neurons. Im-
portantly, it was revealed that esketamine could effec-
tively counteract the excessive autophagy by activating
the PI3K/Akt/mTOR pathway, thereby mitigating neuronal
damage and cognitive dysfunction. These data highlighted
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Fig. 5. Effects of esketamine on the expression levels of autophagy-related proteins. Representative Western blot bands (A) and
quantitative analysis of LC3-II/LC3-I ratio (B), Beclin-1 (C), and p62 (D) in hippocampal tissues. Data were presented as mean + SD (n
=6). **¥p <0.01 vs. Con; #p <0.01 vs. Pfo; **p <0.01 vs. Esk+Pfo. LC3, microtubule-associated protein 1A/1B-light chain 3.

the potential of esketamine as a promising therapeutic strat-
egy for the prevention of propofol-induced neurotoxicity.

Both previous research and earlier studies conducted
by our team have raised concerns regarding the poten-
tial neurotoxicity of propofol, an extensively utilized intra-
venous anesthetic, on the developing brain. Previous stud-
ies have demonstrated that repeated propofol exposure at
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the neonatal stage impaired hippocampal synaptic plasticity
and long-term learning and memory capabilities [5,6,30].
Consistent with our previous findings, the current study
confirmed that propofol administration could induce sig-
nificant morphological abnormalities in hippocampal neu-
rons, including disordered cellular arrangement, increased
pyknosis, and worsened ultrastructural impairments, such
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Fig. 6. Esketamine activates the PI3K/Akt/mTOR signaling pathway. Representative Western blot bands (A) and quantitative anal-
ysis of the p-PI3K/PI3K ratio (B), p-Akt/Akt ratio (C), and p-mTOR/mTOR ratio (D) in hippocampal tissues. The blots shown are
representative of six independent biological replicates. The subtle band intensity differences in (A) were quantitatively confirmed in
(B-D). Data were presented as mean + SD (n = 6). **p <0.01 vs. Con; #p <0.01 vs. Pfo; “**p <0.01 vs. Esk+Pfo. PI3K, phosphatidyli-
nositol 3-kinase; Akt, protein kinase B; mTOR, mechanistic target of rapamycin.
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Fig. 7. Esketamine alleviates propofol-induced impairment of autophagic flux in hippocampal neurons. (A) Representative im-
munofluorescence images showing LC3B (red, AP marker), LAMP1 (green, lysosome marker), and DAPI (blue, nuclear staining) in the
hippocampal CA1 region. n = 6 rats per group, with three non-overlapping fields per rat. Scale bar: 20 pm. (B) Quantitative analysis
of relative LC3B fluorescence intensity (normalized to Control). (C) Quantitative analysis of relative LAMP1 fluorescence intensity
(normalized to Control). Data were presented as mean = SD (n = 6). **p < 0.01 vs. Con; #¥p < 0.01 vs. Pfo; “*p <0.01 vs. Esk+Pfo.
LAMP1, lysosomal-associated membrane protein 1; DAPI, 4’,6-diamidino-2-phenylindole.
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as mitochondrial swelling, cristae fragmentation, and endo-
plasmic reticulum dilation. The results of behavioral tests
further confirmed these cognitive deficits, as evidenced by
an increased number of training trials required and a de-
creased correct response rate in the Y-maze test, along with
prolonged escape latency and reduced platform crossings in
the MWM test, collectively highlighting persistent memory
and learning deficits in propofol-exposed rats.

Previous research has reported that propofol anesthe-
sia could elevate the levels of pro-inflammatory cytokines,
such as IL-18 and IL-1B, in the hippocampus, reflecting
the contribution of neuroinflammation to the underlying
neurotoxic process [7]. The present study further demon-
strated that propofol could induce widespread neuroinflam-
matory responses in hippocampal tissue, as evidenced by
significantly increased concentrations of IL-1p, IL-6, IL-
18, and TNF-a. This inflammatory response was accom-
panied by remarkable autophagy activation, characterized
by a higher LC3-II/LC3-I ratio, upregulated Beclin-1 ex-
pression level, and decreased autophagy substrate p62 level.
Crucially, both TEM and semi-quantitative immunofluo-
rescence analysis indicated a blockage at the lysosomal
degradation stage of autophagic flux, leading to significant
accumulation of APs and associated substrates. This dis-
ruption of autophagic flux integrity may represent a critical
link in the pathogenesis of propofol-induced neurotoxicity.

However, existing literature presents inconsistent
findings regarding propofol’s modulation of autophagy,
which may reflect the model-dependent nature of its
effect. Sun et al. [31] found that propofol produced
neuroprotection while inhibiting autophagy through
Ca?"/calcium/calmodulin-dependent protein kinase ki-
nase beta (CaMKKf)/AMP-activated protein kinase
(AMPK)/mTOR signaling. However, this study was con-
ducted in cultured cortical neurons under oxygen-glucose
deprivation/reperfusion conditions rather than in neonatal
animals in vivo, which is an important distinction from the
present study. As highlighted in a comprehensive review
by Yu et al. [32], propofol exerts both neuroprotective
and neurotoxic effects depending on the experimental
conditions, including the model system, dosage, exposure
duration, and frequency of administration. In neonatal
animals subjected to repeated propofol exposure, enhanced
autophagy and neurotoxicity have been more consistently
reported [32]. Consistent with findings of the present
study, long-term propofol has been shown to reduce the
activity of neurons and cause developmental neurotoxicity
through excessive autophagy [33], further supporting the
conclusions of the present study.

Autophagy is a cellular process crucial for maintain-
ing homeostasis through the formation of APs that encap-
sulate and degrade non-essential or damaged components
[34]. The expression levels of LC3B and LAMPI, serv-
ing as marker proteins for APs and lysosomes, respectively,
can reflect the integrity of autophagic flux. The semi-
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quantitative immunofluorescence analysis revealed signif-
icantly increased mean fluorescence intensities of both
LC3B and LAMP1 following propofol treatment, indicat-
ing potential impairment at the AP-lysosome fusion stage,
leading to the compromised clearance of autophagic sub-
strates. Similarly, Livieri et al. [35] regarded LC3B and
LAMP2A as key indicators to evaluate autophagic flux in-
tegrity in their traumatic brain injury study. Furthermore,
Beclin-1, p62, and LC3B are widely recognized as core
proteins in the autophagy process [36]. Beclin-1 regu-
lates AP formation [37], LC3B-II binds to autophagoso-
mal membranes reflecting autophagic activity [38], and
p62 accumulation, serving as a selective autophagic re-
ceptor, typically indicates impaired autophagic degradation
[39]. In the present study, the propofol group exhibited
increased Beclin-1 expression level and LC3B-II/LC3B-I
ratio, alongside decreased p62 level, accompanied by syn-
chronized elevation of LC3B and LAMPI1 fluorescence in-
tensities, collectively demonstrating both autophagy acti-
vation and blockade at the degradation stage of autophagic
flux. These findings indicate that propofol-induced neu-
rotoxicity is closely associated with abnormally enhanced
autophagy, reflecting that suppressing excessive autophagy
could represent a potential strategy for mitigating its neuro-
toxic effects.

Previous research has confirmed that esketamine
could prevent propofol-induced neurotoxicity through anti-
inflammatory mechanisms [20]. In the present study, eske-
tamine pretreatment not only significantly improved cog-
nitive performance in both Y-maze and MWM tests, but
also effectively alleviated morphological damage and ultra-
structural abnormalities in hippocampal neurons. Further-
more, it was revealed that its protective effects were closely
associated with the regulation of autophagy. Esketamine
pretreatment significantly reduced the LC3-II/LC3-I ratio
and Beclin-1 expression level, while increasing p62 level,
indicating suppression of the autophagic activity. Semi-
quantitative immunofluorescence analysis demonstrated re-
duced mean fluorescence intensities of both LC3B and
LAMPI, reflecting diminished AP accumulation and re-
stored integrity of autophagic flux. To verify the role of
autophagy inhibition in its protective mechanism, the au-
tophagy activator rapamycin was utilized. The results in-
dicated that rapamycin treatment abolished the benefits of
esketamine, as evidenced by significantly increased pro-
inflammatory cytokine release, restoration of autophagy
marker expression similar to that in the propofol group, and
exacerbation of brain injury. These findings strongly con-
firm that the neuroprotective effects of esketamine depend
on its ability to suppress excessive autophagy.

According to these findings, the upstream signaling
mechanisms were further investigated through which es-
ketamine could regulate autophagy. The PI3K/Akt/mTOR
pathway is a well-established negative regulatory signal-
ing pathway of autophagy, whose activation suppresses
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autophagic activity and maintains neuronal homeostasis
[22]. Previous studies have confirmed that the enhanced
autophagy following repeated propofol anesthesia may be
detrimental to neurons, while mTOR activation can mit-
igate this excessive autophagic response [40]. In the
present study, propofol-related brain injury was accom-
panied by significant reductions in p-PI3K, p-Akt, and
p-mTOR, in parallel with downstream activation of au-
tophagy. Esketamine pretreatment effectively restored the
activity of this signaling pathway. Crucially, the PI3K in-
hibitor LY294002 completely abolished both esketamine-
mediated activation of the PI3K/Akt/mTOR pathway and
its subsequent suppressive effects on autophagy and neu-
roprotection. These results collectively indicated that es-
ketamine could suppress propofol-induced excessive au-
tophagy, specifically by activating the PI3K/Akt/mTOR
signaling pathway. However, the mechanism by which es-
ketamine initiates PI3K pathway was not determined here
and has rarely been addressed in previous reports. This
represents a key scientific question that warrants further
investigation in future studies. In addition, it should be
noted that under certain conditions, NMDA receptor an-
tagonism can itself upregulate autophagy, which would be
expected to counteract the autophagy-suppressing effects
found in this study [41]. Nevertheless, cotreatment with
esketamine consistently activated PI3K/Akt/mTOR path-
way and suppressed excessive autophagy, indicating that
its effects on this model favored autophagy inhibition de-
spite any potential NMDA antagonism-driven autophagic

Esketamine

induction. This apparent paradox highlights the complex-
ity of autophagy regulation in the developing brain. The re-
spective contributions of NMDA receptor antagonism and
PI3K/Akt/mTOR pathway activation to the observed sup-
pression of autophagy have yet to be fully clarified.

This study has several limitations. First, no
esketamine-alone group was included, limiting the ability
to distinguish its independent effects from its interaction
with propofol, although previous research has not shown
cognitive effects at the dose used [20]. Second, only eske-
tamine was evaluated; it remains elusive whether the ob-
served neuroprotection is specific to esketamine or shared
among other non-competitive NMDA receptor antagonists,
such as phencyclidine or dextromethorphan. Third, the
study did not directly isolate NMDA receptor-dependent
mechanisms, and the contribution of this pathway could
not be definitively determined. Additionally, neither the
LY294002-alone nor the rapamycin-alone group was in-
cluded, thereby limiting mechanistic interpretation of their
independent effects. Fourth, the quantification methods
used for hippocampal CAl neurons and APs in the TEM
analyses provided only semi-quantitative density estimates
rather than absolute numbers. Because stereological meth-
ods were not employed, the analyses do not yield unbiased
estimates of organelle number per unit volume or per cell,
and this should be considered when interpreting the quan-
titative findings. Furthermore, although juvenile rats pro-
vide a valuable experimental model for developmental neu-
rotoxicity, species differences in brain development, phar-
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macokinetics, and anesthetic responses limit the direct ex-
trapolation of these findings to pediatric clinical practice.
The neuroprotective effects of esketamine observed in this
study should be validated in additional preclinical models
and clinical studies. Moreover, this study evaluated only
the short-term effects of esketamine following propofol ex-
posure and did not assess its long-term safety or poten-
tial consequences on neurodevelopment and cognitive func-
tion. Future studies incorporating long-term histopatho-
logical and molecular assessments are warranted to es-
tablish the durability and safety of esketamine treatment.
Lastly, the absence of autophagy-inhibitor controls, such
as 3-methyladenine or chloroquine, precludes definitive
confirmation of a causal relationship between esketamine-
mediated autophagy modulation and neuroprotection. Fu-
ture studies should incorporate both pharmacological au-
tophagy inhibitors and activators to more accurately indi-
cate the directional contribution of autophagy to the neuro-
protective effects of esketamine.

5. Conclusions

This study identified a potential mechanism through
which esketamine alleviated persistent learning and mem-
ory deficits in juvenile rats following repeated propofol
anesthesia (Fig. 8). It was revealed that repeated propo-
fol anesthesia produced cognitive deficits accompanied
by PI3K/Akt/mTOR pathway inhibition and hippocam-
pal autophagic dysfunction, including excessive activa-
tion and impaired flux. Pretreatment with esketamine re-
stored PI3K/Akt/mTOR phosphorylation, suppressed ex-
cessive autophagy, improved the clearance of damaged or-
ganelles, and ultimately protected neuronal structure and
cognitive function. These findings provide novel theoreti-
cal insights and potential therapeutic targets for the clinical
prevention of anesthesia-induced neurotoxicity.
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