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 Background: Perioperative neuro-cognitive disorders (PND) are preoperative and postoperative complications of multiple 
nervous systems, typically manifested as decreased memory and learning ability after surgery. It was used to 
replace the original definition of postoperative cognitive dysfunctions (POCD) from 2018. Our previous stud-
ies have shown that sevoflurane inhalation can lead to cognitive dysfunction in Sprague-Dawley rats, but the 
specific mechanism is still unclear.

 Material/Methods: Thirty-six male Sprague-Dawley rats were randomly divided into 6 groups (n=6): the SD group was given 24-h 
acute sleep deprivation; Sevoflurane was inhaled for 2 h in the Sevo group. Two mL propofol was injected into 
the tail vein of rats in the Prop group. The rats in the SD+Sevo group and SD+Prop group were deprived of 
sleep before intervention in the same way as before.

 Results: We noted significant behavioral changes in rats treated with SIK3 inhibitors or tau phosphorylation agonists 
before propofol injection or sevoflurane inhalation, with associated protein levels and dendritic spine densi-
ty documented. Sevoflurane anesthesia-induced cognitive impairment following acute sleep deprivation was 
more pronounced than sleep deprivation-induced cognitive impairment alone and resulted in increased brain 
SIK3 levels, increased phosphorylation of total tau and tau, and decreased acetylation modifications. After using 
propofol, the cognitive function returned to baseline levels with a series of reversals of cognitive dysfunction.

 Conclusions: These results suggest that sevoflurane inhalation via the SIK3 pathway aggravates cognitive impairment af-
ter acute sleep deprivation and that propofol anesthesia reverses the effects of sleep deprivation by affecting 
modifications of tau protein.
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Background

Delirium occurs early after anesthesia, and another type with 
a long duration is called postoperative cognitive dysfunction 
(POCD), which is a severe postoperative neurocognitive se-
quela manifested as mental disorders, anxiety, personality 
changes, and memory disorders [1]. POCD increases the risk 
of postoperative complications, prolongs hospital stay, and in-
creases mortality.

Many shreds of evidence have shown that neuroinflamma-
tion plays an essential role in the formation of POCD, which 
is mainly related to oxidative stress in brain tissue, blood-
brain barrier injury, and neuroinflammation caused by surgi-
cal trauma [2-4]. Postoperative cognitive dysfunction occurs in 
about 12% of patients with good cognition before anesthesia 
and non-cardiac surgery [5]. Postoperative cognitive dysfunc-
tion (POCD) is generally alleviated but rarely for long periods, 
although plausible biological mechanisms affect protein de-
position in the brain. Results of clinical studies are often un-
clear due to a lack of consistent definitions and test methods.

Non-memory functions (attention) are particularly associat-
ed with cognitive impairment, while psychological symptoms 
of anxiety and irritability are associated with physical weak-
ness [6]. The etiology of sporadic Alzheimer disease (AD) is con-
sidered multifactorial, with environmental, biological, and ge-
netic factors contributing to the pathogenesis of AD. General 
anesthetics may be such a factor and may contribute to the 
development and exacerbation of this neurodegenerative dis-
ease. Intraneuronal neurofibrillary tangles (NFT), composed of 
hyperphosphorylated and aggregated tau proteins, are among 
the significant neuropathological features of AD [7]. Tau pathol-
ogy is essential in AD because of its strong association with 
cognitive dysfunction, which is part of axonal integrity, and 
the increase of tau indicates that neurons are damaged. The 
rise in nerve mercerization and tau within 48 h after surgery 
suggests that general anesthesia and surgery are associated 
with neuronal injury in the short term [8]. Studies have also 
found that propofol can improve the levels of Ab-42 and tau 
protein in patients with liver cancer after surgery and improve 
the cognitive function of patients after surgery [9].

Salt-induced kinase 3 (SIK 3) is an adenosine 5’-monophos-
phate-activated protein kinase (AMPK) family of related kinas-
es involved in the regulation of cell metabolism, polar remod-
eling, and epithelial-mesenchymal transition [10]. It is known 
that salt-induced kinase phosphorylates s 262 and s 356 in 
the Kis motif of the repeat sequence make them immunore-
active with the antibody 12 e [11], thereby phosphorylating 
most efficiently [12]. Activation of SIK3 aggravates mTOR ex-
pression, which activates tau protein’s abnormal phosphory-
lation, ultimately affecting cognitive function.

Microtubule-associated protein (tau) is abnormally hyperphos-
phorylated in the filamentous inclusions of cells, which can be 
seen in neurodegenerative diseases of dementia and signif-
icantly affect cognitive function [11]. There is increasing evi-
dence that pathological sections can be transferred from one 
neuron to another via hyperphosphorylated seeds and protein 
uptake and co-aggregation in host neurons. Insoluble inclu-
sion bodies formed by proteins in neurons are neuropatholog-
ical features of Alzheimer disease [13]. Tau protein aggregates 
accumulated in the brain seem to diffuse into the whole brain 
through intercellular transmission processes, including path-
ological tau secretion and uptake, and then the template is 
mistakenly folded into normal tau in the receptor cells [14].

Sevoflurane, an inhalation anesthetic widely used in pediatric 
surgery, is considered reasonably safe and reversible. Anesthetic 
sevoflurane induces tau phosphorylation and cognitive impair-
ment in juvenile rats. Its underlying mechanisms and targeted 
interventions remain largely unexplored [15]. Unlike propofol, 
sevoflurane has an affinity for a range of protein receptors in 
the central and peripheral nervous systems. This confounding 
property could serve as the basis for the functional interac-
tion of neurons that were not related to anesthesia but have 
potential effects [16].

Propofol (2,6- diisopropyl phenol) is a widely used intravenous 
anesthetic for rapid induction and recovery from general an-
esthesia. As a gamma-aminobutyric acid (GABA) receptor ag-
onist, propofol works by enhancing the inhibitory neurotrans-
mitter GABA. Deep anesthesia induced by propofol was more 
protective against POCD events in clinical trials and rat mod-
els than was mild anesthesia [17].

Sleep deprivation negatively affects cognitive performance, 
but its exact mechanism and cognitive effect are still contro-
versial [18]. Lack of sleep is harmful to cognitive function. The 
cognitive function relies on mental effort and cognitive abil-
ity compared to more automatic control processes. Evidence 
shows that sleep disorder and amyloid deposition work togeth-
er to damage brain function of people with average cognitive 
ability and increase the risk of dementia in the future [19].

Night-time sleep disruption may mediate the relationship be-
tween amyloid and cognitive impairment, indicating a potential 
sleep-dependent mechanism that correlates amyloid burden 
with cognitive decline in the brain. In patients with Alzheimer 
disease, the source of memory deficits is, at least to some ex-
tent, the interruption of sleep patterns, which interferes with 
the optimal integration of previously learned declarative in-
formation [20]. However, its specific mechanism and interac-
tion with inhalation anesthesia are unknown.
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In previous studies, we found that inhalation of 2% sevoflurane 
for 2 h can aggravate the cognitive dysfunction induced by or-
thopedic surgery in aged rats, and blood-brain barrier damage 
may also participate in this process, but the specific mecha-
nism is still unclear [15,21]. Propofol, a common intravenous 
anesthetic, exhibits neuroprotective effects after brain inju-
ry, significantly reducing the neurotoxicity accumulation and 
infarct size and alleviating neurological deficits [15]. In sum-
mary, the purpose of this study was to explore the interaction 
mechanisms of different anesthetics and sleep deprivation 
and their pathways leading to changes in synaptic plasticity.

Material and Methods

Animals

We purchased male SD rats (all 8-week-old and weighing 
200-250 g) from Huafukang Biotechnology Co., Ltd., Beijing, 
China. All animals provided standard food and adequate wa-
ter in a controlled environment (temperature 20-23°C, 12-h 
light-dark cycle). This animal experiment was authorized by the 
Institutional Animal Care and Use Committee of the General 
Hospital of Tianjin Medical University (Tianjin, China). In this 
experiment, the humanized endpoint was used according to 
the General Hospital of Tianjin Medical University’s standard 
operating procedures. If a rat was considered unsuitable for 
the next experiment, such as due to weight loss, cachexia, or 
difficulty eating, drinking, or walking, it was euthanized by in-
halation of carbon dioxide, but no animals were sacrificed for 
these reasons in this study.

Medication

Sevoflurane was purchased from Hengrui Medicine Co., Ltd., 
put into a volatilization tank, and input into a rat anesthesia 
box with a 2% concentration and 60% oxygen, and measured 
according to the a previously described method [22]. The con-
trol group was treated with the same concentration of oxy-
gen under the same conditions. Propofol was purchased from 
Xi ‘an Limongxin Pharmaceutical Co., Ltd. SIK3 inhibitors were 
purchased from Abcam, and tau phosphorylation agonist was 
purchased from Abcam.

Acute Sleep Deprivation Model

After 1 week of acclimation to the laboratory environment, the 
rats were placed in a modified sleep deprivation box (a de-
vice for establishing sleep deprivation models, Patent No. ZL 
2017 2 1476596.8). Based on the original level of sleep depri-
vation, the same environment was used in the control group. 
The sleep deprivation cylinder was provided with acrylic acid 
cylindrical sleep deprivation tables at an interval of 15 cm at 

the center of the cylinder along the extended shaft centerline. 
The lower part of the acrylic cylindrical sleep deprivation ta-
ble was connected with the cylinder with a suction cup. In the 
experiment, rats were placed on a table, and clean water at 
room temperature was put into a cylinder with a water depth 
of 8 cm. The sleep deprivation platform was 2 cm above the 
water surface. At the beginning of the REM sleep stage, ani-
mals fall into the water at the instant of sleep, thus achieving 
the goal of sleep deprivation. In addition, the top of the cyl-
inder was covered with a layer of wire mesh to prevent the 
cylinder from escaping. At the same time, a cold light source 
LED lamp was turned on, which completely disrupts the sleep 
rhythm. When rats were deprived of sleep, the curtains were 
closed to exclude light, and the room temperature was kept at 
about 22°C to eliminate temperature interference and ensure 
survival. During the period of acute sleep deprivation, rats had 
free access to drinking water and food. Deprivation time was 
based on a previous study [23]. Under the above conditions, 
acute sleep deprivation was performed for 24 h. The rats were 
then removed and placed in a dry cage for 1 h to begin behav-
ioral testing. In the control group, rats were placed on acrylic 
cylinders with the same height and diameter of 20 cm under 
the same conditions, so as to ensure that the rats could rest 
and eliminate the environmental interference factors. After 24 
h, the control group was also removed and allowed to stand 
for 1 h, and behavioral testing was started.

Sevoflurane	Inhalation	Model

Rats in the inhalation group were placed in a ventilation box. 
An air inlet pipe was connected to an animal sevoflurane vol-
atilization box (Model f 700, Nanjing Biotechnology Co., Ltd., 
OnStar Corp.) and an air outlet was connected to the atmo-
spheric environment. The bottom was covered with sodium 
lime to absorb expired carbon dioxide and water vapor. Rats 
inhaled 2% sevoflurane and 60% oxygen at a flow rate of 
2 L/min through the inlet pipe for 2 h. A behavioral test was 
performed 1 h after anesthesia. In the sleep deprivation com-
bined with inhalation anesthesia group, the same sleep de-
privation intervention was given first, and then sevoflurane 
was inhaled immediately to simulate preoperative sleep de-
privation. Behavioral tests were performed 1 h after comple-
tion and then compared.

For inhalation gas treatment, using a previously described 
method [22], rats in the inhalation group (Sevo group, SD+Sevo 
group) were placed in a transparent square plastic box with an 
inlet and an outlet. The gas sensor (HY-ALERTA handheld de-
tector model 500; Valencia, California) was set at 1.4% from 
start to the end of inhalation. Carbon dioxide is carried away 
by calcium oxide attached to the bottom.
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Experimental Design

Part One: Different Cognitive Effects Caused by Different 
Anesthetics After Acute Sleep Deprivation

The experimental animals were randomly divided into 6 groups, 
with 6 rats in each group: a control group (Con), a sevoflurane 
inhalation group (Sevo), a propofol intravenous anesthesia 
group (Prop), a sleep deprivation group (SD), a sleep deprivation 
combined with inhalation group (SD+Sevo), and a sleep depri-
vation combined with inhalation anesthesia group (SD+Prop).

The experimental model was established under the same con-
ditions. The control group rats were placed on a large-diame-
ter horizontal table during sleep deprivation, and 60% oxygen 
was inhaled during inhalation anesthesia. An exact amount of 
normal saline was injected through the tail vein during intra-
venous anesthesia. The survival rate was calculated. The rats’ 
survival rate in each group was observed from day 1 to day 
7 after acute sleep deprivation. After the behavioral test, the 
other rats were subjected to PBS cardiac perfusion and bilat-
eral hippocampal collection. The behavioral experiments in-
cluded the Y maze and Morris water maze, which were used 
to determine rats’ cognitive level in each group.

Western blot analysis was used to detect the changes of ex-
pression levels of SIK3, tau, phosphorylated tau, acetylated 
tau, and PSD95 in the hippocampus of rats with cognitive dys-
function after inhalation anesthesia or intravenous anesthe-
sia, and sleep deprivation–inhalation/intravenous anesthesia. 
The changes in hippocampal synaptic plasticity in the rat brain 
were detected by Golgi staining (Figure 1).

Part Two. Role of SIK3 in Sevoflurane Inhalation After Acute 
Sleep Deprivation

The changes in cognitive behavior were detected by Y maze and 
Morris water maze after intraperitoneal injection of the SIK3 
inhibitor YKL-05-099. The density and morphological changes 
of dendritic spines in rat hippocampal neurons after admin-
istration of YKL-05-099 were detected by Golgi staining. The 
changes in the expression of tau, phosphorylated/acetylated 
tau, and PSD95 in the hippocampus of rats after inhibition by 
the inhibitor SIK3 were determined by western blot.

Part Three. Role of Tau and Its Morphology in Propofol 
Anesthesia After Acute Sleep Deprivation

Forskolin was used to increase tau expression and phosphor-
ylation, followed by Y maze and Morris water maze testing to 
detect the cognitive level, and western blot was used to iden-
tify phosphorylated/acetylated tau expression changes and 
PSD95 in the rat hippocampus.

After the phosphorylation of tau protein was increased by 
Forskolin, the Y maze and Morris water maze were used to 
detect the degree of cognitive dysfunction, and western blot 
was used to detect the expression levels of SIK3, phosphor-
ylated tau (Ser-404), acetylated tau (Lys-174) and PSD95 in 
the hippocampus of rats. The changes of hippocampal synap-
tic plasticity in the rat brain were detected by Golgi staining.

Sevo�urane inhalation or
propfol injection

24 h sleep
depravation

Hearvest of
brain tissue

250 g
SD rats

Environmental
adaption ends

D0 D2 D4 D6 D8 D10 D12 D14 D16 D18 D20 D22 D24

Molecular biology expreriment
Survival rate

Y-maze and MWM

Figure 1.  Experimental design. Sprague-Dawley male rats (6-8 weeks old, weighing 200-250 g) were randomly divided into 6 
groups, with 6 rats in each group. The adaptation time was 7 days. Acute sleep deprivation lasted for 24 h from day 7, 
and sevoflurane inhalation lasted for 2 h from day 8. Then, the Y maze learning stage was carried out, and the test stage 
started on the 9th day. On the 11th day after the end of the Y maze test, the MWM test was started. After all intervention and 
behavior experiments, rats were killed, and the bilateral hippocampus was removed.
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Behavioral Tests

Survival rates: The survival rates of groups were estimated 
within 7 days, at the end of the treatment. The test was con-
ducted twice.

Y maze: Y maze test was performed according to a previous-
ly described method [24]. In this maze, rodents explore new 
and different natural habits and it does not need animals to 
learn any rules to seek advantages and avoid disadvantages. 
It can effectively reflect the animal’s ability to recognize and 
memorize new and different environments. After sleep de-
privation and inhalation of isoflurane for 1 h, the test start-
ed. The test included spontaneous alternating responses and 
spatial recognition.

The animals were placed at the end of one arm, and the se-
quence of animals entering each arm within 10 min was re-
corded. For example, alternating is defined as entering 3 arms 
in succession (1, 2, 3 or 1, 3, 2). The maximum alternation 
is the sum of -2 times of arm entry, and then calculate the 
percentage=actual alternation/maximum alternation×100%. 
Finally, the numerical values given includes actual alternation 
times, maximum alternation times, percentages, the total dis-
tance of animal activities, and total arm entry.

In the first experiment, 1 arm was closed and animals were 
allowed to explore freely in the other 2 arms for 3 min. Two 
hours later, the second experiment (recall stage) was carried 
out, in which all arms were opened, animals moved freely in 
3 arms for 3 min, and the exploration time and distance in 
each arm were recorded, which would shorten the exploration 
time and distance of the memory impairment in the new arm. 
Finally, the parameters to be given include entering each arm 
and the time and distance of exploring each arm.

Morris water maze, MWM: The Morris water maze test is an 
experiment in which experimental animals (rats and mice) are 
forced to swim and learn to find hidden platforms in the water, 
which is mainly used to test the learning and memory ability 
consciousness and direction consciousness (spatial position-
ing) of the experimental animals on spatial location. The cir-
cular rat pool had a diameter of 160 cm, a height of 50 cm, a 
water depth of 30 cm, a black background, and a water tem-
perature of 23.2°C. We marked 4 equidistant points (n, e, s, 
and w) on the pool wall as the test’s starting point. The pool 
was divided into 4 quadrants, and the platform was located 
in the center of any quadrant (the distance between the plat-
form and the center of the pool wall is equal). The platform is 
black, with a diameter of 12 cm and a height of 29 cm. Its up-
per surface was less than 1 cm below the water surface, which 
makes the platform invisible to the naked eye. Abundant ref-
erence cues (triangles, squares, circles, diamonds, and other 

geometric shapes placed in each quadrant) were attached 
around the pool and held constant to allow the rat to locate 
the platform. The shadow can effectively shield stray light 
from entering that test area. We used blinds and indirect light 
sources to avoid interference from light with image capture. 
The movement tracks of experimental animals in the Morris 
water maze test were extracted, and rich behavioral quan-
titative indicators were calculated based on the movement 
tracks. Behavioral statistics and analysis were performed us-
ing Anymaze software.

Positioning navigation test: The experiment lasted 5 days, and 
it was planned to train 4 times a day at fixed times. At the be-
ginning of the training, the platform was placed in the fixed 
quadrant, and the rats were placed into the pool in sequence 
from the 4 starting points of the pool wall. The video record-
ing system recorded the time when the rats found the plat-
form and the swimming path. After 4 training sessions, rats 
were placed into the water from 4 different origins (different 
quadrants). If the rat finds or fails to find the platform within 
120 s (a delay of 120 s was recorded), the experimenter guid-
ed it to the platform and the rat was allowed to rest on the 
platform for 10 s before proceeding to the next experiment. 
The average latency of 4 training segments per day was tak-
en as the final result of the rats.

Sometimes, before the 10- to 30-s interval expired, the rat may 
fall off the platform or jump into the water to continue swim-
ming. Once this occurred, the rats were returned to the plat-
form and retimed to allow an interval of 10-30 s. This ensured 
that each rat had an equal amount of time observing and ob-
taining spatial information after each experiment.

Spatial exploration test: After the rats completed the last 
training on the 5th day, they rested for 2 h, and the platform 
was taken out. The rats were then put into the water from the 
same inlet point, and the swimming path of the rats and their 
time spent in the target quadrant and time needed to cross 
the target quadrant within 120 s were recorded. We marked 
the platform’s original position with a circle on the computer 
screen to record the time taken to traverse the original posi-
tion of the platform.

Western Blotting

The expression levels of SIK 3, tau, phosphorylated tau, acet-
ylated tau, and PSD 95 in the hippocampus were determined 
by western blot analysis.

Using preformed gel (SurePAGE™), the total protein was sam-
pled at 8-10 μL/well, electrophoresed at 140 V for 45 min, trans-
ferred to a nitrocellulose membrane (Bio-Rad, USA), then cul-
tured in 5% skim milk powder based on TBST solution for 1.5 
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h, and we used specific antibody against the following proteins: 
SIK 3, tau, phosphorylated tau, acetylated tau, and PSD 95.

After overnight incubation at 4°C, samples were rinsed with 
TBST, and then incubated at 37°C for 1 h with goat anti-mouse 
antibody (1: 4000, cat # 31430, Invitrogen, USA) or goat anti-
rabbit antibody (1: 4000, cat # 31466, Invitrogen, USA). The ni-
trocellulose membrane was washed 3 times with Twin (TBST) 
in buffered saline, and then ECL liquid (No. 34577, Invitrogen, 
USA) was added dropwise, and the sample was scanned and 
photographed.

An image analysis system with Bio-Rad was used. The degree 
of expression of the goal

protein was compared with the beta-actin version by the in-
tegrated optical density target line of protein.

Golgi Staining

For analysis of the hippocampus, Golgi staining was performed 
using the FD Fast Golgi Staining Kit (FD Neurotechnologies, 
Baltimore, MD) according to the manufacturer’s guidelines. 
Experimental animals were anesthetized by intraperitoneal 
injection of sevoflurane combined with 5% Avertin.

We removed the brain from the skull as soon as possible, tak-
ing care not to damage or compress the tissue. The blood on 
the tissue’s surface was quickly washed with Milli-Q water, 
and the tissue was immersed in the same volume of the in-
fusion mixture of A and B solutions and stored at room tem-
perature in the dark for 2 weeks. After soaking for 6 h or the 
next day, we replaced the saturated solution with fresh solu-
tion. We transferred the tissue to solution C, protected from 
light at room temperature for 72 h. We changed the solution 
at least once after 24 h or the following day. The tissues were 
cut into 200-um-thick sections with a vibrating microtome in 
the presence of 22% and 20% hypertonic sucrose. Samples 
were transferred to gelatin-coated microscope slides (Cat #PO 
101) containing Solution C and recovered (provided by the kit). 
We pipetted any excess solution from the slide and dried it 
on filter paper. The sections were dried naturally in the dark 
at room temperature.

The sections were rinsed twice with double-distilled or Milli-Q 
water for 4 min each time. The sections were placed in a mix-
ture of 1 part solution D, 1 part solution e-, and 2 parts double-
distilled or Milli-Q water for 10 min. The sections were rinsed 
twice with distilled or Milli-Q water for 4 min each time. The 
sections were dehydrated for 4 min in 50%, 75%, and 95% eth-
anol at each concentration gradient. The sections were then de-
hydrated 4 times for 4 min in absolute ethanol. Samples were 
cleared 3 times in xylene for 4 min each time and we capped 

the glass with resin. The sections were then observed and pho-
tographed under an oil-immersion microscope.

Analysis	of	the	Density	and	Morphology	of	Dendritic	
Spines

Increasing evidence supports the involvement of neuroinflam-
mation in the development of Alzheimer disease and further 
leads to changes in the plasticity of dendritic spines [25]. The 
density and morphology of dendritic spines from the encod-
ed brain sections immersed in the Golgi apparatus contain-
ing the dorsal hippocampus were analyzed. The spines’ mor-
phology and density were observed from the dendrites of the 
DG granular layer in the dentate gyrus and the top (radial lay-
er) and bottom (Oriens layer) of the CA 1 pyramidal neurons.

The dendritic spines were observed and counted according to 
the research method of  Bolam et al [22]. Neurons that met 
the following criteria were selected for analysis in each exper-
imental group: (1) unclosed dendrites; (2) dark Golgi staining, 
consistent throughout the range of dendrites; and (3) relative 
separation from adjacent neuron to avoid interfering with anal-
ysis. Each neuron was analyzed with 3-5 dendritic segments, 
each at least 15 mm long, and each slice was analyzed with 
10-11 neurons.

According to morphological characteristics, neuronal dendrit-
ic spines can be divided into the following categories: 1) Fine 
spines, long neck, and small head; (2) Mushrooms: prominent 
spines, thin neck, big head; and (3) stubby: a very short spine 
without a pronounced neck and stubby appearance [26,27].

To obtain the slices’ analytic image, the dendritic fragments 
were imaged under a Zeiss microscope with a 63× oil-im-
mersed objective lens under bright-field illumination [28]. We 
calculated the linear ridge density, expressed as the number 
of ridges per 10 mm dendrite length, using Image J software.

Statistical Analysis

All data are expressed as standard error and mean. Shapiro-
Wilk normality testing was used to test whether the data were 
normally distributed. Unpaired t tests were used for normal-
ly distributed values, and Mann-Whitney tests were used for 
non-normally distributed values to analyze differences be-
tween 2 groups. One-way ANOVA from Bonferroni compari-
sons was also used to analyze interactions between groups. 
P<0.05 was considered to represent a statistically significant 
difference. We used GraphPad Prism software (version 8.0; 
GraphPad Software, Inc.)
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Results

Sleep	Deprivation,	Anesthesia,	or	Their	Combination	Did	
Not Significantly Affect Short-Term Survival

Compared with the control group, the 7-day survival rates of 
the SD group, SD+Sevo group, and SD+Prop group were not 
significantly different (P>0.05), and after inhalation anesthesia 
intervention, the 7-day survival rates of the Sevo group and 
SD+Sevo group were not significantly different (P>0.05). Only 
1 of the 36 rats initially included in the experimental study 
died. These data indicate that sleep deprivation propofol in-
fusion and sevoflurane inhalation intervention did not affect 
survival (Figure 2). We analyzed the cause of death in rats. 
The possible factors included the change of water tempera-
ture in the deprivation tank and the indoor temperature dur-
ing deprivation, which had no significant relationship with 
sleep deprivation.

Different	Effects	of	Sevoflurane	Inhalation	and	Propofol	
Infusion	on	Cognitive	Impairment	After	Acute	Sleep	
Deprivation

We next explored the effects of various anesthetics on cogni-
tive impairment after acute sleep deprivation. In the sponta-
neous alternation test, compared with the control group (n=6), 
the alternation rates of the SD group (n=6) and Sevo group 
(21.08%) were decreased by 23.86% (Figure 3A), respective-
ly, suggesting that the number times rats entered a new arm 
and the time spent there were slightly decreased (Figure 3B). 
Notably, compared with the control group, the SD group’s al-
ternation rate (n=6) was significantly lower (the alternation 

rate was reduced by 86% after the intervention) (Figure 3A), 
and the tendency of rats to explore new environments was 
reduced to various degrees (Figure 3B).

Compared to the control group, the time spent in new arm was 
shortened in the SD and Sevo groups, but there was no statis-
tically significant difference between the SD and Sevo groups 
(Figure 3B). The time spent after entering the new arm was 
significantly shorter in the SD+Sevo group, indicating that the 
spatial memory disorder was more significant when the com-
bined intervention was performed (Figure 3B). Surprisingly, 
there was no significant impairment of the Prop group’s cog-
nitive level, but the SD+Prop group showed cognitive function 
comparable to that of the Control group, suggesting that pro-
pofol infusion might have lessened the cognitive impairment 
caused by sleep deprivation (Figure 3A, 3B).

Similar changes in cognitive levels were also clearly demon-
strated in the Morris water maze test. Compared with the Con 
group, the change of propofol group was small but statisti-
cally significant. The acute sleep deprivation group and Sevo 
group had significantly increased escape latency (Figure 4B), 
and the alternation rate was decreased (Figure 4A). Compared 
with the SD group, sleep deprivation combined with sevoflu-
rane inhalation induced more apparent cognitive impairment, 
and the difference was statistically significant (Figure 4A, 4B). 
However, the cognitive function of the SD combined with pro-
pofol group was not significantly different from that of the Con 
group (Figure 4A, 4B).
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Figure 2.  Rat survival rate in each group. The 
7-day survival rates of rats in the 
control group, the 24-h acute sleep 
deprivation group, the sevoflurane 
inhalation group, the propofol infusion 
group, the sleep deprivation combined 
with sevoflurane group, and the 
sleep deprivation combined with 
intravenous anesthesia group were 
observed. There was no significant 
difference in the survival rate among 
groups at different time points 
(P>0.05).
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Sevoflurane	Promotes	Tau	Expression	And	Phosphorylation	
Tau	by	Activating	SIK3,	Which	Aggravates	Cognitive	
Impairment	After	Sleep	Deprivation

Previous studies have shown that cognitive impairment is as-
sociated with A-b fibrillary tangles, which are also the main 
pathological changes in Alzheimer disease. It has been prov-
en that sleep deprivation and isoflurane inhalation can lead 

to cognitive impairment, mainly memory impairment [15,29]. 
Based on the above conclusions, we compared the expres-
sion levels of SIK 3, tau, phosphorylated tau, acetylated tau, 
and postsynaptic density substance PSD 95 in the bilateral 
hippocampus.

In the rat study, quantitative western blot analysis showed 
that inhalation of 2% sevoflurane for 2 h had no effect on SIK 
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Figure 3.  Behavioral changes in Y maze testing in rats. Y maze test. (A) Comparison of alternating percentage between automatic Y 
maze and observer report. The bar graph represents the average value (n=6 for all groups). For comparison, the percentage 
calculated by the observer is included. Effect of treatment on alternation percentage: The results of the automatic system 
and the average value of observed values were analyzed independently by one-way ANOVA, and the same results were 
obtained (* P<0.05 Control vs SD, Control vs Sevo, SD vs SD+Sevo). (B) The number of times that rats in each group entered 
the new arm within 30 min (* P<0.05 Control vs SD, Control vs Sevo, SD vs SD+Sevo).
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3 expression levels, but it enhanced hippocampal tau expres-
sion in the phosphorylation/acetylation ratio of tau compared 
with the Control group (Figure 5A). After 24 h of acute sleep 
deprivation, expression of SIK 3 was increased, tau expression 
was increased, and the phosphorylation/acetylation ratio was 
increased (Figure 5A). When combined with sleep deprivation 
and sevoflurane anesthesia, SIK 3 levels were slightly higher 
than the SD group, but tau protein levels and the phosphory-
lation/acetylation ratio of tau protein were significantly higher 
compared with the single-intervention group (Figure 5A). Here, 
we can observe a seemingly “double” phenomenon, suggest-
ing that if acute sleep deprivation occurs before sevoflurane 
inhalation anesthesia, it will aggravate the postoperative cog-
nitive dysfunction caused by sleep deprivation, and the above 
mechanism may complete the process.

The change in PSD 95 may explain this problem. Compared 
with the Control group, the expression levels of PSD 95 in the 
SD group and the Sevo group were increased, and the expres-
sion levels in the SD+Sevo group were higher than those in 
the other 2 groups (Figure 5A).

To explore the specific mechanism by which sevoflurane inha-
lation aggravates cognitive impairment caused by acute sleep 
deprivation, we used the SIK 3 inhibitor YKL-05-099. After the 
rats adapted to the environment for 1 week, they were inject-
ed with normal saline as the solvent, and 1 ml of 1%YKL-05-
099 dissolved in saline was injected intraperitoneally. After 1 
h, each group began to receive the interventions. In the Y maze 
test, individuals given an intraperitoneal injection of the in-
hibitor showed similar levels of spontaneous alternation and 

spatial recognition as did Controls. The MWM test showed no 
damage to the cognitive level of rats in this group after in-
hibitor injection.

Western blot data showed that tau protein expression did not 
increase in the inhibitor group exposed to sevoflurane for 2 h 
after acute sleep deprivation, and the phosphorylation/acety-
lation ratio of tau protein showed the same trend (Figure 6).

These data suggest that SIK 3 inhibitors blocked elevated tau 
protein levels and abnormal phosphorylation of tau in the 
brain, ultimately protecting cognitive function.

Propofol	Exerts	Cognitive	Protection	by	Regulating	the	
Expression	and	Modification	of	Tau	Protein

According to the results in Westing Blot test, there was no 
significant difference in SIK3 expression levels and previous-
ly increased tau, p-tau, was restored to high expression after 
application of the sleep deprivation, accompanied by down-
regulation of acetylated tau and reduction of PSD-95 expres-
sion (Figure 5B).

Compared with the simple sleep deprivation group, the propo-
fol anesthesia group after sleep deprivation showed increased 
alternating percentage and new arm entry times in the Y maze 
(Figure 3A, 3B). The Morris water maze showed that the es-
cape latency in the sleep deprivation combined with the intra-
venous anesthesia group was shortened, suggesting that the 
long-term learning and memory ability was repaired (Figure 4).
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Figure 4.  (A, B) Behavioral changes of MWM test in rats. Morris water maze test. Compared with the Control group, the change 
of propofol group was small but statistically significant. The acute sleep group and inhalation of sevoflurane group 
had significantly increased escape latency, and the alternation rate was decreased. Compared with the SD group, sleep 
deprivation combined with sevoflurane inhalation induced more apparent cognitive impairment, and the difference was 
statistically significant. However, the cognitive function of the SD combined with propofol group was not significantly 
different from that of the Control group. (* p<0.05, Control vs SD, Control vs Sevo, SD vs SD+Sevo).
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There were no differences in protein expression levels for 
propofol intravenous anesthesia compared with the Control 
group and no significant changes in related protein levels in 
the SD+Prop group (Figure 5B). This contrasts with the cog-
nitive dysfunction after acute sleep deprivation, suggesting 
that propofol can reverse the cognitive dysfunction caused 
by sleep deprivation. For PSD-95 levels, the Prop group and 
the SD+Prop group showed similar expression levels to the 
Control group with a trend consistent with the above pro-
teins (Figure 5B).

After Forskolin injection induced hyperphosphorylation of tau 
in cells, western blot analysis showed that the acetylation lev-
els of tau protein decreased and PSD-95 expression decreased, 

which suggested that the advantages of propofol in relieving 
cognitive impairment were offset by the activation of tau phos-
phorylation. Therefore, propofol may play a role by inhibiting 
the phosphorylation of tau (Figure 7).

Change	of	Synaptic	Plasticity	After	Acute	Sleep	
Deprivation and Different Anesthesia Intervention

We observed the changes of bilateral hippocampal neural plas-
ticity in each group using Golgi staining. In the DG region, de-
creases in dendritic spines density were statistically significant 
in the SD and Sevo groups (Figure 8). Among the basal den-
drites of CA 1 pyramidal neurons, there were no significant 
changes in the SD group, while the density of dendritic spines 
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Figure 5.  Expression of SIK3, PSD-95, and proteins associated with tau modification before administration of inhibitor or agonist 
in rats. (A) Compared with the Control group, the expression level of tau protein in the hippocampus in the SD group was 
upregulated. Tau protein phosphorylation’s expression level was significantly upregulated, with a decreased acetylation 
level and an increased phosphorylation/acetylation ratio. The Sevo group exhibited increased SIK3 expression, while other 
changes were similar to those in the SD group. There was no statistically significant difference between the 2 groups. 
Compared with the SD group, the expression of SIK3 in the SD+Sevo group was upregulated. The levels of tau and its 
phosphorylation were increased, and the phosphorylation/acetylation ratio was increased, with statistical significance. In 
the change of PSD-95, the expression of the SD+Sevo group was significantly reduced. Simultaneously, the SD group and 
Sevo group also showed a certain degree of expression decline, and the difference was statistically significant. (* P<0.05, 
Control vs SD, Control vs Sevo, SD vs SD+Sevo). (B) Compared with the Con group, the expressions of SIK3, tau, p-tau 
were slightly increased, and ace-tau expression was slightly decreased in the SD group. The expression levels of related 
proteins in the Prop group were unchanged compared with the Con group. SIK3, tau, and p-tau were expressed at reduced 
levels. The phosphorylation/acetylation ratio was decreased in the SD+Prop group compared with the SD group. Their 
expression levels were similar to those in the Con group. For PSD-95 expression, SD reduced its expression, and there were 
no significant differences in PSD-95 expression between Con, Prop, and SD+Prop groups. (* p<0.05, Con vs SD, Con vs Prop, 
SD vs SD+Prop).
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decreased after sevoflurane inhalation, and this trend was also 
observed in the apical dendritic spines of CA 1.

There was no significant difference in each index between the 
propofol group and the Control group (Figure 8). Compared 
with the SD group, the density of dendritic spines in DG and 
CA 1 regions was significantly reduced in the SD+Sevo group, 
suggesting that the effects of sleep deprivation and inha-
lation anesthesia on cognitive function ultimately chang-
es synaptic plasticity and thus affects long-term cognitive 
function (Figure 8). Notably, the SD+Prop group showed a 
higher density of dendritic spines, and the overall trend was 
better than that of the sleep deprivation group, which gives 
us some clues that propofol anesthesia has a significant re-
versal effect on the cognitive impairment caused by acute 
sleep deprivation.

Our hypothesis was also confirmed by the results after ap-
plying SIK3 and tau phosphorylation agonist. The density of 
dendritic spines in the Sevo group was significantly increased 
after applying the SIK3 inhibitor (Figure 9). It was decreased 
after tail vein injection of Forskolin, which is a type of tau 

phosphorylated agonist, which indicates that tau agonist off-
set propofol’s cognitive impairment reversal effect (Figure 10).

Discussion

Postoperative cognitive dysfunction is a severe cognitive dys-
function syndrome that has been reported to be associated 
with neuroinflammation. It is believed that POCD can trigger 
similar pathways in Alzheimer disease and lead to irrevers-
ible brain pathological changes, including long-term memory 
impairment (cognitive impairment) [6,30]. Our previous study 
has shown that exposure to inhaled anesthetics during sur-
gery increases the incidence of POCD [31]. Sleep deprivation 
refers to the artificial disturbance of the original sleep rhythm, 
shortening of insomnia time, or creation of fragmented sleep 
processes, which is considered to cause hyperalgesia and par-
ticipate in causing cognitive impairment [32,33]. This study in-
dicated that sleep deprivation aggravated postoperative cogni-
tive dysfunction induced by inhaled isoflurane and confirmed 
the crucial role of SIK 3 in this process and its damage mech-
anism on hippocampal neurons in rats.
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In this study, we investigated the effects of acute sleep depri-
vation of different durations on rat survival rate by consult-
ing a large dataset to find the appropriate duration of acute 
sleep deprivation. The rats were deprived of sleep for 12 h, 
24 h, 48 h, and 72 h, and the results showed that under the 
same environmental factors and other conditions, the mor-
tality in the 72-h deprivation group was higher than that in 
the Control group by 60% and 24%, respectively. Based on 
the relevant studies in the same field, the ideal acute sleep 
deprivation duration was finally determined to be 24 h, and 
significant molecular biology changes were observed in sub-
sequent experiments.

Abnormal modification of microtubule-associated pro-
tein tau is an essential factor leading to cognitive impair-
ment [34]. To evaluate the effect of acute sleep deprivation 
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Figure 6.  (A, B) Expression of SIK3, PSD-95 and proteins associated with tau modification after administration of SIK3 inhibitor in 
rats. In the Control group, the expression level of tau protein in the hippocampus of the SD group was upregulated (P<0.05), 
the expression level of tau protein phosphorylation (Ser404) was significantly upregulated (P<0.05), and the acetylation 
level was decreased (P<0.05), together with the decrease in postsynaptic PSD95. There was no significant difference in each 
protein’s levels between the Sevo group and the SD group (P>0.05). The SD+Sevo group showed a stronger trend than the 
SD group (P<0.05) (n=6/group). (* P<0.05, Con vs SD, Con vs Sevo, SD vs SD+Sevo).

on sevoflurane-induced severe adverse events, we examined 
the expression of sleep-related SIK 3 and cognitive-related tau 
proteins and their modified forms, including the phosphorylat-
ed form (Ser 404) and acetylated form (Lys174). In addition, 
some protein PSD-95, which is closely related to tau protein 
and may affect synaptic plasticity, was detected PSD-95 (PSD 
95 rich postsynaptic scaffold protein) in glutamatergic synaps-
es; it consists of more than 80 proteins, such as neurotrans-
mitter receptors, ion channels, and adhesion proteins [35].

The overexpression of tau mediates the excitatory toxicity 
caused by E-NMDAR activation by inhibiting the phosphory-
lation of extracellular signal-regulated kinase, leading to the 
loss of hippocampal neurons [36]. PSD 95 helps to maintain 
synaptic stability and is involved in forming long-term memo-
ry [37] SIK 3 increases the phosphorylation level of tau protein, 
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and the imbalance of phosphorylation/acetylation of tau pro-
tein further affects the expression of PSD 95 and finally has 
an irreversible effect on synaptic morphology and density [38]. 
In this process, acute sleep deprivation is an essential factor 
leading to changes in SIK 3 levels [39]. SIK 3, tau, and p-tau 
levels were increased, and PSD 95 levels were decreased in 
the SD group compared with the Control group. The changes 
of the above protein levels in the Sevo group were similar to 
those in the SD group. In the combination intervention group, 
sevoflurane and propofol showed different cognitive effects. 
Sevoflurane significantly aggravated the cognitive impairment 
induced by SD, and propofol provided an excellent rescue for 
this impairment. Therefore, propofol anesthesia can perform 
well in protecting the cognitive level in patients who lack sleep 
for various reasons before surgery.

Studies have shown that abnormal modification of tau protein 
is an important starting point for cognitive impairment [14]. 
Inhaled anesthetics such as sevoflurane accelerates tau pro-
tein’s phosphorylation, which is an essential factor of neuro-
protection. Its inhibition leads to synapse reduction and plas-
ticity changes [36,38]. In the cognitive level test, acute sleep 
deprivation reduced Y maze rats’ spontaneous alternation 
level and significantly weakened the spatial memory ability.

Besides, SIK3, tau protein modification, and synaptic-related 
proteins were measured to reflect the relationship between 
sleep, inhaled anesthesia intervention, and cognitive impair-
ment. To evaluate whether sleep deprivation (or inhalation an-
esthesia) reacts to neuronal plasticity and synaptic function, 
Golgi staining was also performed on rats’ bilateral hippo-
campus in each group. These specific markers were consistent 
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with results for sleep and cognition-related proteins. The use 
of SIK3 inhibitors may alleviate the above changes. The re-
sults showed that SIK3 inhibitors could reduce cognitive im-
pairment induced by inhalation anesthesia in male SD rats by 
inhibiting tau protein’s abnormal phosphorylation.

We further investigated how SIK3 inhibitors protect neuronal 
synapses. PSD 95 nanoclusters are the basic structural units 
and components of excitatory synapses, and their number char-
acterizes the size and structural diversity of synapses [40]. The 
density of neurons and the number of synapses were related to 
the expression level of PSD 95. The results showed that acute 
sleep deprivation combined with sevoflurane inhalation could 
reduce the expression of PSD 95, and this effect was more sig-
nificant when these 2 interventions were combined. Significant 

changes in the SD+Sevo group compared with the inhalation 
group suggested that sleep deprivation similarly affect synap-
tic plasticity. Golgi staining showed that either sleep alone or 
inhaled anesthetics could reduce the number of neurons and 
observe dendritic spines’ density and morphological changes. 
The reduction of neurons and dendritic spines in the SD+Sevo 
group was significantly more substantial than that in the SD 
group. SIK3, a member of the salt-induced kinase family, is re-
lated to immunoinflammation and cancer [41,42]. Similarly, it 
has been pointed out that the salt-induced kinase family has a 
profound effect on tau phosphorylation [43-45]. Sleep depriva-
tion leads to hyperphosphorylation of SIK3, affecting the further 
modification and regulation of tau, and reducing the expression 
of PSD 95 through the tau pathway, finally affecting the num-
ber of hippocampal neurons and the density of dendritic spines.
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Figure 7.  (A, B) Expression of SIK3, PSD-95 and proteins associated with tau modification after administration of tau agonist in rats. 
Intravenous anesthesia with propofol reversed cognitive impairment caused by acute sleep deprivation. In the Control group, 
the expression level of tau protein in the hippocampus of the SD group was upregulated (P<0.05), the expression level of tau 
protein phosphorylation (Ser404) was significantly upregulated (P<0.05), and the acetylation level was decreased (P<0.05), 
together with the decrease in postsynaptic PSD95. There was no significant difference in each protein’s levels between the 
Prop group and the Control group (P>0.05). The SD+Prop group outperformed the SD group in cognition, and the results 
were statistically significant (* P<0.05 Con vs SD, Control vs Prop, and SD vs SD+Prop).
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Figure 8.  (A, B) Change in hippocampal dendritic spines before administration of inhibitors or agonists. In the DG region, the density 
of dendritic spines decreased significantly in the SD and Sevo groups. There was no noticeable change in the SD group 
in the basal dendrites of CA 1 pyramidal neurons. However, the density of dendritic spines decreased after inhalation of 
sevoflurane. This trend also existed in the apical dendritic spines of CA 1. There was no significant difference between the 
propofol group and the Control group. The SD group density of dendritic spines in the DG and CA 1 area in the SD+Sevo 
group decreased significantly, suggesting that sleep deprivation and inhalation anesthesia on cognitive function eventually 
changed synaptic plasticity, thus affecting long-term cognitive function. It is worth noting that the SD+Prop group showed a 
higher density of dendritic spines. The overall trend was better than that of the sleep deprivation group, which suggests that 
propofol anesthesia can significantly reverse the cognitive impairment caused by acute sleep deprivation.
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Control SD SD+SevoSevo SD+PropProp

Figure 9.  Change in hippocampal dendritic spines after administration of the SIK3 inhibitor YKL-05-099. The changes of bilateral 
hippocampal neural plasticity in each group were observed by Golgi staining. In the DG region, there was a statistically 
significant increase in dendritic spine density in the SD and Sevo groups compared to before inhibitor administration. The 
density of dendritic spines in DG and CA 1 regions in the SD+Sevo group was slightly decreased, suggesting that the effects 
of sleep deprivation and inhalation anesthesia on cognitive function ultimately changed synaptic plasticity and thus affected 
long-term cognitive function.

Control SD SD+SevoSevo SD+PropProp

Figure 10.  Change in hippocampal dendritic spines after administration of Tau modification agonist. In the DG region, dendritic 
spines’ density was decreased in the SD and Prop groups compared with before. The dendritic spines in DG and CA 1 
regions in the SD+Prop group were denser than those in the Control group, suggesting that the effects of sleep deprivation 
and intravenous anesthesia on cognitive function can eventually change synaptic plasticity, thus affecting long-term 
cognitive function. Propofol infusion had a definite reversal effect on cognitive dysfunction caused by sleep deprivation.
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Propofol showed superior cognitive protection in this study 
because its main action target is tau modification, which ulti-
mately affects synaptic plasticity. Therefore, intravenous infu-
sion of propofol can effectively improve the long-term learn-
ing function impairment caused by acute sleep deprivation.

Among the results of our study, there is a common conclusion 
that the effect of sleep and inhalational anesthesia is to re-
duce the cognitive level. Moreover, use of intravenous propo-
fol anesthesia may improve the cognitive impairment caused 
by sleep deprivation. Our previous studies found that the in-
haled anesthetic sevoflurane had a significant negative impact 
on postoperative cognitive dysfunction through its effects on 
tau and its downstream signaling pathways. This study demon-
strated that acute sleep deprivation caused additional impair-
ment of cognitive function in rats after sevoflurane inhalation. 
It also showed that SIK 3 and its downstream signaling path-
way regulate synaptic damage caused by inhalation anesthesia.

Conclusions

In conclusion, we found that a single 24-h acute sleep depri-
vation caused serious cognitive impairment. Sevoflurane in-
halation can affect tau protein modification through SIK3 and 
its downstream pathways, and eventually leads to changes 
in synaptic plasticity, thereby aggravating the impairment of 
cognitive function. Propofol infusion can inhibit the abnormal 
hyperphosphorylation of tau protein to a certain extent to re-
verse the cognitive impairment caused by sleep deprivation. 
Therefore, we speculate that propofol anesthesia according to 
the patient’s situation and the application of SIK3 inhibitors 
may be a promising method to alleviate postoperative cogni-
tive dysfunction caused by anesthesia.
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