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Abstract

Background: Anesthesia induces Tau phosphorylation and cognitive impairment in
young, but not adult, mice. Apolipoprotein E (ApoE) may play a protective role in neu-
ronal activity and injury repair, whereas its toxic fragments are reported to induce
neurodegeneration and neurocognitive impairment in patients with Alzheimer’s dis-
ease (AD). Therefore, we set out to test the hypothesis that the difference in ApoE
fragments, but not the full-length ApoE, contributes to the difference in Tau phos-
phorylation and neurocognitive functions following sevoflurane anesthesia in young
mice.

Methods: Sevoflurane was administered to wild-type (WT), ApoE-knockout (ApoE-
KO), ApoE3-targeted replacement (ApoE3 expresses both full-length and fragmented
ApoE), and ApoE2-targeted replacement (ApoE2 only expresses full-length ApoE)
mice. The mRNA and protein levels of ApoE, phosphorylated Tau (pTau), and cognitive
function were tested in the mice.

Results: Sevoflurane anesthesia enhanced ApoE mRNA, total ApoE, full-length ApoE,
ApoE fragments, Tau phosphorylation (AT8 and PHF1), and cognitive impairment in
young mice, but not in adult mice. ApoE2, but not ApoE3 or ApoE-KO, mice showed
reduced sevoflurane-induced pTau elevation and cognitive impairment.

Conclusion: These data suggest that elevated ApoE fragments rather than full-length
ApoE might be one of the underlying mechanisms of age-dependent Tau phosphoryla-

tion and cognitive impairment in young mice following sevoflurane anesthesia.
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1 | INTRODUCTION

With the fast advancement of anesthetic technology, millions of new-
borns and children throughout the world are undergoing surgery under
general anesthesia, making child safety a major public health concern
(Rappaport et al., 2011). Several clinical investigations have found that
infants who have been exposed to anesthesia and surgery more than
three times are more likely to acquire learning disabilities (DiMaggio
et al., 2009; Flick et al., 2011; Wilder et al., 2009), while contradictory
reports also exist (Davidson et al., 2016; McCann et al., 2019).

Tau is an axonal microtubule-associated protein with the well-
known function of promoting microtubulin polymerization into micro-
tubules, stabilizing the microtubular structure, and maintaining neu-
ronal function (Albayram et al., 2016). It has also been proposed to
play arole in dementia and cognitive impairment in Alzheimer’s disease
(AD) (Albayram et al., 2016; Amniai et al., 2009). Hyperphosphoryla-
tion of Tau protein is thought to be the source of AD neuropathy and
cognitive impairment (Ando et al., 2016). In previous studies, we found
that anesthesia with 3% sevoflurane administered twice daily for three
days could cause neurotoxicity and cognitive impairment in neonatal
mice (starting sevoflurane anesthesia on postnatal day 6 [P6]) but not in
adult mice (starting sevoflurane anesthesia on postnatal day 60 [P60]),
implying that abnormal Tau phosphorylation in the developing brain
could be a key cause of anesthesia-induced cognitive impairment (Yang
et al,, 2020; Yu et al.,, 2020). However, the mechanism through which
sevoflurane-induced Tau phosphorylation causes cognitive impairment
in neonatal mice is unclear.

Apolipoprotein E (ApoE) is a component of lipoproteins that reg-
ulates lipoprotein metabolism and the cholesterol balance (Fuentes
et al., 2018). ApoE is found in humans in three different alleles, ApoE2,
ApoE3, and ApoE4 (Serrano-Pozo et al., 2021). The difference between
the three ApoE alleles is only two nucleotides, resulting in a protein
change of two amino acids at positions 112 and 158, which leads to
differences in protein stability; ApoE4 is the most unstable, followed
by ApoE3, and ApoE2 is the most stable (Morrow et al., 2000; Rohn
et al., 2012). Moreover, ApoE3 and ApoE4 are degraded by proteases
to produce short fragments in the human brain (Wang et al., 2018).
The formation of AB plaques, Tau hyperphosphorylation, NFT forma-
tion, and the onset of neurodegeneration and cognitive impairment in
patients with AD have been associated with specific neurotoxic ApoE
fragments, such as an 18 kDa N-terminal fragment (Munoz et al., 2019;
Rohnetal., 2012; Wang et al., 2018).

In the present study, we first examined the relationship between
the enhancement of total ApoE, full-length ApoE, and ApoE fragments
and Tau phosphorylation and cognitive impairment after sevoflurane
anesthesia in young (P6) and adult (P60) mice. The current study
used wild-type (WT), ApoE-knockout (ApoE-KO), ApoE3-targeted
replacement (ApoE3), and ApoE2-targeted replacement (ApoE2) mice
to investigate whether total ApoE, full-length ApoE, or ApoE frag-
ments play a role in the presence and severity of Tau phospho-
rylation and cognitive impairment in P6 mice under sevoflurane

anesthesia.
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The findings of the study supported the hypothesis that differences
in ApoE fragments, but not full-length ApoE levels, expressed in the
hippocampus of mice of different ages contribute to differences in Tau
phosphorylation and neurocognitive functions following sevoflurane
anesthesia in young and adult mice.

2 | MATERIALS AND METHODS

2.1 | Mouse anesthesia and treatment

The animal protocol was approved by the Tianjin Medical University
General Hospital Institutional Animal Care and Use Committee (Tian-
jin, China; clearance number, 2018-X6-12). The number of animals
included in this study was reduced as much as possible. P6 and P60
female wild-type (WT) and ApoE-knockout (ApoE-KO) C57BL/6J mice
were obtained from the Nanjing Biomedical Research Institute of Nan-
jing University (Nanjing, China), and female ApoE3-targeted replace-
ment (ApoE3) and ApoE2-targeted replacement (ApoE2) C57BL/6J
mice were obtained from the Shanghai Model Organisms Center
(Shanghai, China). All animals were housed in cages in a controlled
setting (five adult mice or one adult mouse with litter per cage) with
standard food and appropriate water (temperature 21-23°C, humidity
50-60%, 12:12 h light-dark cycle).

The mice were divided into two groups: control and sevoflurane
anesthesia. They were administered sevoflurane or a control therapy
from postnatal day (P) 6 to P8 or P60 to P62, and hippocampal tissues
were harvested at P8 or P62. Various groups of mice were employed
in behavioral research. These mice were administered sevoflurane or a
control condition from Pé6 to P8 or P60 to P62, and the Morris water
maze (MWM) test was conducted from P30 to P36 or P84 to P90. The
mice in the sevoflurane group were anesthetized with 3% sevoflurane
plus 60% oxygen twice daily for 3 days in a special sealed resin box
chamber (20 cm x 15 cm X 7 c¢m) with an inlet and outlet, whereas
the control mice received only 60% oxygen (balanced with nitrogen)
at an equal rate of flow in a chamber similar to the anesthesia mice
(Lu et al.,, 2017; Tao et al., 2014). The concentrations of sevoflurane
and oxygen were continuously monitored using a variable anesthetic
gas monitor (Vamos; Drager Medical AG & Co. KgaA, Germany) during
sevoflurane anesthesia or control administration. The temperature of
the anesthetic chamber was maintained at 37 + 0.5°C using a warming

pad placed beneath the chamber.

2.2 | Brain tissue harvest

The mice were given sufficient time to recuperate from anesthesia.
At P8 or P62, each mouse was decapitated and hippocampal tis-
sues were collected. ELISA and western blot analyses were performed
on the acquired hippocampal tissues. After freezing, the harvested
hippocampal tissues were homogenized with immunoprecipitation
buffer (M-PER® Mammalian Protein Extraction Reagent, Cat#78501,
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Thermo Scientific, MA, USA), protease and phosphatase inhibitor cock-
tails (Cat#19541400, Roche, Switzerland), and phosphatase inhibitor
cocktail (Cat#539131, Millipore, MA, USA). Lysates were collected and
centrifuged at 12,000 rpm for 10 min.

2.3 | Protein quantification
A bicinchoninic acid protein assay kit was used to assess the total
protein content (BCA, Pierce, Iselin, NJ, USA).

2.4 | Real-time polymerase chain reaction
(RT-PCR)

Total RNA concentration was calculated using a spectrophotome-
ter. In each group, the All-in-one First-Strand cDNA synthesis kit
(Cat#AORT-0050, Gene Copoeia, USA) was used to convert 500 ng
of mRNA into cDNA, which was subsequently amplified by PCR
using Real Master Mix on the iQTM5 machine (SYBR Green).
The 2-Ct technique was used to calculate relative mRNA lev-
els. The following primer sequences were used for several genes:
ApoE, reverse primer, 5'-CATGTCTTCCACTATTGGCTCG-3’ and for-
ward primer, 5-GACCCAGCAAATACGCCTG-3'; GAPDH, reverse
primer, 5'- AGGTCGGTGTGAACGGATTTG-3’ and forward primer,
5'-TGTAGACCATGTAGTTGAGGTCA-3".

2.5 | Enzyme-linked immunosorbent assay

A mouse ApoE ELISA kit (Cat# E-EL-M0135, Elabscience, TX, USA) was
used to measure total ApoE expression levels in the hippocampi of mice
in each group. In a nutshell, each well was filled with 100 ul of the stan-
dard or sample and incubated for 90 min at 37°C. After that, 100 ul of
particular antibody was added to each cell and incubated for another
60 min at 37°C. After that, each well was filled with 100 ul of enzyme
conjugate and incubated for 30 min at 37°C. Ninety microliters of the
substrate solution was added after washing five times. The reaction

was stopped 15 min later with 50 ul of terminating solution.

2.6 | Western blot analysis

Full-length ApoE, ApoE fragments, and Tau5, AT8, and PHF1 expres-
sions in the hippocampus was detected using western blotting. Using
a 4-20% double TIS polyacrylamide gel (Cat#M00655, Gen Script
Biotech Corp., Nanjing, China) or a standard XT 4-12% double TIS
gel (Bio-Rad, USA), the samples were separated from SDS-PAGE and
transferred to nitrocellulose membranes (Bio-Rad, USA). The mem-
branes were then blocked with 5% skimmed milk powder and identified
using the following primary antibodies: Tau5 (1:1000, Cat#ABN454,
Millipore, USA), full-length ApoE and ApoE fragments (1:4000,
Cat#178479, Calbiochem, Germany), PHF1 (1:1000, Cat#3Ab184951,

Abcam, UK), and AT8 (1:2000, Cat#MN 1020, Thermo Fisher Scientific,
USA). After washing at 4°C overnight, the membranes were incubated
at 37°C for 1 h with goat anti-mouse antibody (1:5000, Cat#31430,
Invitrogen, USA). The nitrocellulose membranes were then scanned
and photographed using Bio-Rad image analysis equipment after
being washed in TBST and dripped with ECL chemiluminescent liquid
(Cat#34577, Invitrogen, USA). The ratio of the integral optical density
of the target band to that of the -actin band represents the level of
expression of the target protein. A 100% change refers to control or

sevoflurane levels for comparison between the experimental settings.

2.7 | Immunofluorescence

The animals were anesthetized with 3% sevoflurane for 5 min and per-
fused transcardially with PBS, followed by 4% paraformaldehyde in
0.1 M phosphate buffer at pH 7.4 for immunofluorescence of brain
slices. The brain tissues of the mice were removed and stored at 4°C in
paraformaldehyde. For immunostaining, 10 mm frozen slices of mouse
brain hemispheres were used. The sections were incubated overnight
at 4°C with anti-ApoE (1:4000; Cat#178479, Calbiochem, Germany)
and anti-AT8 antibodies (1:1000; Cat#MN 1020, Thermo Fisher Scien-
tific, USA), followed by immunostaining with Alexa Fluor® 488 donkey
anti-goat IgG (1:500; Cat#A-11055, Thermo Fisher Scientific, USA) and
Alexa Fluor® 594 goat anti-mouse IgG (1:500; Cat#A-11032, Thermo
Fisher Scientific, USA) for 1 h at room temperature in dark. Finally, the
slices were coated with 4’6-diamidino-2-phenylindole, dihydrochlo-
ride (DAPI; Cat#104139, Abcam, UK) and incubated in a humidified
dark room for 10 min before being observed in mounting fluid under
a fluorescence microscope.

2.8 | Morris water maze

MWM experiments were performed as described in our previous study
(Yuetal., 2020). Briefly, P30 and P84 mice were examined in the MWM
four times each day for 7 days (P30 to P36 and P84 to P90). Escape
latency was measured daily. On the last day, the platform was disas-
sembled and the platform crossing times were recorded. Each mouse
was kept in a holding cage for 5 min after each experiment to dry before

being returned to its home cage.

2.9 | Statistical analysis

MWM escape latency was reported as mean =+ standard deviation (SD)
in separate groups, platform crossing times were presented as median
with interquartile range, and other data as mean + SD. The number of
samples was 10 per group for behavioral studies, four per group for RT-
PCR, four or six per group for western blot analyses, four per group for
ELISA, and three per group for immunohistochemistry analyses. The
interaction between time and group variables (based on escape delay)

between the two groups in the MWM was investigated using two-way
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ANOVA with repeated evaluations. In addition, the Mann-Whitney test
was used to compare platform crossing times among all groups in the
MWM. There were no missing data for MWM variables (escape latency
and platform crossing time) throughout the data analysis. Finally, to
compare the two groups for other biochemical data, the unpaired t-
test (if the values were in Gaussian distribution) or Mann-Whitney
test (not-Gaussian distribution) was applied. Note that p < .05 was
judged statistically significant, and the double-tail test was used for sta-
tistical significance. GraphPad Prism (version 5.0) and SPSS statistical
software (version 21.0) were used for statistical analyses.

3 | RESULTS

3.1 | Sevoflurane anesthesia induced total ApoE,
full-length ApoE, and ApoE fragments increase, Tau
phosphorylation enhancement, and cognitive

impairment in young (Pé6), but not adult (P60) mice

We initially evaluated the mRNA and protein levels of total ApoE in
the hippocampus of P6 and P40 animals after sevoflurane and con-
trol treatments, as shown in Figure 1(a). We observed that sevoflurane
anesthesia substantially enhanced the mRNA and protein levels of total
ApoE in P6 mice (p < .05 vs. P6 + Control) but not in P60 animals
(p>.05vs. P60 + Control), as compared to the control group (Figure 1b
and c). Furthermore, full-length ApoE and ApoE fragments levels were
both substantially higher in the sevoflurane group compared to the
control treatment only in P6 mice (p < .05 vs. P6 + Control), but not
in P60 mice (p > .05 vs. P60 + Control) (Figure 1d-f).

Next, we examined the total Tau (Tau5) and phosphorylated Tau (AT8
and PHF1) levels in the hippocampus of P6 and P60 mice under sevoflu-
rane anesthesia. The findings showed that Pé mice had greater levels
of total Tau than P60 animals (p < .05 vs. P6 + Control). Furthermore,
sevoflurane anesthesia enhanced hippocampus AT8 and PHF1 levels in
P6 mice (p < .05 vs. P6 + Control), but not in P60 animals (p > .05 vs.
P60 + Control) (Figure 1 g-1j).

Finally, we investigated whether variations in ApoE and Tau phos-
phorylation might cause cognitive impairment in P6 and P60 animals.
Immunofluorescence labeling of the hippocampus revealed that the
sevoflurane group had higher expressions of ApoE and AT8 proteins
than the control group in P6 mice (p < .05 vs. P6 + Control), but not
in P60 mice (p > .05 vs. P60 + Control) (Figure 1k,m ). In addition, as
shown in Figure 1a, we used the MWM to examine cognitive skills in
young (P30 to P36) and adult mice (P84 to P90) after sevoflurane anes-
thesia for 7 days. We discovered that, compared to control therapy,
sevoflurane anesthesia did not cause neurocognitive impairment in
P60 mice (p > .05 vs. P60 + Control), but caused neurocognitive impair-
ment in P6 mice (p <.05 vs. P6 + Control) (Figure 1n and o). These data
imply that sevoflurane anesthesia increased total ApoE, full-length
ApoE, ApoE fragments, and phosphorylated Tau protein levels in the
hippocampus, which might have led to neurocognitive impairment in
P6 mice, but not in P60 mice.

YUETAL.

3.2 | ApoE deficiency could not mitigate Tau
phosphorylation and cognitive impairment induced
by sevoflurane anesthesia in P6 mice

For further study whether ApoE could be the main reason behind
sevoflurane-induced brain damage and cognitive dysfunction in P6
mice, 6-day old WT and ApoE-KO mice were used in the research as
shown in Figure 2(a). The results of RT-PCR and ELISA showed that
there were significant changes in total ApoE mRNA and protein lev-
els between sevoflurane and control treatment groups in WT mice, but
not in ApoE-KO mice (p <.05 vs. WT + Control; p > .05 vs. ApoE-KO +
Control) (Figure 2b and c). In WT mice, but not ApoE-KO, the western
blot findings revealed clear differences in full-length and fragmented
ApoE expressions between sevoflurane and control therapy (p < .05 vs.
WT + Control; p > .05 vs. ApoE-KO + Control group) (Figure 2d
and f). In addition, ApoE-deficient mice had higher AT8 and PHF1 levels
than WT mice (p < .05 vs. WT + Control), and sevoflurane treatment
could induce AT8 and PHF1, but not Tau5 expression (although not
statistically significant) compared with the control treatment in ApoE-
KO mice (Figure 2 g-m ). Furthermore, compared to control therapy,
sevoflurane anesthesia might have exacerbated cognitive impairment
in both WT and ApoE mice (p < .05 vs. WT + Control; p < .05 vs.
ApoE-KO + Control) (Figure 2n and o). These data demonstrated that
ApoE could not be the therapeutic target of sevoflurane-induced brain

damage and cognitive impairment in young mice.

3.3 | Sevoflurane-induced phosphorylated Tau
enhancement and cognitive impairment in ApoE3
mice could be mitigated in ApoE2 mice

To investigate whether ApoE fragments were the primary cause of
sevoflurane-induced brain injury and cognitive impairment in P6 mice,
6-day-old ApoE3- and ApoE2-target replacement animals were used
in the investigation, as shown in Figure 3(a). Sevoflurane anesthe-
sia increased total ApoE mRNA and protein levels in both ApoE3-
and ApoE2-target replacement mice, according to RT-PCR and ELISA
data (p < .05 vs ApoE2 + Control; p < .05 versus ApoE2 + Con-
trol) (Figure 3b and c). The western blot findings revealed significant
changes in full-length ApoE expression between sevoflurane and con-
trol therapy in ApoE3, but not ApoE2, mice (p < .05 vs. WT + Control;
p > .05 vs. ApoE-KO + Control) (Figure 3d and f). In fact, the quan-
tity of ApoE fragments produced by ApoE2 target-replacement mice
was low, regardless of the use of sevoflurane. Furthermore, in ApoE2
mice, sevoflurane anesthesia did not enhance AT8 and PHF1 levels
compared to the control treatment (p > .05 vs. ApoE2 + Control); how-
ever, in ApoE3 mice, there were greater AT8 and PHF1 expressions
in the sevoflurane group than in the control group (p < .05 vs. ApoE3
+ Control) (Figure 3 g--m ). Furthermore, when compared to the con-
trol group, sevoflurane anesthesia might have exacerbated cognitive
impairment only in ApoE3-target replacement mice but not in ApoE2-

target replacement mice (P 0.05 vs. ApoE3 + Control; p > .05 vs. ApoE2
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hippocampus tissues are harvested at the end of the sevoflurane or control condition (P8) in different groups. (b) ApoE mRNA and (c) total ApoE
protein levels in the hippocampus of WT and ApoE-KO young mice under the condition of sevoflurane and control are detected using RT-PCR and
ELISA, respectively (n = 4 mice per group). (d) The difference in the levels of full-length ApoE and ApoE fragments in the hippocampus between WT
and ApoE-KO mice following the sevoflurane or control condition are measured using western blot. (e, f) Summary of full-length ApoE and ApoE
fragments expression; 100% of changes refer to WT + Sevoflurane levels for the purpose of comparison between experimental conditions (n = 4
mice per group). (g) Western blot measurements of Tau5, AT8, and PHF 1 in the hippocampus of WT and ApoE-KO mice following the sevoflurane
or control condition. (h, i, j) Summary of Tau5, AT8. and PHF 1 levels in different groups; 100% of changes refer to P6 + Control levels for the
purpose of comparison between experimental conditions (n = 6 mice per group). (k) Immunostaining of ApoE (green fluorescence) and AT8 (red
fluorescence) expressions in the hippocampus of WT and ApoE-KO mice following the sevoflurane or control condition, as indicated by white
arrows. (I, m) Quantification of ApoE and AT8 fluorescence intensities (n = 3 mice per group). (n, 0) Summary of escape latency (from P30 to P36)
and platform crossing (P36) in Morris Water Maze (MWM) in WT and ApoE-KO mice under the condition of sevoflurane or control treatment

(n =10 mice per group). (*p <.05)
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FIGURE 3 Effects of sevoflurane on ApoE and phosphorylated Tau levels and cognitive functions in ApoE3- and ApoE2-target replacement
mice. (a) Experimental design: ApoE3- and ApoE2-target replacement young (P6) mice treated with 3% sevoflurane plus 60% O, or 60% O, only
for 2 h every day for 3 days (P6 to P8). The hippocampus tissues are harvested at the end of the sevoflurane or control condition (P8) in different
groups. (b) ApoE mRNA and (c) total ApoE protein levels in the hippocampus of ApoE3- and ApoE2-target replacement young mice under the
condition of sevoflurane and control are detected using RT-PCR and ELISA, respectively (n = 4 mice per group). (d) The difference in the levels of
full-length ApoE and ApoE fragments in the hippocampus between ApoE3- and ApoE2-target replacement young mice following the sevoflurane
or control condition are measured using western blot. (e, f) Summary of full-length ApoE and ApoE fragments expression; 100% of changes refer to
WT + Sevoflurane levels for the purpose of comparison between experimental conditions (n = 4 mice per group). (g) Western blot measurements
of Tau5, AT8, and PHF1 in the hippocampus of ApoE3- and ApoE2-target replacement young mice following the sevoflurane or control condition.
(h, i,j) Summary of Tau5, AT8, and PHF1 levels in different groups; 100% of changes refer to P6 + Control levels for the purpose of comparison
between experimental conditions (n = é mice per group). (k) Immunostaining of ApoE (green fluorescence) and AT8 (red fluorescence) expressions
in the hippocampus of WT and ApoE-KO mice following the sevoflurane or control condition, as indicated by white arrows. (I, m) Quantification of
ApoE and AT8 fluorescence intensities (n = 3 mice per group). (n, 0) Summary of escape latency (from P30 to P36) and platform crossing (P36) in
Morris Water Maze (MWM) in ApoE3- and ApoE2-target replacement young mice under the condition of sevoflurane or control treatment (n = 10
mice per group). (*p <.05.)
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+ Control) (Figure 3n and o). These findings suggest that the frag-
ments, but not full-length ApoE, are the main reason for enhanced Tau
phosphorylation and neurocognitive impairment following sevoflurane
anesthesia in vivo.

4 | DISCUSSION

We only chose female mice in this research since it has previously
been shown that females are more vulnerable to anesthetic than males,
resulting in long-term cognitive impairment(Yang et al., 2020; Zhang
et al., 2017). As a result, the mice utilized in this experiment were
entirely female in order to generate a consistent cognitive impair-
ment model. In the current study, we found that young (P6) mice
had higher total Tau expression (both at baseline and after sevoflu-
rane treatment) than adult (P60) mice, and sevoflurane anesthesia
produced higher hippocampal levels of total ApoE, full-length ApoE,
ApoE fragments, and phosphorylated Tau proteins (AT8 and PHF1)
in P6 mice than in P60 mice. Furthermore, repeated sevoflurane
anesthesia might elicit neurocognitive impairment only in P6 mice
but not in P60 animals. ApoE deficiency, on the other hand, had no
effect on sevoflurane-induced Tau phosphorylation and neurocognitive
impairment. In contrast, sevoflurane anesthesia caused Tau phospho-
rylation and cognitive impairment in juvenile ApoE-KO mice. Finally,
missing ApoE segments other than full-length ApoE in ApoE2-target
replacement mice reduced sevoflurane-induced Tau phosphorylation
and neurocognitive impairment relative to ApoE3-target replacement
animals. These findings show that the increase in toxic ApoE frag-
ments after sevoflurane anesthesia in young mice, but not in older
mice, leads to a difference in Tau phosphorylation and neurocogni-
tive performance between the two groups. These findings also imply
that children with ApoE2 alleles who are treated with repeated anes-
thetics may not have learning deficits in the future, pending further
research.

Several published studies have found that hyperphosphorylated Tau
proteins in the brain play important roles in anesthesia-induced cog-
nitive impairment in young mice (Shen et al., 2013; Tao et al., 2014;
Vutskits & Xie, 2016), but the underlying mechanisms, particularly the
upstream mechanism by which anesthesia-induced Tau phosphoryla-
tion leads to cognitive impairment in young mice, are still unknown.
ApoE is a 35-kDa glycoprotein that is extensively expressed in the
human body and serves as a lipid transporter (Munoz et al., 2019).
However, several studies have suggested that these activities may
go beyond lipid metabolism to impact Alzheimer’s disease and other
neurodegenerative disorders, such as tauopathy (Shi et al., 2017; Shi-
nohara & Sato, 2019). ApoE has been shown to directly bind Tau protein
independent of ABin vitro, and ApoE neuronal expression in vivo leads
to Tau hyperphosphorylation (Brecht et al., 2004; Shi et al., 2017;
Strittmatter et al., 1994). In the current study, we discovered that
repeated sevoflurane anesthesia increased hippocampal levels of total
ApoE, full-length ApoE, ApoE fragments, Tau phosphorylation (AT8
and PHF1), as well as cognitive impairment in young mice, but not in

adult animals (Figure 1). These findings show that cognitive impairment
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mediated by sevoflurane anesthesia-induced Tau phosphorylation may
be linked to an increase in ApoE.

To further investigate whether total ApoE plays a role in the pres-
ence and degree of Tau phosphorylation and cognitive impairment in
young mice under sevoflurane anesthesia, WT and ApoE-KO mice were
used in the current investigation. We discovered that a lack of total
ApoE did not prevent the phosphorylation of Tau or the development
of cognitive impairment caused by sevoflurane anesthesia (Figure 2).
According to previous studies, ApoE can be a carrier of cholesterol
essential for neuronal function and injury repair in the brain, and ApoE
deficiency can induce blood-brain barrier (BBB) impairment, cause
oxidative damage to neurons, and impede synapse growth, resulting
in neurodegeneration (Fuentes et al., 2018; Getz & Reardon, 2016;
Liu et al., 2019). As a result, animals lacking the ApoE gene displayed
cognitive impairment.

ApoE is degraded by proteins in the human brain, resulting in
shortened fragments based on the stability of various genotypes
(ApoE2 > ApoE3 > ApoE4). Several studies have linked certain ApoE
fragments to the formation of Ag plaques, Tau hyperphosphorylation,
NFT formation, and the onset of neurodegeneration (Brecht et al.,
2004; Harris et al., 2003; Shinohara & Sato, 2019). We used ApoE3
and ApoE2-targeted replacement mice in our present investigation to
examine whether full-length ApoE or ApoE fragments played a role
in the development of Tau phosphorylation and cognitive impairment
in young mice under sevoflurane anesthesia. We picked ApoE3 as the
“wild type” allele since it is the most frequent subtype in the popula-
tion, with an allele frequency of 70-80%, and produces less hazardous
fragments under normal settings than ApoE4 allele (Safieh et al., 2019;
Wang et al,, 2018). ApoE2, which is the most stable and least likely
to split into fragments of the three alleles, was chosen as the “ApoE
fragments deficient” model (Morrow et al., 2000; Rohn et al., 2012).
We discovered that sevoflurane anesthesia might induce greater full-
length ApoE levels than the control condition in the hippocampus
of ApoE3- and ApoE2-target replacement mice. Sevoflurane therapy,
on the other hand, increased the quantities of toxic fragments solely
in ApoE3 animals, with no toxic fragments formed in ApoE2 mice
under anesthesia or in normal setting. Furthermore, the sevoflurane-
induced increase in phosphorylated Tau and cognitive impairment in
ApoE3 mice might be reduced in ApoE2 animals (Figure 3). These find-
ings suggest that toxic ApoE fragments, rather than full-length ApoE,
may be the primary cause of Tau phosphorylation and neurocogni-
tive impairment caused by sevoflurane anesthesia in young mice. The
reason young mice have higher amounts of harmful ApoE fragments
after anesthesia might be related to serine protease release, such
as high temperature requirement factor 1 (HtrA1) (Chu et al.,, 2016;
Munoz et al., 2019); however, this remains to be established in future

investigations.

5 | CONCLUSIONS

In conclusion, there may be a balance between full-length ApoE and

fragmentation of ApoE in the normal brain, with the former being the
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protective component and the latter being the toxic part. Under normal
conditions, when detrimental stimulations are present, the brain may
initially create full-length ApoE to activate and heal itself from dam-
age. However, if the damaging stimuli continue, the full-length ApoE
may divide into many pieces, disrupting the ApoE equilibrium in the
brain and potentially leading to neurotoxicity and neurodegeneration,
as well as Tau hyperphosphorylation and neurocognitive impairment.
Overall, amplification of ApoE fragments, but not full-length ApoE,
might be one of the underlying mechanisms of age-dependent Tau
phosphorylation and neurocognitive impairment in young mice after
sevoflurane anesthesia. These findings have led to the identification
of possible targets for the prevention and treatment of postoperative

neurocognitive impairment in children.
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