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A B S T R A C T

Tau phosphorylation is associated with cognitive impairment in young mice. However, the underlying mechanism
and targeted interventions remain mostly unknown. We set out to determine the potential interactions of Tau,
interleukin 6 (IL-6) and mitochondria following treatment of anesthetic sevoflurane and to assess their influences
on synapse number and cognition in young mice. Sevoflurane (3% for 2 h) was given to wild-type, Tau knockout,
IL-6 knockout, and cyclophilin D (CypD) knockout mice on postnatal (P) day 6, 7 and 8. We measured amounts of
phosphorylated Tau, IL-6, reactive oxygen species (ROS), mitochondrial membrane potential (MMP), ATP,
postsynaptic density 95 (PSD-95), synaptophysin, N-cadherin, synapse number, and cognitive function in the
mice, employing Western blot, electron microscope and Morris water maze among others. Here we showed that
sevoflurane increased Tau phosphorylation and caused IL-6 elevation, mitochondrial dysfunction, synaptic loss
and cognitive impairment in young wild-type, but not Tau knockout, mice. In young IL-6 knockout mice, sevo-
flurane increased Tau phosphorylation but did not cause mitochondrial dysfunction, synaptic loss or cognitive
impairment. Finally, sevoflurane increased Tau phosphorylation and IL-6 amount, but did not induce synaptic loss
and cognitive impairment, in young CypD knockout mice or WT mice pretreated with idebenone, an analog of co-
enzyme Q10. In conclusion, sevoflurane increased Tau phosphorylation, which caused IL-6 elevation, leading to
mitochondrial dysfunction in young mice. Such interactions caused synaptic loss and cognitive impairment in the
mice. Idebenone mitigated sevoflurane-induced cognitive impairment in young mice. These studies would pro-
mote more research to study Tau in young mice.
1. Introduction

Our previous studies showed that anesthetic sevoflurane increased
Tau phosphorylation in brain tissues of young mice and induced cogni-
tive impairment in the young mice (Tao et al., 2014; Yu et al., 2020).
However, the underlying mechanisms by which Tau phosphorylation is
associated with cognitive impairment in young mice are mostly un-
known. Moreover, the targeted intervention(s) of the cognitive impair-
ment in the young mice remain largely to be determined.

Anesthesia has been reported to cause neuroinflammation (Shen
ia, Critical Care and Pain Medici
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et al., 2013), induce mitochondrial dysfunction (Amrock et al., 2015;
Boscolo et al., 2012, 2013; Sanchez et al., 2011; Sun et al., 2016) and
synaptic loss (Briner et al., 2011; Head et al., 2009; Lunardi et al., 2010)
in the brain tissues of young rodents and monkeys. Specifically, anes-
thetic sevoflurane increased Tau phosphorylation (Tao et al., 2014; Yu
et al., 2020) and IL-6 amounts (Shen et al., 2013; Tao et al., 2014), caused
mitochondrial dysfunction (Xu et al., 2017) and induced synaptic loss (Lu
et al., 2017; Tao et al., 2014; Xu et al., 2017; Zhang et al., 2015) in brain
tissues of young mice.

However, whether there are interactions and dependency of Tau, IL-6
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Fig. 1. Effects of sevoflurane on the amounts of pTau, IL-6, ROS, MMP, ATP, PSD-95, synaptophysin, N-cadherin and synapse in the hippocampi of P8 WT
mice. a. Sevoflurane (lanes 3 and 4) increased the protein amounts of Tau-PS202/PT205 (detected by antibody AT8) as compared to the control condition (lanes 1 and
2) in the hippocampi of WT mice harvested at P8. b. Quantification of the Western blot showed that sevoflurane (black bar) increased the protein amounts of Tau-
PS202/PT205 as compared to the control condition (white bar). c. Sevoflurane (lanes 4 to 6) increased the protein amounts of IL-6 as compared to the control
condition (lanes 1 to 3) in the hippocampi of WT mice harvested at P8. d. Quantification of the Western blot showed that sevoflurane (black bar) increased the protein
amounts of IL-6 as compared to the control condition (white bar). Sevoflurane (black bar) increased ROS amounts (e), decreased MMP amounts (f) and reduced ATP
amounts (g) as compared to the control condition (white bar) in the hippocampi of WT mice harvested at P8. h. Sevoflurane (lanes 4 to 6) decreased the protein
amounts of PSD-95 as compared to the control condition (lanes 1 to 3) in the hippocampi of WT mice harvested at P8. i. Quantification of the Western blot showed that
sevoflurane (black bar) decreased the protein amounts of PSD-95 as compared to the control condition (white bar). j. Sevoflurane (lanes 4 to 6) reduced the protein
amounts of synaptophysin as compared to the control condition (lanes 1 to 3) in the hippocampi of WT mice harvested at P8. k. Quantification of the Western blot
showed that sevoflurane (black bar) decreased the protein amounts of synaptophysin as compared to the control condition (white bar). l. Sevoflurane (lanes 4 to 6)
reduced the protein amounts of N-cadherin as compared to the control condition (lanes 1 to 3) in the hippocampi of WT mice harvested at P8. m. Quantification of the
Western blot showed that sevoflurane (black bar) decreased the protein amounts of N-cadherin as compared to the control condition (white bar). n. Sevoflurane
reduced the number of the synapse as compared to the control condition in the hippocampi of WT mice harvested at P8. o. Quantification of the electron microscope
ultrastructure images showed that sevoflurane (black bar) decreased the number of synapses as compared to the control condition (white bar). Tau phosphorylated at
serine 202 and threonine 205, Tau-PS202/PT205; phosphorylated Tau, pTau; Interleukin-6, IL-6; Reactive oxygen species, ROS; Mitochondrial membrane potential,
MMP; Adenosine triphosphate, ATP; Postsynaptic density 95, PSD-95; Wild-type, WT. N ¼ 9 in each group of the biochemistry studies.
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and mitochondrial function in young mice is poorly known. Specifically,
whether the Tau phosphorylation, IL-6 elevation and mitochondrial
dysfunction following the sevoflurane anesthesia are dependent on each
other in the young mice remains unknown. We therefore employed the
youngmice with knockout (KO) of Tau, IL-6 and Cyclophilin D (CypD), as
the tools, to study the interactions and dependency of Tau, IL-6 and
mitochondria and the influences of such interactions on synapse number
and cognitive function in young mice following sevoflurane anesthesia.

Postsynaptic density-95 (PSD-95) is an excitatory postsynaptic
marker (Chen et al., 2015; Coley and Gao, 2018), synaptophysin is a
synaptic plasticity-related protein (Hao et al., 2017; Janz et al., 1999;
Xiang et al., 2018), and N-cadherin is an adhesionmolecule between cells
accounting for synaptic plasticity (Basu et al., 2015; Cen et al., 2018;
Chazeau et al., 2015; Nagaoka et al., 2014). Reductions of these synaptic
markers suggest synaptic loss (Clare et al., 2010; Hong et al., 2016;
Kaufman et al., 2015; Murmu et al., 2015). Mitochondrial dysfunction
includes increases in the amounts of reactive oxygen species (ROS), and
reduction in the amounts of mitochondrial membrane potential (MMP)
and concentrations of ATP (Brookes et al., 2004; Chaturvedi and Flint
Beal, 2013; Valero, 2014). We, therefore, measured the amounts of ROS,
MMP, ATP, and the synaptic markers, as well as the numbers of synapses
in the hippocampi of young mice after the treatment with anesthetic
sevoflurane.

CypD is the component of the mitochondrial permeability transition
pore (mPTP) (Johri and Beal, 2012; Zhu et al., 2013). KO of CypD can
stabilize mitochondrial function (Du et al., 2008, 2011; Fischer et al.,
1989; Gainutdinov et al., 2015; Zhang et al., 2019) and mPTP is involved
in anesthesia-induced mitochondrial dysfunction (Zhang et al., 2012).
CypD KO mice, Tau KO mice and IL-6 KO mice were, therefore, used in
the present studies to determine the interactions and dependency of Tau
phosphorylation, and IL-6 accumulation in the young mice following the
treatment with sevoflurane.

Idebenone is a synthetic analog of co-enzyme Q10 with the effects of
protecting mitochondrial function (e.g., antioxidant and increases in ATP
amounts) (Erb et al., 2012; Haefeli et al., 2011; Nagaoka et al., 1989;
Voronkova and Meleshkov, 2009). We, therefore, assessed whether ide-
benone could mitigate the sevoflurane-induced increase in Tau phos-
phorylation and cognitive impairment in the young mice.

The objective of the study was to determine the underling mecha-
nisms by which Tau phosphorylation is associated with cognitive
impairment in youngmice. We specifically used anesthetic sevoflurane as
a clinically relevant tool to investigate (1) whether there were in-
teractions and dependency of Tau phosphorylation, IL-6 elevation and
mitochondrial dysfunction following sevoflurane anesthesia in young
mice, and (2) whether such interactions could be one of the underlying
mechanisms by which Tau phosphorylation is associated with synaptic
loss and cognitive impairment in youngmice. We tested a hypothesis that
the interactions of Tau phosphorylation, IL-6 elevation and
3

mitochondrial dysfunction following sevoflurane treatment caused syn-
aptic loss in young mice, leading to cognitive impairment in the mice.

We measured amounts of phosphorylated Tau and IL-6 to determine
the effects of anesthetic sevoflurane on Tau phosphorylation and IL-6
elevation in wild-type (WT), Tau KO, IL-6 and CypD KO young mice.
We determined the concentration of ROS, levels of MMP, and concen-
tration of ATP to assess the effects of anesthetic sevoflurane on mito-
chondrial function in these mice. Finally, we determined the amount of
PSD-95, synaptophysin, and N-cadherin to investigate the effects of
anesthetic sevoflurane on the expression of synaptic markers in these
mice. We measured these changes at postnatal day (P) 8, the end of the
sevoflurane anesthesia, to assess the acute effects of sevoflurane. We
measured these changes at P30 because the same sevoflurane anesthesia
caused cognitive impairment tested from P31 to P38 in the young mice.

2. Materials and methods

2.1. Mice anesthesia and treatment

The animal studies were conducted according to the guidelines and
regulations of the National Institutes of Health (NIH). Efforts were made
to minimize the number of animals used in the studies. The Standing
Committee on the Use of Animals in Research and Teaching at Massa-
chusetts General Hospital approved the studies (Protocol number:
2006N000219, Boston, Massachusetts). Since the objective of the present
studies was not to determine the sex-dependent effects of sevoflurane, we
did not allocate the equal number of female or male mice in each of the
experimental or control groups. Rather, the mixture of female and male
WT mice (C57BL/6J, Jackson Lab, Bar Harbor, ME), Tau KO mice
(B6.129X1-Mapttm1Hnd/J, Jackson Lab), IL-6 KO mice (B6; 129S2-
Il6tm1Kopf/J, Jackson Lab), and CypD KO mice (B6; 129-Ppiftm1Jmol/J,
Jackson Lab) were used in the studies. The mice were randomly
assigned to the sevoflurane group and control group. The mice received
sevoflurane from P6 to P8 and then were decapitated for the harvest of
mice hippocampi at P8 or P30. We used a different group of mice in the
behavioral studies. These mice received sevoflurane or control condition
from P6 to P8, and then had theMorris Water Maze (MWM) test from P31
to P38. The mice in the sevoflurane group received sevoflurane (3%) plus
60% oxygen (balanced with nitrogen) 2 h daily for three consecutive
days as performed in our previous studies (Lu et al., 2017; Shen et al.,
2013; Tao et al., 2014; Xu et al., 2017; Zhang et al., 2015). The 3%
sevoflurane is a clinically relevant concentration and the anesthesia with
3% sevoflurane 2 h daily for three days from P6 to P8 conceptually
mimics the multiple exposures of anesthesia in patients. Our recent
studies showed that 3% sevoflurane 2 h daily for 3 days at every other
day (P6, P8, and P10) also caused cognitive impairment in the young
mice (Lu et al., 2017). The findings that sevoflurane induced cognitive
impairment in the young mice after exposure of sevoflurane at either



Fig. 2. Effects of sevoflurane on the amounts of PSD-95, synaptophysin, N-cadherin and synapse in the hippocampi of P30 WT mice, and the cognitive
function in the mice. a. Sevoflurane (lanes 4 to 6) decreased the protein amounts of PSD-95 as compared to the control condition (lanes 1 to 3) in the hippocampi of
WT mice harvested at P30. b. Quantification of the Western blot showed that sevoflurane (black bar) decreased the protein amounts of PSD-95 as compared to the
control condition (white bar). c. Sevoflurane (lanes 4 to 6) reduced the protein amounts of synaptophysin as compared to the control condition (lanes 1 to 3) in the
hippocampi of WT mice harvested at P30. d. Quantification of the Western blot showed that sevoflurane (black bar) decreased the protein amounts of synaptophysin
as compared to the control condition (white bar). e. Sevoflurane (lanes 4 to 6) did not apparently change the protein amounts of N-cadherin as compared to the control
condition (lanes 1 to 3) in the hippocampi of WT mice harvested at P30. f. Quantification of the Western blot showed that sevoflurane (black bar) did not significantly
decrease the protein amounts of N-cadherin as compared to the control condition (white bar). g. Sevoflurane reduced the number of synapses as compared to the
control condition in the hippocampi of WT mice harvested at P30. h. Quantification of the electron microscope ultrastructure images showed that sevoflurane (black
bar) decreased the number of synapses as compared to the control condition (white bar). i. The effects of sevoflurane on the escape latency of the WT mice in MWM
from P31 to P37. j. The effects of sevoflurane on the number of platform crossing of the WT mice in MWM on P38. Postsynaptic density 95, PSD-95; Morris water
maze, MWM; Wild-type, WT. N ¼ 9 in each group of the biochemistry studies and N ¼ 15 in each group of the behavioral studies.
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every day or every other day suggests that the observed cognitive
impairment is not due to the acute accumulation of anesthetics, instead it
is due to the multiple exposures of the anesthetics. The control condition
was oxygen (60% oxygen and balanced with nitrogen) with an equal rate
of flow in a box which was identical to the anesthesia box (Shen et al.,
2013; Tao et al., 2014). We used 60% oxygen to maintain the satisfied
amounts of oxygen partial pressure, pH and carbon dioxide partial
4

pressure in the mice after sevoflurane as performed in our previous
studies (Lu et al., 2017; Shen et al., 2013; Tao et al., 2014; Xu et al., 2017;
Zhang et al., 2015). Note that the mice in the control conditions were also
separated from the dams and given the exposures of control gas (60%
oxygen). The induction flow rate of fresh gas was 2l/minute from the
start up to 3 min (for the purpose of induction) and then 1l/minute with
the rest of the anesthesia (for maintenance). The concentrations of
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Fig. 3. Effects of sevoflurane on the amounts of IL-6, ROS, MMP, ATP, PSD-95, synaptophysin, N-cadherin and synapse in the hippocampi of P8 Tau KO
mice. a. Sevoflurane (lanes 4 to 6) increased the protein amounts of IL-6 and decreased the protein amounts of N-cadherin as compared to the control condition (lanes
1 to 3) in the hippocampi of WT mice harvested at P8. In the Tau KO mice, however, sevoflurane (lanes 10 to 12) did not apparently change the amounts of IL-6 and N-
cadherin as compared to the control condition (lanes 7 to 9) in the hippocampi of the Tau KO mice harvested at P8. b. Quantification of the Western blot showed that
sevoflurane (black bar) increased the protein amounts of IL-6 as compared to the control condition (white bar) in the WT mice. However, sevoflurane (stripe bar) did
not significantly increase the protein amounts of IL-6 as compared to the control condition (gray bar) in the Tau KO mice. c. Quantification of the Western blot also
showed that sevoflurane (black bar) decreased the protein amounts of N-cadherin as compared to the control condition (white bar) in the WT mice. However,
sevoflurane (stripe bar) did not decrease the protein amounts of N-cadherin as compared to the control condition (gray bar) in the hippocampi of Tau KO mice
harvested at P8. Sevoflurane (black bar) did not significantly change the amounts of ROS (d), MMP (e) and ATP (f) as compared to the control condition (white bar) in
the hippocampi of Tau KO mice harvested at P8. g. Sevoflurane (lanes 3 to 5) decreased the protein amounts of PSD-95 as compared to the control condition (lanes 1 to
2) in the hippocampi of WT mice harvested at P8. In the Tau KO mice, however, sevoflurane (lanes 9 to 10) did not significantly change the protein amounts of PSD-95
as compared to the control condition (lanes 6 to 8) in the hippocampi of the Tau KO mice harvested at P8. h. Quantification of the Western blot showed that sev-
oflurane (black bar) decreased the protein amounts of PSD-95 as compared to the control condition (white bar) in the WT mice. However, sevoflurane (stripe bar) did
not decrease the protein amounts of PSD-95 as compared to the control condition (gray bar) in the Tau KO mice. i. Sevoflurane (lanes 4 to 6) decreased the protein
amounts of synaptophysin as compared to the control condition (lanes 1 to 3) in the hippocampi of WT mice harvested at P8. In the Tau KO mice, however, sevoflurane
(lanes 10 to 12) did not apparently change the protein amounts of synaptophysin as compared to the control condition (lanes 7 to 9) in the hippocampi of the Tau KO
mice harvested at P8. j. Quantification of the Western blot showed that sevoflurane (black bar) decreased the protein amounts of synaptophysin as compared to the
control condition (white bar) in the WT mice. But sevoflurane (stripe bar) did not significantly decrease the protein amounts of synaptophysin as compared to the
control condition (gray bar) in the hippocampi of Tau KO mice harvested at P8. k. Sevoflurane did not significantly change the number of synapses as compared to the
control condition in the hippocampi of Tau KO mice harvested at P8. l. Quantification of the electron microscope ultrastructure images showed that sevoflurane (black
bar) did not significantly decrease the number of synapses as compared to the control condition (white bar) in the hippocampi of Tau KO mice. Interleukin-6, IL-6;
Reactive oxygen species, ROS; Mitochondrial membrane potential, MMP; Adenosine triphosphate, ATP; Postsynaptic density 95, PSD-95; Wild type, WT; Knockout,
KO. N ¼ 9 in each group of the biochemistry studies.
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sevoflurane and oxygen were continuously monitored by using a gas
analyzer (Dash 4000; GE Healthcare, Milwaukee, WI) during the anes-
thesia. The anesthesia box temperature was monitored and controlled by
a feedback-based system with the DC Temperature Control System
(World precision instruments, Inc Sarasota, FL, USA), which manages
and automatically adjusts the temperature to keep the rectal temperature
of each mouse at 37 �C (�0.5 �C) by placing a warming pad under this
box. In the intervention studies, the mice were treated with idebenone
(200 mg/kg, dissolved in DMSO and saline at the concentration of 6
μg/μl, Sigma, St. Louis, MO) (Ali et al., 2012) through intraperitoneal (IP)
administration 30 min before each of the sevoflurane treatments on P6,
P7, and P8. Themice in the vehicle group received 0.1 mL DMSO solution
(15 μL DMSO dissolved in 1 mL saline), which was the vehicle of
idebenone.

2.2. Harvest of brain tissues

The brain tissues of mice were harvested within 2 h of ending anes-
thesia on P8 or on P30. We did not determine the dynamic changes of Tau
phosphorylation and IL-6 elevation following the sevoflurane anesthesia
in the present study. Each of the mice was euthanized by decapitation at
P8 or P30, and the hippocampi of the mice were harvested. The harvested
hippocampi were homogenized on frost by using immunoprecipitation
buffer (Tris-HCl: 10 mM, pH 7.4; NaCl: 150mM; EDTA: 2 mM, Nonidet P-
40: 0.5%) plus protease inhibitor cocktail from Sigma (cat#
11836170001, St. Louis, MO). Finally, the lysates were collected, which
were then centrifuged 10 min at the speed of 12,000 rpm.

2.3. Quantification of protein

Total proteins were quantified by using a bicinchoninic acid protein
assay (Pierce, Iselin, NJ) as utilized in other studies (Dong et al., 2009).

2.4. Western blot analysis

The quantitative Western blot was utilized in the present studies. We
used antibody AT8 (55 kDa, 1:1000; Invitrogen, Carlsbad, CA) to detect
the amounts of Tau phosphorylated at serine 202 and threonine 205
(Tau-PS202/PT205) amino acid. IL-6 antibody (24 kDa, 1:1000; Cat. #
ab6672, Abcam, Cambridge, MA) was used to recognize IL-6. Post-
synaptic density (PSD)-95 antibody (95 kDa, 1:1000; Cell Signaling,
Danvers, MA), synaptophysin antibody (38 kDa, 1:1000; Cell Signaling)
and N-cadherin antibody (140 kDa, 1:1000; Cell Signaling) were used to
6

detect the protein amounts of PSD-95, synaptophysin, and N-cadherin,
respectively. A β-Actin antibody (42 kDa, 1:5000; Sigma) was used to
detect β-Actin. The quantification of Western blot was accomplished as
described in other studies (Dong et al., 2009). In brief, we analyzed the
signal intensity via Quantity One image analysis program (Bio-Rad,
Hercules, CA). Two steps were used to quantify the Western blots. At the
first step, β-Actin was used to standardize protein amounts (e.g., calcu-
lating the ratio of PSD-95 as compared to β-Actin amount), limiting the
differences in the protein amount loaded. At the second step, we
expressed the protein amounts obtained from the treatment as a per-
centage to the control condition.

2.5. ROS measurement

An OxiSelect In Vitro ROS/RNS Assay Kit (Cell Biolabs, San Diego,
CA) was used to measure the amounts of ROS, according to our previous
studies (Zhang et al., 2012).

2.6. Isolation of mitochondria

AMitochondria Isolation Kit for Tissue (Abcam, Cambridge, MA) was
used to isolate mitochondria, according to our previous studies (Zhang
et al., 2012). Briefly, the harvested hippocampi were mixed with isola-
tion buffer up to 2.0 mL, dounced in the pre-chilled douncing homoge-
nizer, and then centrifuged at 1000�g for 10 min at 4 �C. After that, the
supernatant was transferred into two new tubes with 2.0 mL isolation
buffer in each tube and centrifuged at 12,000�g for 15 min at 4 �C. The
pellets were collected and washed twice. Finally, the pellets were com-
bined and resuspended in 500 μL isolation buffer supplemented with
protease inhibitor cocktail (Sigma) for the determination of mitochon-
drial membrane potential (MMP).

2.7. Determination of MMP

We used a JC-1 Mitochondrial Membrane Potential Detection Kit
(Biotium, Hayword, CA) to determine MMP amounts according to our
previous studies (Zhang et al., 2012).

2.8. ATP measurement

We employed an ATP Colorimetric/Fluorometric Assay Kit (Bio-
vision, Milpitas, CA) in the experiments to detect ATP amounts, ac-
cording to the protocol provided by the company.



Fig. 4. Effects of sevoflurane on the amounts of PSD-95, synaptophysin, and synapse in the hippocampi of P30 Tau KO mice, and the cognitive function in
the mice. a. Sevoflurane (lanes 4 to 6) decreased the protein amounts of PSD-95 and synaptophysin as compared to the control condition (lanes 1 to 3) in the
hippocampi of WT mice harvested at P30. In the Tau KO mice, however, sevoflurane (lanes 10–12) did not significantly change the protein amounts of PSD-95 and
synaptophysin as compared to the control condition (lanes 7 to 9) in the hippocampi of Tau KO mice harvested at P30. b. Quantification of the Western blot showed
that sevoflurane (black bar) decreased the protein amounts of PSD-95 as compared to the control condition (white bar) in the hippocampi of WT mice harvested at
P30. In the Tau KO mice, however, sevoflurane (stripe bar) did not apparently change the amounts of PSD-95 as compared to the control condition (gray bar) in the
hippocampi of Tau KO mice harvested at P30. c. Quantification of the Western blot showed that sevoflurane (black bar) decreased the protein amounts of syn-
aptophysin as compared to the control condition (white bar) in the hippocampi of WT mice harvested at P30. In the Tau KO mice, however, sevoflurane (stripe bar) did
not significantly change the amounts of synaptophysin as compared to the control condition (gray bar) in the hippocampi of Tau KO mice harvested at P30. d.
Sevoflurane did not decrease the number of synapses as compared to the control condition in the hippocampi of Tau KO mice harvested at P30. e. Quantification of the
electron microscope ultrastructure images showed that sevoflurane (black bar) did not decrease the number of the synapse as compared to the control condition (white
bar) in Tau KO mice. f. The effects of sevoflurane on the escape latency of the Tau KO mice in MWM from P31 to P37. g. The effects of sevoflurane on the platform
crossing number of the Tau KO mice in MWM on P38. Postsynaptic density 95, PSD-95; Morris Water Maze, MWM; Wild type, WT; Knock out, KO. N ¼ 9 in each group
of the biochemistry studies and N ¼ 13–14 in each group of the behavioral studies.
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2.9. Electron microscope and analysis

We used the methods described in previous studies (Kovalenko et al.,
2018) to determine the effects of sevoflurane on the number of synapses
by using an electron microscope. We perfused each mouse with cold PBS
followed by fixing solution (2% paraformaldehyde and 2% glutaralde-
hyde in PBS). The similar locations in the CA1 area of hippocampi were
dissected out, stored at 4 �C overnight in the fixing solution and sliced
into 1 mm slices on a vibratome. There were 20 brain sections collected
in each mouse and each brain section had fifteen distinct apical regions.
The slices were further post-fixed with 1% osmium tetroxide/PBS,
dehydrated in graded ethanol (50% and 70%), and stained with 1%
uranyl acetate in 70% ethanol for 1 h. Then, the slices were dehydrated in
graded ethanol (90% and 100%), mounted in Epon resin (Marivac Can-
ada Inc. St. Laurent, QC, Canada) on glass slides and cured overnight at
7

60 �C. Ultrathin sections (about 60 nm) were cut on a Reichert Ultracut-S
microtome, placed onto copper grids, stained with uranyl acetate and
lead citrate, and examined in a Jeol JEM 1011 transmission electron
microscope. Fifteen distinct apical regions of CA1 were imaged per
mouse to analyze the number of the synapses. The number of synapses
was counted in a blind manner.

2.10. Morris water maze (MWM)

MWM experiments were performed using the methods described in
our previous studies (Shen et al., 2013; Tao et al., 2014; Zhang et al.,
2015). Briefly, MWM consists of a round steel pool (150 cm in diameter
and 60 cm in height) that was filled with water to a height of 1.0 cm
above the top of a 15-cm diameter platform. The pool was covered with a
black curtain andwas located in an isolated roomwith four visual cues on



Fig. 5. Effects of sevoflurane on the amounts of pTau, ROS, MMP, ATP, PSD-95, synaptophysin, N-cadherin and synapse in the hippocampi of P8 IL-6 KO
mice. a. Sevoflurane (lanes 4 to 6) increased the protein amounts of Tau-PS202/PT205 as compared to the control condition (lanes 1 to 3) in the hippocampi of IL-6
KO mice harvested at P8. b. Quantification of the Western blot showed that sevoflurane (black bar) increased the protein amounts of Tau-PS202/PT205 as compared
to the control condition (white bar) in the IL-6 KO mice harvested at P8. Sevoflurane (black bar) did not significantly change the amounts of ROS (c), MMP (d) and
ATP (e) as compared to the control condition (white bar) in the hippocampi of IL-6 KO mice harvested at P8. f. Sevoflurane (lanes 4 to 6) decreased the protein
amounts of PSD-95 as compared to the control condition (lanes 1 to 3) in the hippocampi of WT mice harvested at P8. In the IL-6 KO mice, however, sevoflurane (lanes
10 to 12) did not significantly change the protein amounts of PSD-95 as compared to the control condition (lanes 7 to 9) in the hippocampi of the IL-6 KO mice
harvested at P8. g. Quantification of the Western blot showed that sevoflurane (black bar) decreased the protein amounts of PSD-95 as compared to the control
condition (white bar) in the WT mice. However, sevoflurane (stripe bar) did not decrease the protein amounts of PSD-95 as compared to the control condition (gray
bar) in the IL-6 KO mice. h. Sevoflurane (lanes 4 to 6) decreased the protein amounts of synaptophysin and N-cadherin as compared to the control condition (lanes 1 to
3) in the hippocampi of WT mice harvested at P8. In the IL-6 KO mice, however, sevoflurane (lanes 10 to 12) did not significantly change the protein amounts of
synaptophysin and N-cadherin as compared to the control condition (lanes 7 to 9) in the hippocampi of the IL-6 KO mice harvested at P8. i. Quantification of the
Western blot showed that sevoflurane (black bar) decreased the protein amounts of synaptophysin as compared to the control condition (white bar) in the WT mice.
However, sevoflurane (stripe bar) did not significantly decrease the protein amounts of synaptophysin as compared to the control condition (gray bar) in the IL-6 KO
mice. j. Quantification of the Western blot showed that sevoflurane (black bar) decreased the protein amounts of N-cadherin as compared to the control condition
(white bar) in the WT mice. However, sevoflurane (stripe bar) did not significantly decrease the protein amounts of N-cadherin as compared to the control condition
(gray bar) in the IL-6 KO mice. k. Sevoflurane did not significantly change the number of synapses as compared to the control condition in the hippocampi of IL-6 KO
mice harvested at P8. l. Quantification of the electron microscope ultrastructure images showed that sevoflurane (black bar) did not significantly change the number of
synapses as compared to the control condition (white bar) in IL-6 KO mice. Tau phosphorylated at serine 202 and threonine 205, Tau-PS202/PT205; phosphorylated
Tau, pTau; Interleukin-6, IL-6; Reactive oxygen species, ROS; Mitochondrial membrane potential, MMP; Adenosine triphosphate, ATP; Postsynaptic density 95, PSD-
95; Wild type, WT; Knock out, KO. N ¼ 9 in each group of the biochemistry studies.
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Fig. 6. Effects of sevoflurane on the amounts of PSD-95, synaptophysin, N-cadherin and synapse in the hippocampi of P30 IL-6 KO mice, and the cognitive
function in the mice. a. Sevoflurane (lanes 4 to 6) decreased the protein amounts of PSD-95 as compared to the control condition (lanes 1 to 3) in the hippocampi of
WT mice harvested at P30. In the IL-6 KO mice, however, sevoflurane (lanes 10 to 12) did not apparently change the protein amounts of PSD-95 as compared to the
control condition (lanes 7 to 9) in the hippocampi of the IL-6 KO mice harvested at P30. b. Quantification of the Western blot showed that sevoflurane (black bar)
decreased the protein amounts of PSD-95 as compared to the control condition (white bar) in the hippocampi of WT mice harvested at P30. In the IL-6 KO mice,
however, sevoflurane (stripe bar) did not significantly change the protein amounts of PSD-95 as compared to the control condition (gray bar) in the hippocampi of the
IL-6 KO mice harvested at P30. c. Sevoflurane (lanes 3 to 5) decreased the protein amounts of synaptophysin as compared to the control condition (lanes 1 to 2) in the
hippocampi of WT mice harvested at P30. In the IL-6 KO mice, however, sevoflurane (lanes 9 to 11) did not apparently change the protein amounts of synaptophysin as
compared to the control condition (lanes 6 to 8) in the hippocampi of the IL-6 KO mice harvested at P30. d. Quantification of the Western blot showed that sevoflurane
(black bar) decreased the protein amounts of synaptophysin as compared to the control condition (white bar) in the hippocampi of WT mice harvested at P30. In the
IL-6 KO mice, however, sevoflurane (stripe bar) did not significantly change the amounts of synaptophysin as compared to the control condition (gray bar) in the
hippocampi of the IL-6 KO mice harvested at P30. e. Sevoflurane did not decrease the number of synapses as compared to the control condition in the hippocampi of
the IL-6 KO mice harvested at P30. f. Quantification of the electron microscope ultrastructure images showed that sevoflurane (black bar) did not significantly change
the number of synapses as compared to the control condition (white bar) in the IL-6 KO mice. g. The effects of sevoflurane on the escape latency of the IL-6 KO mice in
MWM from P31 to P37. h. The effects of sevoflurane on the platform crossing number of the IL-6 KO mice in MWM on P38. Postsynaptic density 95, PSD-95. Morris
Water Maze, MWM; Wild type, WT; Knockout, KO. N ¼ 9 in each group of the biochemistry studies and N ¼ 15 in each group of the behavioral studies.
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the wall of pool. Water was kept at 20 �C and opacified with titanium
dioxide. We tested themice in theMWM for seven days (P31 to P37) with
four trials daily. Escape latency (the time for the mouse to reach the
platform) in the MWM training from P31 to P37 was recorded to assess
the mouse spatial learning function. The platform crossing numbers (the
counts the mouse moved across the original area of the removed plat-
form) in MWM probe test were recorded on P38 to assess the mouse
spatial memory function. Mouse body temperature was maintained by
using a heating device described in previous studies (Shen et al., 2013;
Tao et al., 2014; Zhang et al., 2015).
9

2.11. Statistics

The data obtained from biochemistry studies and escape latency of
MWM were presented as mean � standard deviation (SD). The numbers
of the platform crossing numbers of MWM were presented as median
with interquartile range (25%–75%). Two-way ANOVA with repeated
measurement was used to evaluate the interaction of the difference of
escape latency of the mice in the anesthesia group as compared to the
mice in the control group in the MWM test. Post-hoc analysis was used to
compare the change in escape latency of the mice in the anesthesia group
to the mice in the control group on each day during the MWM test, and
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Fig. 7. Effects of sevoflurane on the amounts of pTau, IL-6, ROS, MMP, ATP, PSD-95, synaptophysin, N-cadherin and synapse in the hippocampi of P8 CypD
KO mice. a. Sevoflurane (lanes 4 to 6) increased the protein amounts of Tau-PS202/PT205 and IL-6 but decreased the protein amounts of PSD-95 as compared to the
control condition (lanes 1 to 3) in the hippocampi of WT mice harvested at P8. In the CypD KO mice, however, sevoflurane (lanes 10 to 12) still increased the protein
amounts of Tau-PS202/PT205 and IL-6 but did not significantly change the protein amounts of PSD-95 as compared to the control condition (lanes 7 to 9) in the
hippocampi of the CypD KO mice harvested at P8. Quantification of the Western blot showed that sevoflurane (black bar) increased the protein amounts of Tau-
PS202/PT205 (b) and IL-6 (c) as compared to the control condition (white bar) in the hippocampi of the WT mice harvested at P8. In the CypD KO mice, howev-
er, sevoflurane (stripe bar) still increased the protein amounts of Tau-PS202/PT205 (b) and IL-6 (c) as compared to the control condition (gray bar) in the hippocampi
of the CypD KO mice harvested at P8. d. Quantification of the Western blot showed that sevoflurane (black bar) decreased the protein amounts of PSD-95 as compared
to the control condition (white bar) in the hippocampi of the WT mice harvested at P8. However, sevoflurane (stripe bar) did not significantly change the protein
amounts of PSD-95 as compared to the control condition (gray bar) in the hippocampi of the CypD KO mice harvested at P8. Sevoflurane (black bar) did not
significantly change the amounts of ROS (e), MMP (f) and ATP (g) as compared to the control condition (white bar) in the hippocampi of CypD KO mice harvested at
P8. h. Sevoflurane (lanes 4 to 6) decreased the protein amounts of synaptophysin and N-cadherin as compared to the control condition (lanes 1 to 3) in the hippocampi
of WT mice harvested at P8. In the CypD KO mice, however, sevoflurane (lanes 10 to 11) did not significantly change the protein amounts of synaptophysin and N-
cadherin as compared to the control condition (lanes 7 to 9) in the hippocampi of the CypD KO mice harvested at P8. Quantification of the Western blot showed that
sevoflurane (black bar) decreased the protein amounts of synaptophysin (i) and N-cadherin (j) as compared to the control condition (white bar) in the hippocampi of
the WT mice harvested at P8. In the CypD KO mice, however, sevoflurane (stripe bar) did not significantly change the protein amounts of synaptophysin (i) and N-
cadherin (j) as compared to the control condition (gray bar) in the hippocampi of the CypD KO mice harvested at P8. k. Sevoflurane did not significantly change the
number of synapses as compared to the control condition in the hippocampi of CypD KO mice harvested at P8. l. Quantification of the electron microscope ultra-
structure images showed that sevoflurane (black bar) did not significantly change the number of synapses as compared to the control condition (white bar) in the CypD
KO mice. Tau phosphorylated at serine 202 and threonine 205, Tau-PS202/PT205; phosphorylated Tau, pTau; Interleukin-6, IL-6; Postsynaptic density 95, PSD-95;
Cyclophilin-D, CypD; Reactive oxygen species, ROS; Mitochondrial membrane potential, MMP; Adenosine triphosphate, ATP; Wild-type, WT; Knockout, KO. N ¼ 9 in
each group of the biochemistry studies.
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cut-off alpha was adjusted using the Bonferroni method. We used the
Mann-Whitney-U test to compare the difference in the platform crossing
numbers of the mice in the sevoflurane group and the mice in the control
group. Two-way ANOVA without repeated measurement was used to
evaluate the interaction of group and treatment on protein amounts
among theWT and KOmice in the control and anesthesia group. The two-
way ANOVA without repeated measurement was also used to evaluate
the interaction of group and treatment on the variables among the WT
mice pretreated with vehicle (DMSO) and the WT mice pretreated with
idebenone. We performed these tests based on the distributional as-
sumptions from our previous similar work. The number of animals or
samples was 10–15 in each group in behavioral studies and was 9 in the
biochemistry studies. The sample size was chosen empirically based on
the previous studies (Lu et al., 2017; Shen et al., 2013; Tao et al., 2014;
Xu et al., 2017; Zhang et al., 2015). The studies employed two-tailed
hypothesis and statistically significant P values were <0.05. We used
the software of Prism 8 (La Jolla, CA) to evaluate all of the data.

3. Results

3.1. Sevoflurane increased Tau phosphorylation and IL-6 elevation,
induced mitochondrial dysfunction, synaptic loss and cognitive impairment
in WT young mice

The objective of the present study was to use both genetic and
pharmacological approaches to determine the potential interactions and
dependency of Tau phosphorylation, IL-6 elevation and mitochondrial
dysfunction following the treatment of sevoflurane in young mice, and to
assess whether such interactions could change the synapse number and
cognitive function in the mice.

The immunoblotting of Tau-PS202/PT205 showed that sevoflurane
increased amounts of Tau-PS202/PT205 in hippocampi of WT mice
compared with the control condition at P8, as evidenced by increased
visibility of bands representing Tau-PS202/PT205 following sevoflurane
than those following the control condition (Fig. 1a). There was no sig-
nificant difference in amounts of β-Actin in hippocampi of WT P8 mice
between the sevoflurane and control condition (Fig. 1a). The quantifi-
cation of the Western blot, based on the ratio of Tau-PS202/PT205 to
β-Actin, indicated that sevoflurane increased amounts of Tau-PS202/
PT205 (Fig. 1b, P ¼ 0.007, N ¼ 9). Quantitative Western blot showed
that sevoflurane increased amounts of IL-6 in hippocampi of WT mice at
P8 (Fig. 1c and d, P¼ 0.002, N¼ 9). Sevoflurane increased ROS amounts
(Fig. 1e, P< 0.001, N¼ 9), decreased MMP level (Fig. 1f, P < 0.001, N¼
9) and ATP concentrations (Fig. 1g, P ¼ 0.032, N ¼ 9) in hippocampi of
11
WT mice on P8. In addition, sevoflurane decreased amounts of PSD-95
(Fig. 1h and i, P ¼ 0.002, N ¼ 9), synaptophysin (Fig. 1j and k, P ¼
0.008, N ¼ 9), and N-cadherin (Figure 1l and m, P ¼ 0.028, N ¼ 9) in
hippocampi of WT mice on P8. Finally, electron microscope demon-
strated that sevoflurane decreased the number of synapses in hippocampi
of WT mice on P8 (Fig. 1n and o, P ¼ 0.005, N ¼ 9). These data
demonstrated that sevoflurane increased Tau phosphorylation and IL-6
elevation, induced mitochondrial dysfunction and synaptic loss in the
hippocampi of WT young mice on P8.

Next, we found that sevoflurane decreased amounts of PSD-95
(Fig. 2a and b, P ¼ 0.014, N ¼ 9) and synaptophysin (Fig. 2c and d, P
¼ 0.028, N ¼ 9), but not N-cadherin (Fig. 2e and f, P ¼ 0.065, N ¼ 9), in
hippocampi of WT mice at P30. Moreover, sevoflurane reduced synapse
number in hippocampi of WT mice at P30 (Fig. 2g and h, P ¼ 0.032, N ¼
9). Finally, two-way ANOVA with repeated measurement demonstrated
significant interaction of treatment (sevoflurane versus control) and time
(P31 to P37) on escape latency in MWM (Fig. 2i, P ¼ 0.005, N¼ 15). The
Student’s t-test with Bonferroni correction showed that sevoflurane
specifically increased escape latency as compared to the control condi-
tion at P35, P36, and P37. Mann-Whitney-U test showed that the mice
had more platform crossing numbers following sevoflurane than those
following the control condition at P38 (Fig. 2j, P¼ 0.032, N¼ 15). These
data indicated that sevoflurane could induce a synaptic loss in hippo-
campi at P30 and cognitive impairment at P31 to P38 in WT mice. There
were not apparent differences in the amounts of pTau and IL-6 between
the anesthesia group and control group at P30 (data not shown).

3.2. Sevoflurane did not induce IL-6 elevation, mitochondrial dysfunction,
synaptic loss and cognitive impairment in Tau KO young mice

We found that sevoflurane induced neither IL-6 elevation, mito-
chondrial dysfunction nor synaptic loss in hippocampi of Tau KO mice
harvested on P8 (Fig. 3). Moreover, sevoflurane did not cause synaptic
loss and cognitive impairment in Tau KO mice on P31 to P38 (Fig. 4).
These data indicated that IL-6 elevation, mitochondrial dysfunction,
synaptic loss and cognitive impairment in the young mice were depen-
dent on Tau protein.

3.3. Sevoflurane increased Tau phosphorylation, but did not induce
mitochondrial dysfunction, synaptic loss and cognitive impairment, in IL-6
KO young mice

Next, we found that sevoflurane still increased Tau phosphorylation
in hippocampi of IL-6 KO mice at P8 (Fig. 5a and b, P ¼ 0.002, N ¼ 9).



Fig. 8. Effects of sevoflurane on the amounts of PSD-95, synaptophysin, and synapse in the hippocampi of P30 CypD KO mice, and the cognitive function in
the mice. a. Sevoflurane (lane 2) decreased the protein amounts of PSD-95 as compared to the control condition (lane 1) in the hippocampi of WT mice harvested at
P30. In the CypD KO mice, however, sevoflurane (lane 4) did not apparently change the protein amounts of PSD-95 as compared to the control condition (lane 3) in the
hippocampi of the CypD KO mice harvested at P30. Quantification of the Western blot showed that sevoflurane (black bar) decreased the protein amounts of PSD-95
(b) and synaptophysin (c) as compared to the control condition (white bar) in the hippocampi of WT mice harvested at P30. In the CypD KO mice, however, sev-
oflurane (stripe bar) did not significantly change the amounts of PSD-95 (b) and synaptophysin (c) as compared to the control condition (gray bar) in the hippocampi
of the CypD KO mice harvested at P30. d. Sevoflurane did not decrease the number of synapses as compared to the control condition in the hippocampi of the CypD KO
mice harvested at P30. e. Quantification of the electron microscope ultrastructure images showed that sevoflurane (black bar) did not significantly change the number
of synapses as compared to the control condition (white bar) in the CypD KO mice. f. The effects of sevoflurane on the escape latency of the CypD KO mice in MWM
from P31 to P37. g. The effects of sevoflurane on the platform crossing number of the CypD KO mice in MWM on P38. Postsynaptic density 95, PSD-95; Morris Water
Maze, MWM; Wild type, WT; Knock out, KO. N ¼ 9 in each group of the biochemistry studies and N ¼ 15 in each group of the behavioral studies.
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However, sevoflurane did not induce mitochondrial dysfunction (Fig. 5c,
d, and e) in hippocampi of P8 IL-6 KO mice. In addition, sevoflurane still
decreased amounts of PSD-95 (Fig. 5f and g, P ¼ 0.005, N ¼ 9), syn-
aptophysin (Fig. 5h and i, P¼ 0.005, N¼ 9), and N-cadherin (Fig. 5h and
j, P ¼ 0.029, N ¼ 9) in hippocampi of P8 WT mice, but sevoflurane did
not reduce amounts of these proteins (Fig. 5f, g, h, i, and j) in hippocampi
of P8 IL-6 KO mice. Finally, sevoflurane did not reduce synapse number
in hippocampi of P8 IL-6 KO mice (Fig. 5k and l).

Moreover, sevoflurane did not reduce amounts of PSD-95 (Fig. 6a and
b) and synaptophysin (Fig. 6c and d) in hippocampi of IL-6 KO mice at
P30, while sevoflurane still decreased amounts of PSD-95 (Fig. 6a and b,
P ¼ 0.033, N¼ 9) and synaptophysin (Fig. 6c and d, P ¼ 0.019, N¼ 9) in
hippocampi of WT mice at P30. Sevoflurane did not reduce synapse
number in hippocampi of IL-6 KO mice at P30 (Fig. 6e and f). Finally,
sevoflurane did not cause cognitive impairment in IL-6 KOmice from P31
to P38 (Fig. 6g and h).

Taken together, these data, obtained from both Tau KO (Figs. 3 and 4)
and IL-6 KO (Figs. 5 and 6) mice, indicated that IL-6 elevation in
12
hippocampi of young mice was dependent on Tau, but independent of
mitochondrial dysfunction, synaptic loss and cognitive impairment in
young mice.

3.4. Sevoflurane induced increase in Tau phosphorylation, IL-6 elevation,
but not mitochondrial dysfunction, synaptic loss and cognitive impairment,
in CypD KO young mice

We found that sevoflurane increased Tau phosphorylation (Fig. 7a
and b) and IL-6 elevation (Fig. 7a and c) in hippocampi of both WT mice
and CypD KOmice at P8. However, sevoflurane reduced protein amounts
of PSD-95 in hippocampi of P8 WT, but not P8 CypD KO, mice (Fig. 7a
and d, P ¼ 0.021, N ¼ 9). Similarly, sevoflurane reduced the amounts of
synaptophysin (Fig. 7h and i, P ¼ 0.001, N ¼ 9) and N-cadherin (Fig. 7h
and j, P ¼ 0.021, N ¼ 9) in hippocampi of P8 WT, but not P8 CypD KO,
mice. Sevoflurane induced neither mitochondrial dysfunction (Fig. 7e, f,
and g) nor synaptic loss (Fig. 7k and l) in hippocampi of CypD KOmice on
P8.
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Fig. 9. Effects of idebenone on sevoflurane-induced changes in the P8 WT mice. Sevoflurane (lanes 4 to 6) increased the protein amounts of Tau-PS202/PT205
(a) and IL-6 (c) as compared to the control condition (lanes 1 to 3) in the hippocampi of WT mice harvested at P8. In the WT P8 mice pretreated with idebenone,
however, sevoflurane (lanes 10 to 12) still increased the protein amounts of Tau-PS202/PT205 (a) and IL-6 (c) as compared to the control condition (lanes 7 to 9) in
the hippocampi of the WT mice pretreated with idebenone harvested at P8. Quantification of the Western blot showed that sevoflurane (black bar) increased the
protein amounts of Tau-PS202/PT205 (b) and IL-6 (d) as compared to the control condition (white bar) in the hippocampi of the WT mice harvested at P8. In the WT
mice pretreated with idebenone, sevoflurane (stripe bar) still increased the protein amounts of Tau-PS202/PT205 (b) and IL-6 (d) as compared to the control condition
(gray bar) in the hippocampi of the WT mice harvested at P8. Sevoflurane (black bar) did not significantly change the amounts of ROS (e), MMP (f) and ATP (g) as
compared to the control condition (white bar) in the hippocampi of the WT mice pretreated with idebenone harvested at P8. h. Sevoflurane (lanes 4 to 6) decreased
the protein amounts of PSD-95, synaptophysin, and N-cadherin as compared to the control condition (lanes 1 to 3) in the hippocampi of WT mice harvested at P8. In
the WT mice pretreated with idebenone, however, sevoflurane (lanes 10 to 12) did not apparently change the protein amounts of PSD-95, synaptophysin, and N-
cadherin as compared to the control condition (lanes 7 to 9) in the hippocampi of the WT mice pretreated with idebenone harvested at P8. Quantification of the
Western blot showed that sevoflurane (black bar) decreased the protein amounts of PSD-95 (i), synaptophysin (j) and N-cadherin (k) as compared to the control
condition (white bar) in the hippocampi of the WT mice harvested at P8. In the WT mice pretreated with idebenone, however, sevoflurane (stripe bar) did not
significantly change the protein amounts of PSD-95 (i), synaptophysin (j) and N-cadherin (k) as compared to the control condition (gray bar) in the hippocampi of the
WT mice pretreated with idebenone harvested at P8. l. Sevoflurane did not significantly change the number of synapses as compared to the control condition in the
hippocampi of WT mice pretreated with idebenone harvested at P8.m. Quantification of the electron microscope ultrastructure images showed that sevoflurane (black
bar) did not significantly change the number of synapses as compared to the control condition (white bar) in WT mice pretreated with idebenone. Tau phosphorylated
at serine 202 and threonine 205, Tau-PS202/PT205; Interleukin-6, IL-6; Reactive oxygen species, ROS; Mitochondrial membrane potential, MMP; Adenosine
triphosphate, ATP; Postsynaptic density 95, PSD-95; Wild-type, WT. N ¼ 9 in each group of the biochemistry studies.
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Sevoflurane reduced amounts of PSD-95 (Fig. 8a and b, P ¼ 0.032, N
¼ 9) and synaptophysin (Fig. 8a and c, P ¼ 0.023, N ¼ 9) in hippocampi
of P30 WT, but not P30 CypD KO, mice. Sevoflurane did not reduce
synapse number in hippocampi of CypD KO mice at P30 (Fig. 8d and e).
Finally, sevoflurane did not cause cognitive impairment in CypD KOmice
tested from P31 to P37 (Fig. 8f and g).

These data, obtained from Tau KO mice (Figs. 3 and 4), IL-6 KO
(Figs. 5 and 6) and CypD KO (Figs. 7 and 8) mice, indicated the mito-
chondrial dysfunction in young mice was dependent on Tau and IL-6, but
independent of synaptic loss and cognitive impairment, in young mice.

3.5. Idebenone attenuated sevoflurane-induced cognitive impairment in
young mice

We found that idebenone mitigated neither sevoflurane-increased
Tau phosphorylation (Fig. 9a and b) nor sevoflurane-induced IL-6
elevation (Fig. 9c and d). But, sevoflurane did not induce mitochondrial
dysfunction in the WT mice pretreated with idebenone (Fig. 9e, f, and g).
Moreover, idebenone mitigated the sevoflurane-induced reduction in
PSD-95 (Fig. 9h and i, P ¼ 0.006, N ¼ 9), synaptophysin (Fig. 9h and j, P
¼ 0.004, N ¼ 9) and N-cadherin (Fig. 9h and k, P ¼ 0.028, N ¼ 9) in
hippocampi of WT mice at P8. Finally, sevoflurane did not reduce syn-
apse number in P8WTmice pretreated with idebenone (Figure 9l andm).

Similarly, idebonone mitigated the sevoflurane-induced reduction in
amounts of PSD-95 (Fig. 10a and b, P ¼ 0.040, N¼ 9) and synaptophysin
(Fig. 10a and c, P ¼ 0.002, N ¼ 9) in hippocampi of WT mice at P30.
Sevoflurane did not reduce synapse number in hippocampi of WT mice
pretreated with idebenone at P30 (Fig. 10d and e) and did not induce
cognitive impairment in WTmice pretreated with idebenone from P31 to
P37 (Fig. 10f and g).

4. Discussion

Employing sevoflurane as a clinically relevant tool, and WT, Tau KO,
IL-6 KO, and CypD KO young mice as the approaches, we demonstrated
the interactions of Tau phosphorylation, IL-6 accumulation and mito-
chondrial dysfunction and the effects of such interactions on synapse
number and cognitive impairment in young mice. The findings in the
present studies suggest that Tau phosphorylation causes IL-6 elevation,
which induces mitochondrial dysfunction, leading to synaptic loss and
cognitive impairment in the youngmice following sevoflurane anesthesia
(Fig. 11). Moreover, idebenone mitigated the sevoflurane-induced
mitochondrial dysfunction, synaptic loss, and cognitive impairment,
but not the sevoflurane-induced increase in Tau phosphorylation and IL-6
elevation. These results with idebenone could be particularly important
because the specific inhibition of Tau phosphorylation is not available
and general anti-inflammation treatment (e.g., non-steroidal anti-
14
inflammatory drugs) may not be practical owing to the potential side
effects, e.g., deficiency of wound healing and bleeding. These findings
suggest that idebenone could be used to treat or prevent the cognitive
impairment in young mice and merits further investigation.

First, we found that sevoflurane increased amounts of phosphorylated
Tau (pTau) (Tau-PS202/PT205) and IL-6, and induced mitochondrial
dysfunction, synaptic loss and cognitive impairment in young WT mice
(Figs. 1 and 2). In the Tau KO mice, however, sevoflurane caused a lesser
degree of these effects (Figs. 3 and 4). In the IL-6 KO mice, sevoflurane
caused a lesser degree of mitochondrial dysfunction, synaptic loss, and
cognitive impairment, but still increased Tau phosphorylation in hippo-
campi of the mice (Figs. 5 and 6). Moreover, sevoflurane increased Tau
phosphorylation and IL-6, but did not cause mitochondrial dysfunction,
synaptic loss and cognitive impairment in CypD KO mice (Figs. 7 and 8).
These data illustrated that Tau phosphorylation could induce cognitive
impairment via IL-6 elevation, mitochondrial dysfunction, and synaptic
loss in young mice.

Furthermore, sevoflurane-induced IL-6 elevation was dependent, at
least partially, on Tau, but independent of mitochondrial dysfunction.
Sevoflurane-induced mitochondrial dysfunction was dependent, at least
partially, on Tau protein and IL-6 increase, but independent of synaptic
loss. Together, these data demonstrated the interactions of Tau phos-
phorylation, IL-6 elevation and mitochondrial dysfunction and such in-
teractions could lead to reduction in synapse number and cognitive
impairment in young mice. These results revealed one of the underlying
mechanisms by which Tau phosphorylation caused cognitive impairment
in young mice.

Anesthesia and Tau phosphorylation, inflammation and mitochon-
drial dysfunction in the brain tissues of youngmice have been extensively
studied (Vutskits and Xie, 2016). Previous studies have shown that sev-
oflurane can increase Tau phosphorylation (Hu et al., 2013; Huang et al.,
2018; Tao et al., 2014; Yang et al., 2020a, 2020b; Yu et al., 2009, 2020)
and cause IL-6 elevation (Shen et al., 2013; Yang et al., 2020a, 2020b;
Zhang et al., 2013; Zheng et al., 2013) in brain tissues of young mice.
Consistently, the present study also showed that sevoflurane increased
the amounts of Tau-PS202/PT205 and IL-6. Moreover, the present study
used Tau KO and IL-6 KO mice to demonstrate that the
sevoflurane-induced Tau phosphorylation was not dependent on IL-6; but
the sevoflurane-induced elevation of IL-6 was dependent on Tau protein.

Anesthesia with isoflurane, nitrous oxide, and midazolam in P7 rats
was able to induce an enlargement of mitochondria, impairment of the
structural integrity, increases in their complex IV activity, and decreases
in the regional distribution in presynaptic neuronal profiles (Sanchez
et al., 2011). Other studies also showed that the same anesthesia could
increase ROS amounts and mitochondrial fission, leading to disturbance
in mitochondrial morphogenesis (Boscolo et al., 2013). The anesthesia
with 2.5% sevoflurane in P7, P10 and P13 rats caused a reduction in the



Fig. 10. Effects of idebenone on sevoflurane-induced changes in the P30 WT mice. a. Sevoflurane (lanes 4 to 6) decreased the protein amounts of PSD-95 and
synaptophysin as compared to the control condition (lanes 1 to 3) in the hippocampi of WT mice harvested at P30. In the WT mice pretreated with idebenone,
however, sevoflurane (lanes 10 to 12) did not significantly change the protein amounts of PSD-95 and synaptophysin as compared to the control condition (lanes 7 to
9) in the hippocampi of the WT mice pretreated with idebenone harvested at P30. Quantification of the Western blot showed that sevoflurane (black bar) decreased
the protein amounts of PSD-95 (b) and synaptophysin (c) as compared to the control condition (white bar) in the hippocampi of WT mice harvested at P30. In the WT
mice pretreated with idebenone, however, sevoflurane (stripe bar) did not apparently change the amounts of PSD-95 (b) and synaptophysin (c) as compared to the
control condition (gray bar) in the hippocampi of the WT mice pretreated with idebenone harvested at P30. d. Sevoflurane did not decrease the number of synapses as
compared to the control condition in the hippocampi of the WT mice pretreated with idebenone harvested at P30. e. Quantification of the electron microscope ul-
trastructure images showed that sevoflurane (black bar) did not significantly change the number of synapses as compared to the control condition (white bar) in WT
mice pretreated with idebenone. f. The effects of sevoflurane on the escape latency of the WT mice pretreated with idebenone in MWM from P31 to P37. g. The effects
of sevoflurane on the platform crossing number of the WT mice pretreated with idebenone in MWM on P38. Postsynaptic density 95, PSD-95; Morris Water Maze,
MWM; Wild type, WT. N ¼ 9 in each group of the biochemistry studies and N ¼ 15 in each group of the behavioral studies.
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mitochondrial density in the brain tissues of the rats (Boscolo et al.,
2013). Finally, the multiple exposures to sevoflurane in young mice
reduced ATP concentrations in the brain tissues of the young mice (Xu
et al., 2017). The findings from these studies were consistent with the
results of the current study that sevoflurane induced mitochondrial
dysfunction in brain tissues of the young mice. However, the present
study further demonstrated that sevoflurane-induced mitochondrial
dysfunction was partially dependent on Tau and IL-6. Notably, there
could be many cell deaths from P6 to P8 in the brain tissues of mice
(Bandeira et al., 2009; Mosley et al., 2017). Our recent study demon-
strated that knockout of CypD attenuated the sevoflurane-induced cell
death and cognitive impairment in young mice (Zhang et al., 2019). The
future studies should include the investigation of whether the mito-
chondrial dysfunction and overexpression of CypD can further promote
Tau phosphorylation and IL-6 elevation in the brain tissues of young
mice, forming a vicious cycle of Tau phosphorylation, IL-6 elevation and
mitochondrial dysfunction in young mice.
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The underlying mechanism by which Tau phosphorylation leads to
elevation of IL-6 remains largely to be determined. A recent study
demonstrated that microglia can uptake, process, and release Tau (Hopp
et al., 2018). Thus, it is possible that Tau phosphorylation can cause more
microglia activation, leading to elevation of IL-6. Future studies to test
this hypothesis are warranted.

Several studies showed that general anesthesia was able to cause loss
of both excitatory and inhibitory synapse in brains of young mice (be-
tween P5 and P10) (Briner et al., 2011; Head et al., 2009; Lunardi et al.,
2010). Moreover, these changes in synapse lasted for a long time and
were associated with impaired transmission in the neuronal networks
(Amrock et al., 2015; DiGruccio et al., 2015; Jevtovic-Todorovic et al.,
2003; Lunardi et al., 2010). Consistently, the data from the current
studies showed that sevoflurane in young mice caused a synaptic loss in
the brain tissues of the mice. However, the results from the current
studies further demonstrated for the first time that sevoflurane-induced
synaptic loss was dependent, at least partially, on Tau, IL-6, and



Fig. 11. Hypothesized pathway. a. Sevoflurane increased Tau phosphoryla-
tion and elevation of IL-6 amounts, induced mitochondrial dysfunction, reduc-
tion in synapse number and cognitive impairment in the WT young mice.
Sevoflurane caused none of these changes in the Tau KO mice. In the IL-6 KO
mice, however, sevoflurane still increased Tau phosphorylation, but did not
induce the mitochondrial dysfunction, reduction in synapse number and
cognitive impairment. Finally, in the CypD KO mice and the WT mice pretreated
with idebenone, sevoflurane increased Tau phosphorylation and elevation of IL-
6 amounts, but did not induce mitochondrial dysfunction, reduction in synapse
number and cognitive impairment. b. These data suggest that sevoflurane in the
young mice first induces Tau phosphorylation, which then causes elevation of
IL-6 amounts, leading to mitochondrial dysfunction. The mitochondrial
dysfunction then produces a reduction in the number of synapse and cognitive
impairment in the young mice.
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mitochondrial dysfunction in the brain tissues of the young mice.
Since sevoflurane increased Tau phosphorylation and IL-6, and

induced mitochondrial dysfunction, which then led to synaptic loss and
cognitive impairment in the young mice, we could target Tau phos-
phorylation, IL-6 elevation, and mitochondria to prevent or treat the
cognitive impairment in young mice. However, specific inhibition of Tau
phosphorylation is not available. Furthermore, non-specific anti-inflam-
matory agents have potential side effects.

Idebenone is a synthetic analog of co-enzyme Q10 (Rauchova et al.,
2008). It has been reported that idebenone can protect mitochondrial
dysfunction [(Erb et al., 2012; Orsucci et al., 2011), reviewed in (Pfeffer
et al., 2013)]. Consistently, we showed that idebenone mitigated the
sevoflurane-induced mitochondrial dysfunction, synaptic loss, and
cognitive impairment, without altering Tau phosphorylation and IL-6
elevation, in the present studies (Figs. 9 and 10). Clinical investigation
showed that idebenone could treat dementia and memory impairment in
patients without dementia (Voronkova and Meleshkov, 2009). Thus,
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translationally, the data from the current studies suggest the potential use
of idebenone in the treatment and/or prevention of the cognitive
impairment in young brain, pending further investigation. Future studies
to determine whether drugs that enhance mitochondrial function can
prevent or treat the cognitive impairment in children are warranted.

The study has several limitations. First, Tau protein can be highly
phosphorylated at many serine or threonine sites in developmental brain
(Yu et al., 2009, 2020). In the present study, we only assessed the effects
of sevoflurane on the amounts of Tau-PS202/PT205 but not other sites of
Tau phosphorylation. However, the objective of the current studies was
not fully characterizing the effects of sevoflurane on Tau phosphorylation
but rather using the Tau-PS202/PT205, as a representative, to determine
the interactions of Tau phosphorylation, IL-6 elevation, and mitochon-
drial dysfunction, and to assess whether such interactions can cause
synaptic loss and cognitive impairment in young mice. The future studies
will include assessing the interactions of other sites of pTau with IL-6
elevation and mitochondrial dysfunction. Second, we did not deter-
mine the total Tau amounts following sevoflurane because our previous
studies had illustrated that the same sevoflurane treatment increased the
amounts of Tau-PS202/PT205 without significantly altering the amounts
of total Tau (Tao et al., 2014).

In conclusion, using Tau KO, IL-6 KO, and CypD KO young mice as the
transgenic approaches and employing anesthetic sevoflurane as a clini-
cally relevant tool, we demonstrated that Tau phosphorylation might
cause IL-6 elevation, which induced mitochondrial dysfunction, leading
to synaptic loss and cognitive impairment in young mice. Moreover, we
showed that idebenone mitigated the sevoflurane-induced mitochondrial
dysfunction, synaptic loss, and the cognitive impairment in the mice.
These findings would promote further research to determine the under-
lying mechanisms by which Tau phosphorylation induced cognitive
impairment, as well as the targeted interventions in young brain.
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