Sevoflurane induces neurotoxicity in young
mice through FAS/FASL signaling
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ABSTRACT. Sevoflurane, the most widely used anestheticin clinical practice,
has been shown to induce apoptosis, inhibit neurogenesis, and cause learning
and memory impairment in young mice. However, the underlying mechanism
is still unknown. In this study, wild-type and the FAS- or FAS ligand (FASL)-
knockout mice (age 7 days) were exposed to sevoflurane or pure oxygen.
Western blotting was used to examine the expression of FAS protein.
Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) and
bromodeoxyuridine (BrdU) staining were employed to quantify the apoptotic
cells and newborn cells in the hippocampus and Morris water maze (MWM)
in order to evaluate learning and memory status. Sevoflurane significantly
increased the expression of FAS protein in wild-type mice. Compared to FAS-
and FASL-knockout mice treated with sevoflurane, sevoflurane-treated wild-
type mice exhibited more TUNEL-positive hippocampal cells and less BrdU-
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positive hippocampal cells. The MWM showed that compared with FAS- and
FASL-knockout mice treated with sevoflurane, sevoflurane treatment of wild-
type mice significantly prolonged the escape latency and reduced platform
crossing times. These data suggest that sevoflurane induces neurotoxicity in
young mice through FAS-FASL signaling.
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INTRODUCTION

Sevoflurane is a commonly used clinical anesthetic because it is fast acting, produces
less irritability, and stabilizes the hemodynamic status of the patient. However, it has been shown
to induce cognitive impairment in rodents and might be associated with a higher incidence of
learning and memory impairment in humans, leading to increased cost, morbidity, and mortality
(Nikizad et al., 2007; Wilder et al., 2009; Zhang et al., 2013a). In recent studies, researchers have
shown many adverse effects caused by sevoflurane on the developing brain especially in the
embryonic period, neonatal period, and infancy (Shen et al., 2013; Zheng et al., 2013; Zhang et
al., 2013b). They concluded that sevoflurane could increase neurodegeneration in the developing
hippocampus of fetal rats. However, the detailed mechanisms underlying the deleterious effect of
sevoflurane on brain development are still unclear.

Apoptosis is commonly induced in the cell via the FAS singling pathway (Medana et al.,
2001). The FAS receptor protein is also known as APO-1 or CD95. It belongs to the subgroup
of the tumor necrosis factor receptor (TNF-R) family that can trigger apoptosis. Its physiological
ligand, FASL (CD95L), is a member of the corresponding TNF cytokine family (Huang et al.,
2001). FAS and FASL play critical roles in immune system function, especially in the killing of
pathogen-infected target cells and the death of obsolete, potentially deleterious, and auto-
reactive lymphocytes (Krammer, 2000). Further, the FAS signaling machinery is also involved in
non-apoptotic processes, including cellular activation, differentiation, and proliferation (Strasser
et al., 2009). Various drugs and substances can induce neuronal apoptosis through FASL-FAS
signaling and may involve GSK-3 inhibition. For instance, the commonly used GSK-3 inhibitor,
lithium, reportedly facilitates apoptotic signaling induced by the activation of the FAS death domain-
containing receptor (Gomez-Sintes and Lucas, 2013).

In a previous study, sevoflurane induced caspase-3 activation and apoptosis (Shen et al.,
2013). FASL-FAS signaling is a major regulator of apoptosis, however, whether sevoflurane can induce
apoptosis through the FASL-FAS signaling pathway is unknown. In this study, we found that exposure
to sevoflurane induced cognitive impairment in young mice and activated FASL-FAS signaling.
Young FAS and FASL-knockout mice exhibited attenuated sevoflurane-induced neuron apoptosis,
neurogenesis inhibition, and learning and memory impairment. This finding may pave the way for the
development of a therapeutic approach to prevent or treat sevoflurane-induced neurotoxicity.

MATERIAL AND METHODS
Animals

Six-day-old C57/BL wild-type mice were obtained from the specific pathogen-free animal
center at Zhengzhou Central Hospital, which is affiliated with Zhengzhou University. All animal
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experiments were approved by the Animal Care Committee of Zhengzhou Central Hospital Affiliated
with Zhengzhou University.

Mice were treated with 3% sevoflurane from postnatal day 6 (P6) to P8, as described
in our previous study, and a behavioral test was performed from P30 to P34. The anesthetic
(sevoflurane) plus 60% oxygen (balanced with nitrogen) was administered, as in the previous
study (Shen et al., 2013).

MWM test

The MWM test was conducted in a circular tank (diameter: 1.8 m) that was filled with
opaque water. A platform (11 x 11 cm) was submerged below the water’s surface in the center of
the target quadrant. The swimming path of each mouse was recorded using a video camera and
analyzed using the Videomot 2 software. For each training session, mice were placed into the
maze from four random points in the tank. They were allowed to search for the platform for 60 s.
If they did not find the platform within 60 s, they were gently guided towards it. Mice were allowed
to remain on the platform for 15 s. Two training trials were performed every day, and the latency
for each trial was recorded for analysis. During the memory test (probe test), the platform was
removed from the tank, and the mice were allowed to swim in the maze for 60 s.

TUNEL staining for DNA fragmentation

Mouse brains were removed after treatments with or without sevoflurane and stored at
4°C in 4% paraformaldehyde. Serial coronal sections (10 pm) were cut on a cryostat (CM3050
S, Leica Biosystems, Germany) and mounted on coverslips. Sections were permeabilized with
proteinase K solution (20 pg/mL) for 20 min. Terminal deoxynucleotidyl transferase (TdT) and
dUTP (11684817910, Roche) were added to the sections and incubated in a humidified chamber
at 37°C for 2 h. The reaction was then stopped and the sections were stained with 4'6'-diamidino-2-
phenylindole (C1002, Beyotime, China) for 10 min. Then, coverslips were mounted on glass slides
with anti-fade mounting medium (P0126, Beyotime, China). Finally, the sections were analyzed
under a light microscope (ECLIPSE TI-SR, NIKON, Japan) with 5X and 20X objective lenses, and
photographs of the sections were taken. The number of TdT dUTP nick-end labeling (TUNEL)-
positive cells was counted using the Image J software by an investigator who was blinded to the
experimental design.

BrdU immunohistochemistry

Mouse brains were removed after treatment with or without sevoflurane. For the detection
of newborn cells in the hippocampal dentate gyrus, BrdU-specific immunohistochemistry was
performed with the BrdU Immunohistochemistry Kit (ab125306). The brain sections were
deparaffinized and incubated with the quenching solution for 10 min. Two drops of trypsin enzyme
were then added to each slide and incubated at room temperature about 25°C for 10 min, followed
by a 3-min rinse in distilled water. Two drops of the denaturing solution were added to each slide
and incubated at room temperature for 30 min. The sections were then incubated with blocking
buffer at room temperature for 10 min, BrdU antibody (ab6362; 1:200) at room temperature for 60
min, and streptavidin-horseradish peroxidase (HRP) conjugate at room temperature for 10 min.
The newborn cells were counted using the Image J software.
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Western blotting

Frozen mouse hippocampal tissues were homogenized, and the lysates were prepared in
ice-cold lysis buffer. Total protein was collected and normalized for equal amounts, as measured by
the bicinchoninic acid method. Seventy micrograms of protein from each sample was separated on
a sodium dodecyl sulfate-polyacrylamide gel and transferred to polyvinylidene fluoride membranes.
The membranes were blocked with 5% nonfat milk and incubated overnight with the primary anti-
FAS antibody (1:1000; ab82419, Abcam, Cambridge, MA, USA) and anti-B-actin antibody (1:5000;
ab156302, Abcam) at 4°C, followed by incubation with the suitable HRP-conjugated secondary anti-
body for 4 h. Beta-actin protein was immunodetected as the internal standard.

Statistical analysis

Data regarding biochemical changes are reported as means + standard deviation (SD).
The data regarding changes in escape latency were a better description of deviation from normality,
and are reported as means * standard error of the mean (SE). Because the data for platform
crossing times were not a good descriptor of deviation from normality, they are reported as median
and interquartile range. Interactions of time and group factors in a two-way analysis of variance
(ANOVA) with repeated measurements were used to analyze the difference in learning curves
(based on escape latency) between mice in the control group and mice in the anesthesia group in the
MWM. The Mann-Whitney U-test was used to determine differences in platform crossing times. The
normality test shows that the data were normally disturbed. Finally, the Student two-sample t-test was
used to determine differences in TUNEL-positive cells and BrdU-positive cells between control and
anesthesia groups. Values of P < 0.05 were considered to be statistically significant. The GraphPad
software Prism 5 (San Diego, CA, USA) was used to analyze the data.

RESULTS

Multiple sevoflurane exposure induced cognitive impairment in young mice and
activated FASL-FAS signaling

Mice were treated daily with 3% sevoflurane for 2 h from P6 to P8, after which they were
tested in the MWM from P30 to P34. A comparison of the time that each mouse took to reach the
platform during reference training (escape latency) showed that there was a statistically significant
interaction between time and group (Figure 1A) (P = 0.0028, two-way ANOVA with repeated
measurement). The post hoc Bonferroni test showed that the mice that received sevoflurane
anesthesia had longer escape latency than the mice following the control condition on P33 and
P34. Furthermore, sevoflurane-treated mice (N = 15) had decreased platform crossing times
(median, 3; interquartile range, 2.5-5.5), which represented the number of times that each mouse
had crossed the location of the absent platform at the end of reference training, as compared to
control mice (N = 15) (median, 6; interquartile range 4-8) (Figure 1B) (P = 0.042, Mann-Whitney
U-test). There was no significant difference in mouse swimming speed between the mice in the
sevoflurane anesthesia group and the mice in the control group (data not shown). These data
suggested that multiple sevoflurane exposures in young mice might induce cognitive impairment
after 3 weeks. Sevoflurane also upregulated the expression of FAS as compared to the control
condition in hippocampal tissues (Figure 1C).
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Figure 1. Exposure to 3% sevoflurane daily for 3 days induces cognitive impairment in six-years-old mice. A. Mice
that were exposed to 3% sevoflurane for 2 h daily from postnatal day 6 (P6) to P8 exhibited increased escape latency
at P30-P34 in the Morris water maze (MWM), compared with the control mice (control, N = 15; sevoflurane, N = 15).
Results from two-way analysis of variance (ANOVA) with repeated measurement analysis show that there was a
statistically significant interaction of time and group, based on the escape latency of the MWM, between control and
sevoflurane-treated mice. B. Platform crossing times were reduced in mice (P34) that were exposed to 3% sevoflurane
for 2 h daily from P6 to P8 (control, N = 15; sevoflurane, N = 15). C. Sevoflurane upregulated the expression of FAS
as compared to the control condition in hippocampal tissues. *P < 0.05, **P < 0.01.

FAS and FASL-knockout attenuated sevoflurane-induced learning and memory
impairment in 6-day-old mice

Next, we investigated whether FAS- and FASL-knockout can mitigate sevoflurane-
related learning and memory impairment in mice. We tested the mice by MWM from P30 to P
34. The interaction between time and group, based on the escape latency of the MWM, was
statistically significant between the sevoflurane and FAS-knockout groups, as demonstrated by
two-way ANOVA with repeated measurement analysis (Figure 2A) (P = 0.022, two-way ANOVA
with repeated measurement). The post hoc Bonferroni test shows that the mice that received
sevoflurane anesthesia had longer escape latency than the mice following the FAS-knockout group
on P33 and P34. Furthermore, the platform crossing times between sevoflurane (N = 15) (median,
4; interquartile range, 3-5) and FAS-knockout groups (N = 15) (median, 5.2; interquartile range, 4.9-
8) were significantly different (Figure 2B) (P = 0.031, Mann-Whitney test). The interaction between
time and group, based on the escape latency of the MWM, was statistically significant between
the sevoflurane and FASL-knockout groups, as demonstrated by two-way ANOVA with repeated
measurement analysis (Figure 2C) (P = 0.034, two-way ANOVA with repeated measurement). The
post hoc Bonferroni test showed that the mice that received sevoflurane anesthesia had longer
escape latency than the mice following the FASL-knockout group on P33 and P34. Furthermore,
the platform crossing times between sevoflurane (N = 15) (median, 3.4; interquartile range, 2.8-5.6)
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and FASL-knockout groups (N = 15) (median, 6; interquartile range, 5-8) were significantly different
(Figure 2D) (P = 0.027, Mann-Whitney test).
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Figure 2. FAS- and FASL-knockout mice attenuated sevoflurane-induced learning and memory impairment in
6-day-old mice. The interaction between time and group, based on the escape latency of the MWM, was statistically
significant between the sevoflurane and FAS-knockout groups, as demonstrated by two-way ANOVA with repeated
measurement analysis (A) (P = 0.022, two-way ANOVA with repeated measurement). The post hoc Bonferroni
test shows that mice that received sevoflurane anesthesia had longer escape latency than mice following the
FAS-knockout group on P33 and P34. Furthermore, the platform crossing times between sevoflurane (N = 15)
(median, 4; interquartile range, 3-5) and FAS-knockout groups (N = 15) (median, 5.2; interquartile range, 4.9-8)
were significantly different (B) (P = 0.031, Mann-Whitney test). The interaction between time and group, based on
the escape latency of the MWM, was statistically significant between the sevoflurane and FASL-knockout groups,
as demonstrated by two-way ANOVA with repeated measurement analysis (C) (P = 0.034, two-way ANOVA with
repeated measurement). The post hoc Bonferroni test shows that mice that received sevoflurane anesthesia had
longer escape latency than mice following the FASL-knockout group on P33 and P34. Furthermore, the platform
crossing times between sevoflurane (N = 15) (median, 3.4; interquartile range, 2.8-5.6) and FASL-knockout groups
(N = 15) (median, 6; interquartile range, 5-8) were significantly different (D) (P = 0.027, Mann-Whitney test). *P <
0.05, **P < 0.01; MWM = Morris water maze.

FAS-knockout attenuated sevoflurane-induced neuron apoptosis and neurogenesis
inhibition in 6-day-old mice

We have previously shown that FAS-knockout can attenuate sevoflurane-induced learning
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and memory impairment in mice. However, the mechanism by which this occurs is unclear. In this
study, we aimed to investigate whether FAS-knockout can mitigate sevoflurane-related neurotoxicity
in mice. As expected, sevoflurane induced neuronal apoptosis (Figure 3A and B) and dramatically
decreased the number of BrdU-positive cells in the hippocampus of sevoflurane-treated mice,
as compared to control mice (Figure 3E and F). FAS-knockout attenuated sevoflurane-induced
neuronal apoptosis and neurogenesis inhibition (Figure 3C, D, G-J). These results suggest
that FAS-knockout attenuates the sevoflurane-mediated induction of neuronal apoptosis and
neurogenesis inhibition in mice.
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Figure 3. FAS-knockout mice attenuated sevoflurane-induced neuron apoptosis and neurogenesis inhibition in 6-day-
old mice. A. and B. Anesthesia with 3% sevoflurane for 2 h daily for 3 days in P6 mice induced neuronal apoptosis. C.
and D. FAS-knockout mice attenuated sevoflurane-induced neuron apoptosis. I. There was a statistically significant
difference in the number of TUNEL-positive cells between mice that were exposed to sevoflurane and mice that were
treated with both sevoflurane and FAS-knockout mice (two-way ANOVA; sevoflurane: N = 15, sevoflurane+ FAS-
knockout mice: N = 15). E. and F. Exposure of P6 mice to sevoflurane for 2 h daily for 3 days induced neurogenesis
inhibition. G. and H. FAS-knockout mice attenuated sevoflurane-induced neurogenesis inhibition. J. There was a
statistically significant difference in the number of 5-bromodeoxyuridine (BrdU)-positive cells between mice that
were exposed to sevoflurane and mice that were treated with both sevoflurane and FAS-knockout mice (two-way
ANOVA,; sevoflurane: N = 15, sevoflurane + FAS-knockout mice: N = 15). KO = knockout.
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FASL-knockout attenuates sevoflurane-induced neuron apoptosis and neurogenesis
inhibition in 6-day-old mice

We have shown that FAS-knockout can attenuate sevoflurane-induced learning and
memory impairment and sevoflurane-related neurotoxicity in mice. FAS and FASL play critical roles
in the immune system, in particular in the killing of pathogen-infected target cells and the death
of obsolete, potentially deleterious as well as auto-reactive lymphocytes (Strasser et al., 2009).
Therefore, we examined the role of FASL-knockout in sevoflurane-related neurotoxicity. Indeed,
we also found that FASL-knockout attenuated sevoflurane-induced neuronal apoptosis and
neurogenesis inhibition (Figure 4C, D, G-J). These results suggest that the sevoflurane-mediated
induction of neuronal apoptosis and neurogenesis inhibition was through FASL-FAS signaling.
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Figure 4. FASL-knockout mice attenuated sevoflurane-induced neuron apoptosis and neurogenesis inhibition in 6-day-
old mice. A. and B. Early multiple sevoflurane exposure induced neuronal apoptosis in young mice (P30). C. and D.
FASL-knockout mice attenuated sevoflurane-induced neuronal apoptosis. I. The number of TUNEL-positive cells was
significantly different between mice that were exposed to sevoflurane and mice that were exposed to both sevoflurane
and FASL-knockout mice (two-way ANOVA; sevoflurane: N = 15, sevoflurane + FASL-knockout mice: N = 15). E. and
F. Early multiple sevoflurane exposure induced neurogenesis inhibition in young mice (P30). G. and H. FASL-knockout
mice attenuated sevoflurane-induced neurogenesis inhibition. J. The number of BrdU-positive cells was significantly
different between mice that were exposed to sevoflurane and mice that were exposed to both sevoflurane and FASL-
knockout mice (two-way ANOVA,; sevoflurane: N = 15, sevoflurane + FASL-knockout mice: N = 15). KO = knockout.
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DISCUSSION

Sevoflurane, the most widely used anesthetic in clinical practice, has been shown to
induce apoptosis, inhibit neurogenesis, and cause learning and memory impairment in young
mice (Shen et al., 2013). Children who are exposed to general anesthesia and surgery multiple
times at an early age may develop learning and memory impairment. Potential neurotoxicity in
the developing brain has engendered considerable concern by the United States Food and Drug
Administration (Wang et al., 2009). The hippocampus is known to be important for learning and
memory function, and new neurons in the hippocampus of rodents and humans are assumed
important for maintaining memory function (Eriksson et al., 1998). Some studies have shown
that sevoflurane not only induces neuron apoptosis but also inhibits neurogenesis. However, the
underlying mechanism is still unknown (Istaphanous et al., 2011; Lu et al., 2011; Kato et al., 2013).

FAS (also known as APO-1 or CD95) belongs to a subset of the TNF-R family that is
involved in death transducing signals and can trigger apoptosis of neurons. Its physiological ligand,
FASL (CD95L), is a member of the corresponding TNF cytokine family (Huang et al., 2001). FAS
expression can be boosted by cytokines such as interferon and TNF but also by the activation of
lymphocytes. FAS-mediated apoptosis is triggered by its cognate ligand, FASL, which is a TNF-
related type Il transmembrane molecule and is expressed in a far more restricted way than the
receptor (Krammer, 2000). Killer cells (so-called cytotoxic T lymphocytes) remove, for example,
virus-infected cells, and those that express FASL can do so by interacting with the FAS receptor on
their targets (Strasser et al., 2009).

In the current study, neuronal apoptosis was increased and the number of newborn neurons
was decreased in the hippocampus of 6-day-old mice after multiple exposures to sevoflurane.
These findings are consistent with other studies and suggest that sevoflurane not only induces
apoptosis but also inhibits neurogenesis in the hippocampus of young mice (Shen et al., 2013).
Sevoflurane could increase the expression of FAS protein in neurons to activate the signaling
pathway inducing apoptosis and inhibiting neurogenesis in the hippocampus. Because of its
central role in learning and memory, loss of hippocampal neurons results in learning and memory
impairment after sevoflurane treatment. This finding may pave the way for the development of a
therapeutic approach to prevent or treat sevoflurane-induced learning and memory impairment.
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