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Fetal exposure to general anesthetics may pose significant neurocognitive risks but
methods to mitigate against these detrimental effects are still to be determined. We set
out, therefore, to assess whether single or repeated in utero exposure to sevoflurane
triggers long-term cognitive impairments in rat offspring. Since maternal exercise during
pregnancy has been shown to improve cognition in offspring, we hypothesized that
maternal treadmill exercise during pregnancy would protect against sevoflurane-induced
neurotoxicity. In the first experiment, pregnant rats were exposed to 3% sevoflurane for
2 h on gestational (G) day 14, or to sequential exposure for 2 h on G13, G14 and G15.
In the second experiment, pregnant rats in the exercise group were forced to run on
a treadmill for 60 min/day during the whole pregnancy. The TrkB antagonist ANA-12
was used to investigate whether the brain-derived neurotrophic factor (BDNF)/TrkB/Akt
signaling pathway is involved in the neuroprotection afforded by maternal exercise.
Our data suggest that repeated, but not single, exposure to sevoflurane caused a
reduction in both histone acetylation and BDNF expression in fetal brain tissues and
postnatal hippocampus. This was accompanied by decreased numbers of dendritic
spines, impaired spatial-dependent learning and memory dysfunction. These effects
were mitigated by maternal exercise but the TrkB antagonist ANA-12 abolished the
beneficial effects of maternal exercise. Our findings suggest that repeated, but not
single, exposure to sevoflurane in pregnant rats during the second trimester caused
long-lasting learning and memory dysfunction in the offspring. Maternal exercise
ameliorated the postnatal neurocognitive impairment by enhancing histone acetylation
and activating downstream BDNF/TrkB/Akt signaling.

Keywords: general anesthesia, mid-pregnancy, learning and memory, maternal exercise, brain-derived
neurotrophic factor

INTRODUCTION

A large number of studies in both humans and animals have demonstrated that exposure to
anesthetic agents during neurodevelopment triggers neurodegeneration and subsequent long-term
neurobehavioral abnormalities, such as learning and memory impairment (Andropoulos and
Greene, 2017; Barton et al., 2018; Fodale et al., 2017). Most previous animal studies focused on
neonates (especially rodents in the first week after birth since this is a period of rapid synaptogenesis,
known as a brain growth spurt period), rather than on fetuses. It is, however, worth noting that the
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second trimester is a period of neurogenesis and neuronal
migration (Palanisamy, 2012; Silbereis et al., 2016), during which
the fetus is sensitive to the external environment. Furthermore,
with the rapid development of laparoscopic procedures and
fetal surgery, more and more pregnant women are undergoing
surgeries during their pregnancy, especially in the second
trimester, which are unrelated to the delivery. Taken together,
these factors raise concern about the effects of currently used
anesthetic agents on neurodevelopmental consequences for the
fetus before birth. Indeed, published reports reveal conflicting
experimental data about the effect of anesthetic agents on
long-term behavioral changes in offspring and there are still
great uncertainties and controversies in this field (Kong et al.,
2012; Zheng et al., 2013; Suehara et al., 2016; Fang et al,
2017; Lee et al., 2017). Neonatal exposure to anesthetics induces
neurodegenerative effects in a time-dependent manner (Murphy
and Baxter, 2013; Amrock et al., 2015), which raises the
possibility that the same might be true for fetal exposure.

Epigenetic mechanisms play a crucial role in shaping
the developing brain and in cognitive processes. Abnormal
histone acetylation has particular significance for neurocognitive
impairments in some nervous system disorders (Jakovcevski and
Alkbarian, 2012; Bonnaud et al., 2016), such as postoperative
cognitive dysfunction (Jia et al., 2015). Chromatin remodeling
via histone acetylation is considered to play a vital role in
reprogramming the expression of diverse genes, and may thus
be involved in the changes in gene expression caused by general
anesthetics. Brain-derived neurotrophic factor (BDNF) is a
well-studied growth factor that acts as a key player in brain
development and function. Up-regulation of BDNF expression
has been shown to be driven by histone acetylation, and the
result depends on the age and brain region (Bredy et al,
2007; Koppel and Timmusk, 2013; Martinez-Levy and Cruz-
Fuentes, 2014; Chen and Chen, 2017). Thus, our first aim was
to determine whether single or repeated in utero exposure to
sevoflurane during the second trimester could produce changes
in histone acetylation and expression of BDNF and in dendritic
morphology and neurocognitive behavior.

Mounting evidence indicates that maternal exercise during
gestation may favor fetal brain development and improve the
cognitive performance of offspring (Robinson and Bucci, 2012).
Enhanced learning ability and memory function have been
shown to be associated with modifications in the structure
and function of specific brain regions. It has also been
consistently highlighted that a link between maternal exercise
and enhanced expression of neurotrophins, such as BDNF,
could, at least partially, account for the beneficial effects (Aksu
et al., 2012; Gomes da Silva et al., 2016). However, the effects
of maternal exercise on anesthesia-induced neurotoxicity in
offspring remain unclear. Chromatin remodeling via histone
acetylation is known to play a crucial role in gene expression
regulation, and may thus be involved in the underlying
mechanisms that contribute to changes in gene expression caused
by exercise. In light of this evidence, the second aim of the
present study was to investigate whether maternal treadmill
exercise during pregnancy mitigates the putative detrimental
effects of sevoflurane in prenatally exposed rats. To investigate

the role of the BDNF signaling pathway in the maternal
exercise effect, we used ANA-12, a selective antagonist of
the tropomyosin receptor kinase B (TrkB), which is a BDNF
receptor. Binding of BDNF activates TrkB, leading to activation
of downstream signaling proteins, such as protein kinase B
(also known as Akt), which are involved in the formation
of dendritic spines (Majumdar et al, 2011; Nakai et al,
2014).

We thus aimed to test two hypotheses: (i) that repeated
exposure to sevoflurane induces greater long-term cognitive
impairment than single exposure, concomitant with decreased
dendritic spine density, histone acetylation and BDNF
expression; and (ii) that maternal treadmill exercise during
gestation ameliorates these deleterious effects by enhancing
histone acetylation and activating downstream BDNF/TrkB/Akt
signaling.

MATERIALS AND METHODS

Animals and Housing

Adult Sprague-Dawley rats were housed in a room maintained
at 24 £ 1°C under a 12 h light/dark cycle, with free
access to food and water. All experimental procedures and
protocols were approved by The Laboratory Animal Care
Committee of China Medical University, Shenyang, China
(2016PS028K) and were performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals from
the National Institutes of Health, USA. All efforts were made
to minimize the total number of animals used and their
suffering.

Experimental Design and Exposure to

Anesthetic

The flow chart of the study protocol is presented in Figure 1.
Three or four female rats were caged with one randomly selected
male rat to enable free mating. On the second day, if vaginal
emboli or sperm were detected by a vaginal smear, the female
rat was considered to be at gestational day 0 (GO). For the first
set of experiments (Figure 1A), pregnant rats were exposed to
3% (1.5 Minimum Alveolar Concentration [MAC]) sevoflurane
in 30% oxygen in a specially constructed plastic chamber under
one of four conditions (n = 9 per group): a single 2-h exposure
(Sevox1) or control condition (Ctrlx1) on Gl4, or three 2-h
exposures (Sevox3) or control condition (Ctrlx3), at G13, G14
and G15. Cesarean sections were performed 6 h and 24 h after
anesthesia to extract fetal brain tissues for biochemical analysis
(three dams/group at each time point). The remaining dams in
each group (n = 3) were allowed to deliver naturally. Six offspring
rats (two pups/dam) at postnatal day 0 (P0) were chosen from
each group to be killed for removal of the hippocampus whilst
the remaining pups continued to be reared. For the second
set of experiments (Figure 1B), pregnant rats were randomly
divided into four groups (n = 3 per group): Ctrl (Ctrlx3), Sevo
(Sevox3), Sevo + ME (Sevox 3 plus maternal exercise) and Sevo
+ ME + ANA-12 (Sevox3 plus maternal exercise plus ANA-
12). In the second experiments, all of the dams were allowed to
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FIGURE 1 | Schematic timeline of the experimental procedure. (A) First set of experiments. (B) Second set of experiments. See text for details.
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deliver naturally. As in the first set of experiments, six offspring
rats (two pups/dam) were chosen from each group at PO to be
sacrificed for removal of the hippocampus whilst the remaining
pups continued to be reared. Concentrations of sevoflurane,
oxygen and carbon dioxide in the chamber were measured using
a gas monitoring device (Datex-Ohmeda Inc., Tewksbury, MA,
USA). The rectal temperature of the dams was maintained at
37 £ 0.5°C. After exposure to anesthetic, all the dams were
returned to their cages. The postnatal body weights of the rat
pups were measured at PO, P7, P14 and P21, before behavior tests.

Exercise Protocol

Pregnant rats in the exercise groups were forced to run on a
treadmill for 60 min/day, 5 days per week, for a total of 3 weeks
(from GO until G20). The exercise load consisted of running at a
speed of 8 m/min for 5 min, followed by 10 m/min for 25 min and
then 12 m/min for the last 30 min. At G21, pregnant rats from

all groups were maintained at rest (non-training) to monitor the
birth of the litter.

Inhibitors Administration

ANA-12 (Selleck Chemicals, Houston, TX, USA), a potent
TrkB antagonist, was dissolved in corn oil containing 1%
dimethyl sulfoxide, as previously described (Fan et al., 2016).
ANA-12 (0.5 mg/kg, intraperitoneal, once daily), or vehicle, was
administered to the pregnant dams for the whole period of the
exercise paradigm.

Western Blotting Analysis

Histone proteins were extracted using an EpiQuik™ total
histone extraction kit (Epigentek, Farmingdale, NY, USA),
according to the manufacturer’s protocol and western blotting
was then performed as previously described (Jia et al., 2016).
Total histone H3 antibody (1:2000; Cell Signaling Technology,
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Boston, MA, USA), acetyl-histone H3 (Lys9) antibody (ace-
H3K9; 1:1000; Cell Signaling Technology, Boston, MA, USA),
ace-H3K14 antibody (1:1000; Cell Signaling Technology) and
ace-H3K27 antibody (1:1000; Cell Signaling Technology, Boston,
MA, USA) were used to detect total H3, ace-H3K9, ace-H3K14
and ace-H3K27, respectively.

Fetal brain tissue and hippocampus homogenates were
prepared for determination of BDNF, TrkB, p-TrkB, Akt,
p-Akt, growth associated protein-43 (GAP43), postsynaptic
density protein-95 (PSD95) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression with standard western
blotting, as we previously described (Xu et al., 2016). Protein
levels were determined by incubation with antibodies against
BDNF (1:1000; Abcam, Cambridge, UK), TrkB (1:500; Abclonal,
Woburn, MA, USA), p-TrkB (1:500; Abclonal), Akt (1:1000;
Cell Signaling Technology, Boston, MA, USA), p-Akt (1:1000;
Cell Signaling Technology, Boston, MA, USA), GAP43 (1:1000;
Proteintech Biotechnology, Chicago, IL, USA), PSD95 (1:500;
Proteintech Biotechnology, Chicago, IL, USA) and GAPDH
(1:1000; Cell Signaling Technology, Boston, MA, USA). Protein
bands were visualized by enhanced chemiluminescence and
quantified with Image] software (NIH Image, Bethesda, MD,
USA).

Behavioral Tests

Rats were weaned at 3 weeks and caged in groups of three to five
animals. Behavioral tests were carried out as previously described
on days P28-P33, with minor modifications (Xu et al., 2016). To
exclude the effects of estrous cycle on rodent behavior, behavioral
tests were performed only on male offspring.

Suspension Test

Suspension tests to evaluate motor outcomes were performed
once a day, starting at 15:00 h, on days P28-P32. Twelve offspring
rats (four from each dam) were forced to hold on to a 0.6 cm
wide plastic level, placed 45 cm above the ground, with their
anterior limbs. The test was over if: (i) the rat fell down; (ii) the
suspension time exceeded 60 s; or (iii) the posterior limbs caught
the level.

Morris Water Maze (MWM) Tests

Morris water maze (MWM) tests were performed to test spatial
learning and memory on days P28-P33. A round steel pool
(diameter, 160 cm; depth, 60 cm), with a black wall and a
removable cylindrical platform (diameter, 12 cm) in the second
quadrant, was filled with warm water (20°C + 1°C) to a
level 1.5 cm above the top surface of the platform. The test
comprised two phases: training sessions and a spatial searching
test. Training sessions were carried out four times a day, starting
at 8:00 am, for five consecutive days. Twelve offspring rats (four
from each dam) were placed randomly into the water at different
locations, facing the wall of the pool, to search for the platform. If
a rat succeeded in finding the platform within 90 s, it was forced
to remain on the platform for 20 s and the time taken to find
the platform was defined as the escape latency. If a rat failed to
find the platform within 90 s, it was gently guided to the platform
and forced to stay there for 20 s. In this case, the escape latency

was recorded as 90 s. In the spatial searching test, which was
carried out on day 6, the platform was removed and the rat was
released from the opposite quadrant and allowed to swim for 90 s.
A video tracking system (Shanghai Mobile Datum Ltd, Shanghai
City, China) recorded the swimming speed and escape latency.
After each trial, the rat was dried and warmed using a heat lamp
for 5 min before being returned to its regular cage.

Nissl Staining

After the behavioral tests, three offspring rats (one from
each dam) were randomly selected from each group. The
rats were perfused transcardially with saline, followed by 4%
paraformaldehyde, after which the brains were removed and
post-fixed in 4% paraformaldehyde at 4°C overnight. Following
paraffin embedding, coronal slices (4 jum thick) at approximately
3.3 mm caudal to bregma were obtained and stained with Nissl.
Representative microphotographs of the pyramidal cell layer of
the CA1 region were captured using a digital microscope camera.
Images of cells from three Nissl-stained sections were calculated
in each rat. Numbers of healthy, Nissl-positive, neuronal cells
were counted by two individuals in a blinded manner with
Image] software.

Golgi Staining

After the behavioral tests, three offspring rats (one from each
dam) were randomly selected from each group. Golgi staining
was performed on 150 pm-thick frozen brain sections using a FD
Rapid Golgi Stain Kit (FD NeuroTechnologies, Inc., Columbia,
MD, USA), according to the manufacturer’s protocol. Spine
density (spine number per 10 pm) for each neuron was analyzed
with Image] software. The spines were counted on two or three
segments of secondary dendrites.

Statistical Analysis

All data were analyzed with SPSS 17.0 for Windows (SPSS Inc.,
Chicago, IL, USA) and are presented as mean + S.E.M. All
continuous variables were tested for assumption of normality
using the Shapiro-Wilk test. If the assumption of normality was
met, the Student’s ¢-test was used for data analysis in the first
set of experiments, and one-way analysis of variance followed by
Tukey post hoc multiple comparison tests was used in the second
set of experiments. If the assumption of normality was unmet,
the Mann-Whitney U test or Kruskal-Wallis H test was used,
respectively. Results of maternal weight gain and escape latency
were analyzed using two-way analysis of variance for repeated
measurements. A p value < 0.05 was considered to be statistically
significant. See Supplementary Table S1 for details.

RESULTS

Effects of Prenatal Sevoflurane Exposure
on Reproductive and Developmental

Parameters

Reproductive and developmental data are shown in Table 1.
Control and sevoflurane-exposed rat dams had approximately
the same length of gestation and delivered similar numbers
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TABLE 1 | Reproductive and developmental parameters.

Parameter Ctrix1 Sevox1 Ctrix3 Sevox3
No. of dams 3 3 3 3
Gestation length (days) 21 21 21 21
Litter size 11.33+£1.76 12.33 + 1.86 11.33 + 1.86 11.33 £ 1.20
Male/female ratio 1.02 £0.18 1.05 £ 0.19 1.18 £ 0.41 1.02 £0.19
Body weight (g)

P1 7.08 £ 0.03 7.03 £ 0.02 7.08 £ 0.02 7.07 £0.23
pP7 14.83 £ 0.07 15.00 + 0.06 14.93 + 0.05 14.97 £ 0.06
P14 34.82 + 0.35 35.16 £ 0.23 35.35 +£0.28 35.00 £ 0.35
P21 50.94 £+ 0.49 50.63 + 0.42 50.65 + 0.38 50.30 £ 0.38

Data are presented as mean + S.E.M. The body weights at P1 considered the whole litter (male and female pups). The body weight at P7, P14 and P21 considered the
body weights of male rats only. Independent t-test was used for data analysis.
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FIGURE 2 | Effects of fetal exposure to sevoflurane on expression of acetylated histones H3 in the fetal brain tissues or hippocampus. Fetal brain tissues were
harvested at two time points: 6 h and 24 h after anesthesia. Hippocampus was harvested at PO. (A) Representative western blotting images. (B) Quantitative
analysis of ace-H3K9. (C) Quantitative analysis of ace-H3K14. (D) Quantitative analysis of ace-H3K27. (E) Quantitative analysis of brain-derived neurotrophic factor
(BDNF). H3 or gapdh was run as an internal standard. Values are mean + S.E.M (n = 6). *p < 0.05, compared with Ctrlx3 group; **p < 0.01, compared with
Ctrlx3 group. Independent t-test, Welch'’s t-test, or Mann-Whitney U test was used for data analysis.

of pups. Sex ratio differences were not statistically significant.

Neither single nor repeated exposure to sevoflurane had a  P21.

significant effect on body weights of offspring on P1, P7, P14 and
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determine the differences of the average swimming speed. Two-way analysis of variance for repeated measurements followed by Tukey post test was used to
determine the difference of escape latency. Mann-Whitney U test was used to determine the difference of platform crossing times. Independent t-test or
Mann-Whitney U test was used to determine the difference of time spent in each quadrant.

Repeated Maternal Exposure to
Sevoflurane Induced Changes in Histone
Acetylation and BDNF Levels in Fetal and
Offspring Rats

Repeated exposure to sevoflurane significantly reduced levels
of ace-H3K14 (Figure 1A, p < 0.01, p < 0.05, p < 0.05 at
6 h and 24 h after anesthesia and PO, respectively), ace-H3K27
(Figures 2A,D, p < 0.05, p < 0.05, p < 0.05 at 6 h and
24 h after anesthesia and PO, respectively) and BDNF protein
(Figures 2A,E, p < 0.05, p < 0.05, p < 0.05 at 6 h and 24 h
after anesthesia and PO, respectively) in fetal brain tissue 6 h and
24 h after sevoflurane anesthesia and in postnatal hippocampus
at PO, compared with the Ctrlx3 group. There was, however,
no significant difference between the Ctrlx1 group and the
Sevox1 group (Figures 2A,C-E). Of note, ace-H3K9 levels were
not significantly changed after either single or repeated exposure
to sevoflurane (Figures 2A,B), indicating that ace-H3K9 was not
involved in sevoflurane-induced neurotoxicity in this maternal
fetal rat model.

Repeated Maternal Exposure to
Sevoflurane Caused Learning and Memory

Impairment in Offspring Rats
There were no significant differences in the results of
suspension tests between pups born to dams in the control

and sevoflurane-exposed groups (Supplementary Figure S1).
Suspension times were all ~35 s, indicating that there was no
motor function impairment in either the Sevox1 group or the
Sevox 3 group.

There were also no statistically significances in swimming
speed during the MWM test (Figure 3A), and escape latency did
not differ between the Ctrlx1 group and the Sevox1 group in
the orientation navigation part of the MWM tests (Figure 3B).
Compared with rats in the Ctrlx3 group, however, rats in the
Sevox 3 group needed more time to find the platform (Figure 3B,
p < 0.01, p < 0.05, p < 0.05, p < 0.01 at 2nd, 3rd, 4th, and
5th day, respectively). In the spatial searching test on day 6,
platform-crossing times (Figure 3C) and time spent in the target
quadrant (quandrant 2; Figure 3D) did not differ between the
Ctrlx1 group and the Sevox1 group. However, compared with
rats in the Ctrlx3 group, rats in the Sevox3 group made less
platform crossings (Figure 3C, p < 0.001) and spent less time
in the target quadrant (quandrant 2; Figure 3D, p < 0.01).

Repeated Maternal Exposure to
Sevoflurane Reduced Expression Levels of
Synaptic Markers in the Hippocampus of
Offspring Rats

The effects of prenatal sevoflurane anesthesia on levels of
synaptic markers GAP43 and PSD95 in the hippocampus
of offspring rats at P33 were determined by western blot.
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Quantification of the western blots showed that repeated
sevoflurane anesthesia in pregnant rats significantly reduced
levels of GAP43 (Figures 4A,B, p < 0.05) and PSD95
(Figures 4A,C, p < 0.05) compared with those in the
Ctrlx3 group. There was, however, no significant difference
between the Ctrlx 1 group and the Sevox 1 group (Figure 4). It is
worth noting that GAP43 (Supplementary Figures S2A,B,
p < 0.05) and PSD95 (Supplementary Figures S2A,C,
p < 0.05) levels were decreased in Sevox3 group at 6 h
after anesthesia, compared with Ctrlx3 group. The reduction
of synaptic markers has been shown to be associated with
decreases in synapse number or synaptic loss. Our results
are consistent with the notion that anesthetic-induced
reduction in GAP43 and PSD 95 may lead to decreased

neuroplasticity and cognitive impairments in developing
brain (Wang et al., 2012; Zhang et al., 2015; Lu et al,
2017).

Repeated Maternal Exposure to
Sevoflurane Caused Neuronal Cell Loss
and Reduced Dendritic Spine Density in
the Hippocampal CA1 Region of Offspring

Rats

The hippocampus, especially the CA1 region, is associated with
learning and memory. Because of this, we used Nissl staining
to study hippocampal architecture after the behavioral tests.
Nissl staining was used to distinguish viable neurons from
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apoptotic or necrotic neurons. Viable cells exhibited abundant
cytoplasm and Nissl substance (stained as dark blue), readily
distinguishable oval nuclei (stained as light blue) and prominent
nucleoli, while apoptotic or necrotic cells exhibited pyknotic
morphology, with amorphous or fragmented nuclei. There
was a significant difference in cell density in the CA1 region
between the Ctrlx 3 group and the Sevox 3 group (Figures 5A,B,
p < 0.01), but there was no significant difference between the
Ctrlx 1 group and the Sevox1 group (Figures 5A,B).

Fully impregnated CA1l pyramidal cells were detected by
Golgi staining, and the spines of the secondary dendrites
(Figure 5C) were visualized with a light microscope
with a 100x oil immersion objective lens. Only the
density of the dendritic spines was determined since the
different types of spine (e.g., thin, mushroom or branched

dendrites) were not always clearly distinguishable. The
spine density in the Sevox3 group was significantly
reduced compared with that in the Ctrlx3 group

(Figures 5C,D, p < 0.001), but there was no significant
difference between the Ctrlx1 group and the Sevox1 group
(Figures 5C,D).

Maternal Weight Gain During Pregnancy

All pregnant rats were weighed every 2 days from
Gl to G21, between 07:00 h and 08:00 h. The pregnant
rats in the exercise group were always weighed before

the physical training sessions. Animals in all groups
gained weight during pregnancy, with no significant
differences  between  the  groups  (Supplementary
Figure S3).

Maternal Exercise Ameliorated
Sevoflurane-Induced Reduction of Histone
Acetylation and BDNF Expression

To determine whether maternal exercise affected histone
acetylation and BDNF expression, hippocampi were harvested
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FIGURE 7 | Maternal exercise ameliorated sevoflurane-induced learning and memory impairment, blocked by TrkB inhibition. (A) The average swimming speed.
(B) Escape latency. (C) Platform crossing time. (D) Time spent in each quadrant. These tests were performed during P28-33 (n = 12/group). Values are
mean + S.E.M. *p < 0.05, compared with Ctrl group; **p < 0.01, compared with Ctrl group; **p < 0.001, compared with Ctrl group; *p < 0.05, compared with
Sevo group; #p < 0.01, compared with Sevo group; ##p < 0.001, compared with Sevo group; “p < 0.05, compared with Sevo + ME group; p < 0.01, compared
with Sevo + ME group; *p < 0.001, compared with Sevo + ME group. Kruskal-Wallis H test was used to determine the differences of the average swimming
speed. Two-way analysis of variance for repeated measurements followed by Tukey post test was used to determine the difference of escape latency. Two-way
analysis of variance for repeated measurements followed by Tukey post test was used to determine the difference of Platform crossing times. Two-way analysis of
variance for repeated measurements followed by Tukey post test or Kruskal-Wallis H test was used to determine the difference of time spent in each quadrant.

at PO. Sevoflurane-induced reduction in ace-H3K14, ace-H3K27
and BDNF was attenuated by maternal exercise (Figure 6, Ctrl
vs. Sevo: p < 0.05, p < 0.01, p < 0.05; Sevo + ME vs. Sevo:
p < 0.05, p < 0.05, p < 0.01; for ace-H3K14, ace-H3K27
and BDNF, respectively). There were no significant defferences
between the Ctrl group and ME + Sevo group. Since BDNF
is known to affect learning and memory, these results suggest
a possible role of epigenetic regulation of BDNF in the effects
of sevoflurane and maternal exercise on neurodevelopment and
cognition.

Beneficial Effects of Maternal Exercise in
Reducing Sevoflurane-Induced Learning
and Memory Impairment Were Blocked by
TrkB Inhibition

No statistically significant differences were observed in
swimming speed during the MWM test (Figure 7A). Consistent
with the first set of experiments on learning and memory,
repeated exposure to sevoflurane had a significant effect on
escape latency (Figure 7B, p < 0.05, p < 0.05, p < 0.001 at
3rd, 4th, and 5th day, respectively), platform-crossing
times (Figure 7C, p < 0.001) and time spent in the target
quadrant (quandrant 2; Figure 7D, p < 0.01). Maternal
exercise successfully shortened escape latency during the

training sessions of the MWM test (Figure 7B, p < 0.01,
p < 0.05, p < 0.01 at 2nd, 4th, and 5th day, respectively) and
increased platform-crossing times (Figure 7C, p < 0.01) and
time spent in the target quadrant (quandrant 2; Figure 7D,
p < 0.01) on day 1 after the training sessions. There were
no significant differences between the Ctrl group and ME
+ Sevo group in escape latency and platform-crossing
times and time spent in the target quadrant (quandrant 2).
However, treatment with ANA-12 reversed the protective
effect of maternal exercise (Figures 7B-D, escape latency:
p < 0.001, p < 0.001 at 2nd and 4th day, respectively; platform
crossing times: p < 0.05; time spent in the target quandrant
(quandrant 2): p < 0.05), suggesting that TrkB signaling
may be involved in the beneficial effects of maternal exercise
on cognition in offspring rats after repeated exposure to
sevoflurane.

Ability of Maternal Exercise to Ameliorate
Sevoflurane-Induced Neuronal Cell Loss
and Reduction in Dendritic Spine Density
Was Blocked by TrkB Inhibition

Sevoflurane significantly reduced the number of neuronal cells
that stained positively with Nissl (Figures 8A,B, p < 0.05)
and the number of dendritic spines detected by Golgi staining

Frontiers in Cellular Neuroscience | www.frontiersin.org

9 May 2018 | Volume 12 | Article 122


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Wu et al.

Maternal Exercise Rescues Sevoflurane Neurotoxicity

_ Sevo

Ao WE

PR R

‘Sevo+ME"Y

Cc

Ctrl Sevo ME ANA-12

10 um
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One-way analysis of variance followed by Tukey post hoc multiple comparison tests was used for data analysis.
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(Figures 8C,D, p < 0.01) in the CA1 region of hippocampus.
These effects were ameliorated by maternal exercise (Figure 8,
Nissl: p < 0.01; Golgi: p < 0.01) but the beneficial effect of
exercise was blocked by treatment with ANA-12 (Figure 8, Nissl:
p < 0.01; Golgi: p < 0.01). There were no significant differences
between Ctrl group and Sevo + ME group.

Maternal Exercise Ameliorated
Sevoflurane-Induced Reduction in
Expression of Synaptic Markers and This
Effect Was Blocked by TrkB Inhibition

Because repeated exposure to sevoflurane decreased levels of
GAP43 and PSD95 in the hippocampus of offspring, we next
determined the effects of maternal exercise on synaptic markers.
Maternal exercise mitigated sevoflurane-induced decreases in
levels of GAP43 and PSD95 in the hippocampus of offspring rats
at P33 (Figure 9, Ctrl vs. Sevo: p < 0.05, p < 0.01; Sevo + ME vs.
Sevo: p < 0.05, p < 0.05 for GAP43 and PSD95, respectively), but
this effect was blocked by TrkB inhibition (Figure 9, Sevo + ME +
ANA-12vs. Sevo + ME: p < 0.05, p < 0.01 for GAP43 and PSD95,
respectively). There were no significant differences between Ctrl
group and Sevo + ME group.

TrkB Inhibition Blocked Maternal
Exercise-Induced Activation of Trkb and
Akt

As well as reducing levels of BDNF, sevoflurane also reduced
phosphorylation/activation of TrkB (Figures 10A,B, p < 0.05)
and Akt (Figures 10C,D, p < 0.01). This reduction was
attenuated by maternal exercise (Figure 10, p < 0.05, p < 0.05 for
p-TrkB/TrkB and p-Akt/Akt, respectively). ANA-12 blocked the
effects of maternal exercise on the phosphorylation/activation
of TrkB (Figures 10A,B, p < 0.01) and Akt (Figures 10C,D,
p < 0.05). ANA-12 thus inhibited maternal exercise-induced
activation of the TrkB signaling pathway in the hippocampus
of offspring rat after repeated prenatal exposure to sevoflurane.
There were no significant differences between Ctrl group and
Sevo + ME group.

DISCUSSION

The principal finding of the present study is that repeated,
but not single, exposure of fetal rats to sevoflurane in the
second trimester induces long-term cognitive impairment that
is accompanied by decreased histone acetylation and reduced
levels of BDNF in fetal brain tissue or hippocampus. Maternal
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FIGURE 9 | Maternal exercise ameliorated sevoflurane-induced reduction of synaptic markers expression, blocked by TrkB inhibition. Hippocampus was harvested
at P33 after the behavior tests (n = 6). (A) Representative western blotting images. (B) Quantitative analysis of GAP43. (C) Quantitative analysis of PSD95. Gapdh

was run as an internal standard. Values are mean + S.E.M. *p < 0.05, compared with Ctrl group; **p < 0.01, compared with Ctrl group; *p < 0.05, compared with
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FIGURE 10 | Maternal exercise ameliorated sevoflurane-induced reduction of P-TrkB/TrkB and P-Akt/Akt, blocked by TrkB inhibition. Hippocampus was harvested
at PO (n = 6). (A) Representative western blotting images of P-TrkB and TrkB. (B) Quantitative analysis of P-TrkB/TrkB. (C) Representative western blotting images of
P-Akt and Akt. (D) Quantitative analysis of P-Akt/Akt. Gapdh was run as an internal standard. ~*p < 0.01, compared with Sevo + ME group. Values are

mean + S.E.M (n = 6). *p < 0.05, compared with Ctrl group; **p < 0.01, compared with Ctrl group; *p < 0.05, compared with Sevo group; “p < 0.05, compared
with Sevo + ME group. One-way analysis of variance followed by Tukey post hoc multiple comparison tests was used for data analysis.
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exercise during the whole pregnancy prevented these cognitive
impairments. The mechanisms of the protective effect may be
related to restoration of histone acetylation and downstream
BDNE/TrkB/Akt signaling cascades.

Although the effects of exposure to sevoflurane during the
fetal period on long-term neurodevelopmental outcomes have
been investigated previously, the results are conflicting and
controversial. For example, in one earlier study, a single 2-h
exposure to 2.5% sevoflurane in pregnant mice impaired learning
and memory function in offspring mice (Zheng et al., 2013). In
another study, however, which used exactly the same protocol for
anesthesia, neither single nor repeated exposure to sevoflurane

in pregnant mice caused long-lasting behavioral abnormalities
in offspring mice (Lee et al., 2017). The discrepancies between
the studies may be caused by species differences, differences
in anesthetic protocol (exact gestational age, type of anesthetic
agent, dose and duration of exposure) or the sensitivity and
procedures of the behavioral tests. Consistent with many other
studies, we exposed pregnant rats to sevoflurane at G13-G15,
an age that is assumed to correspond to the second trimester
of human pregnancy (Workman et al., 2013). We chose to
expose the pregnant rats to 3% (1.5 MAC) sevoflurane for 2 h
since this length of time is more relevant to clinical situations.
In some cases, however, to relax uterine smooth muscle and
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provide adequate anesthesia for fetal interventions, fetal brains
can be exposed to higher concentrations (e.g., 1.0-1.5 MAC)
of anesthetic than those that are commonly used in clinical
practice (Olutoye et al., 2016; Wang et al., 2018). Some surgical
procedures, such as fetal surgery to correct birth defects, may
also need to be repeated (Olutoye et al., 2016). In fact, evidence
from both preclinical and retrospective studies showed that the
risk of neurotoxicity is increased by repeated, but not single,
exposures to anesthetic agents (Andropoulos and Greene, 2017).
We, therefore, compared the long-term effects of one and three
episodes of sevoflurane anesthesia during the fetal developmental
period. Behavioral tests showed that a single 2-h exposure to
sevoflurane in mid-gestation caused no learning and memory
impairment. Three 2-h exposures to sevoflurane did, however,
have a detrimental effect on learning and memory function,
in the absence of surgery or other associated environmental,
parental and gestational factors that cannot be controlled for in
clinical studies. The behavioral test results were confirmed by
Nissl and Golgi staining.

Epigenetic dysfunction has been shown to be strongly
associated with abnormal brain function and neurodegenerative
diseases (Qureshi and Mehler, 2011; Jakovcevski and Akbarian,
2012). The phenotypes and pathogenesis of anesthesia-induced
developmental neurotoxicity, such as degenerative changes and
cognitive deficits, are similar to those seen in neurodegenerative
diseases. Histone acetylation is a common type of epigenetic
modification that is widely involved in the shaping of the

developing brain and long-term learning and memory adaptation
caused by environmental stimuli. Histone acetylation remodels
the “epigenome”, resulting in changes in the expression of
diverse genes and in neural function (Bonnaud et al., 2016). In
general, increased histone acetylation is associated with active
gene transcription, whereas histone deacetylation negatively
regulates gene transcription. Extensive studies have linked
increased histone-tail acetylation (such as H3K9, H3K14 and
H3K27) to facilitated learning and memory, while dysregulation
of histone acetylation contributes to cognitive impairment by
suppressing key learning and memory genes (Peixoto and
Abel, 2013). It has been previously reported that neonatal
exposure of rodents to general anesthetics initiates changes
in histone acetylation in the brain (Jia et al, 2016; Liang
and Fang, 2016). Consistent with this study, we found
that repeated fetal exposure to sevoflurane, but not single
exposure, reduced histone acetylation at H3K14 and H3K27.
Of note, in contrast to a previous study based on neonatal
rat pups (Jia et al, 2016), we found that ace-H3K9 was not
changed after either single or repeated exposure to anesthetic.
Not all lysine residues in histone proteins are associated
with the development of neurodegenerative disorders and
different diseases might induce changes in the level of histone
acetylation at different sites. This suggests that investigating
these specific acetylation sites through genome-wide analysis of
epigenetic modifications would help to elucidate the mechanisms
underlying anesthesia-induced neurotoxicity. To clarify how

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2018 | Volume 12 | Article 122


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Wu et al.

Maternal Exercise Rescues Sevoflurane Neurotoxicity

altered histone acetylation leads to cognitive deficits in offspring
rats, we investigated the expression of proteins related to
cognitive performance. BDNF, a neurotrophin that is involved
in synapse regulation, is a target of histone acetylation. In
our study, BDNF was decreased in both fetal brain tissue and
postnatal hippocampus after repeated, but not single, exposure
to sevoflurane. Levels of synaptic plasticity-related proteins,
PSD95 and GAP43, were downregulated only after repeated
exposure. PSD95 and GAP43 levels are possibly regulated by
BDNF, since numerous studies have described the dominant role
of BDNF in synaptic plasticity in the hippocampus (Kowianski
et al., 2018).

Our results provide the first evidence that maternal exercise
can mitigate sevoflurane-induced cognitive impairment in
offspring rats. Substantial research, in both humans and
animals, has established that maternal exercise during the
gestational stage improves cognition in the offspring (Robinson
and Bucci, 2012). The offspring of exercised (e.g., treadmill
training (Kim et al, 2007; Aksu et al, 2012; Park et al,
2013), swimming (Lee et al., 2006; Marcelino et al., 2013) or
voluntary wheel rotation (Robinson and Bucci, 2014)) rodent
mothers, particularly, exhibit improved learning and memory
when compared with the offspring of sedentary mothers.
Several mechanisms have been suggested to account for the
beneficial effects of maternal exercise, including increased
neurogenesis, long-term potentiation, levels of neurotrophic
factors and reduction of oxidative stress in the offspring.
Epigenetics has attracted increasing attention in the context
of physical exercise-induced alterations in the central nervous
system. For example, treadmill exercise alters HATs and HDACs
activities, leading to selective changes in hippocampal histone
acetylation in rats (Elsner et al., 2011; Spindler et al., 2014).
The epigenetic mechanisms involved in the effects of maternal
exercise, however, remain unclear. Our data demonstrate that
maternal exercise rescued the cognitive deficits caused by
repeated prenatal exposure to sevoflurane. This finding is
consistent with previous studies, which showed that maternal
physical activity attenuated postnatal memory deficits induced
by maternal deprivation (Neves et al., 2015), mild chronic
postnatal hypoxia (Akhavan et al, 2012) or hyperthermia-
induced neuronal apoptosis (Lee et al, 2011) and in rat
pups born to lipopolysaccharide-exposed dams or to maternal
rats with hypothyroidism (Kim et al., 2015; Shafiee et al,
2016). In the present study, we found that maternal treadmill
exercise was able to induce hippocampal histone acetylation at
H3K14 and H3K27 in the pups. The up-regulation of BDNF
that accompanied up-regulation of histone acetylation indicates
that the promoters of BDNF might be acetylated in our maternal
exercise model.

To better understand how reduced BDNF expression
contributes to sevoflurane-induced cognitive impairments in
offspring, we examined the changes in one key component
of BDNF-regulated signaling cascades, Akt. Akt is a
serine/threonine kinase and plays a critical role in the
modulation of cell survival, neurogenesis and synaptic plasticity
(Burke, 2007). Previous studies suggested that physical exercise
protected against brain injury via activation of Akt signal

pathway (Ji et al, 2014; Jung and Kim, 2017). Our results
confirmed that disruption of the BDNF/TrkB pathway and
downstream Akt signaling cascades not only contributed to
sevoflurane-induced cognitive impairments but also played an
important role in mediating the beneficial effects of maternal
exercise on cognitive function in offspring rats. Notably,
we blocked the action of BDNF on TrkB using ANA-12,
a selective antagonist for the TrkB receptor family, during
maternal treadmill exercise. We found that injection of ANA-12
abolished the increase in p-TrkB and p-Akt levels induced by
maternal exercise. Blockade of TrkB receptors also abolished
the beneficial effects of maternal exercise on the pups’ learning
ability, suggesting that the BDNF/TrkB-stimulated intracellular
signaling pathway is critically involved in maternal exercise-
induced improved cognition performance in offspring. In
addition to TrkB, p75 neurotrophin receptor (p75NTR) is
another transmembrane receptor for BDNF, albeit with a
low-affinity. However, p75NTR is the high affinity receptor for
the precursor of BDNF (proBDNF, immature form of BDNEF).
The interaction with p75 is still to be determined and it is
common considered that p75NTR signaling mainly mediate
negative effects such as neuronal apoptosis and long-term
depression (Leal et al, 2017). Based on our findings, we
propose a cascade of events initiated by sevoflurane-induced
neurotoxicity and maternal exercise-induced neuroprotection
(Figure 11).

Importantly, sevoflurane treatment did not affect pregnancy
outcomes, including: (i) duration of the pregnancy; (ii) size
and compositions of the litters; and (iii) body weight gain
of pups during lactation. Additionally, body weight gain in
the pregnant dams was not affected by maternal exercise
protocols.

Our studies have several important limitations. First, to
minimize the number of rats used, we did not include an
unanesthetized maternal exercise group. However, prior to
this study, offspring of pregnant rats that underwent almost
the same exercise protocol showed beneficial effects (Gomes
da Silva et al., 2016). Second, to avoid the influence of the
estrous cycle on the rats’ behavior, we carried out behavioral
tests only on male pups. Since previous studies have shown
that there may be sex differences in the vulnerability to
neurotoxicity caused by anesthetics (Rothstein et al., 2008;
Chung et al,, 2017), it may be difficult to draw any generalized
conclusions. Third, because acetylation of other lysine residues
was not assessed and genome-wide analysis of epigenetic
modifications was not carried out after sevoflurane exposure, it
is possible that we missed dysregulation of histone acetylation
at other specific lysine sites. Fourth, we did not evaluate the
interaction between H3K14 acetylation or H3K27 acetylation
and transcriptional activity of target genes by techniques such as
chromatin immunoprecipitation. Additional experimental and
mechanistic studies are required to identify the specific effects
of H3K14/27 acetylation on regulation of expression of memory-
related genes during learning and memory formation, as well as
their involvement in memory impairment induced by in utero
sevoflurane exposure and the neuroprotective effects of maternal
exercise. Finally, BDNF binds to TrkB and leads to activation of
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various signaling modules. We only access the alterations in the
levels of p-Akt/Akt, but not other downstream signaling modules
like extracellular signal-regulated kinase (ERK; Ji et al., 2014).

CONCLUSION

The immediate implication of our results is that a single exposure
to 3% sevoflurane produces no long-term cognitive impairment
whereas repeated exposure is sufficient to cause long-term
cognitive impairment in offspring rats. Repeated exposure also
reduces histone acetylation, BDNF signaling and development
of dendritic spines in the hippocampus. Maternal exercise
attenuated these detrimental effects through enhanced histone
acetylation and activation of downstream BDNF/TrkB/Akt
signaling.
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