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Abstract

Sevoflurane is a widely used obstetric general anesthetic, but the neurotoxic effects of late-pregnancy exposure to one mini-
mum alveolar concentration ((MAC], 2.5%) of sevoflurane on offspring remain unclear. We investigated whether exposure
to 2.5% sevoflurane during late pregnancy would affect offspring hippocampal neuronal development and neurocognitive
function. On gestational day 18 (G18), rats were randomly treated with 2.5% sevoflurane in 50% oxygen for 1 (Sevx 1), 3
(Sevx3), or 6 h (Sevx6). The neuronal apoptosis rate and mature brain-derived neurotrophic factor (mBDNF) and post-
synaptic density protein 95 (PSD-95) expression levels were measured in offspring hippocampi on postnatal day 1 (P1) and
P35. Dendritic spine formation and cognitive function were examined on P35. The neuronal apoptosis rate was enhanced,
and mBDNF and PSD-95 levels were reduced in the Sevx 3 and Sev X 6 groups on P1. mBDNF and PSD-95 levels were
also decreased in the Sev X 6 group on P35. The error rate was elevated in the maze test, whereas dendritic spine density
and long-term potentiation (LTP) were reduced in the Sev X 6 group on P35. To determine whether exposure to an enriched
environment (EE) would ameliorate sevoflurane’s neurotoxic effects, offspring from another Sev X 6 group were exposed to
either a standard environment (SE) or an EE. Lower error rates and greater dendritic spine densities and LTP were found
in the Sev X 6 + EE vs. Sev X 6 + SE group. Collectively, we showed that exposing rats to 1 MAC sevoflurane for 3 h during
late pregnancy increased neuronal apoptosis in neonates but did not impair neuronal development or cognitive function in
juvenile rats, whereas a 6-h exposure impaired neuronal development and cognitive function in juvenile rats, effects that
were attenuated by an EE.
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Introduction

Previous animal studies have demonstrated that exposing
neonates to anesthetic agents triggers neurodegeneration
and subsequent learning and memory impairments, sug-
gesting that similar effects may occur during fetal exposure
(Jietal. 2017; Gui et al. 2017; Zhou et al. 2016). Exposure
to volatile anesthetics during pregnancy induces neuronal
apoptosis and cognitive dysfunction in a dose- and time-
dependent manner in offspring. To date, human studies in
this area are limited, and most animal studies have focused
on the mid-pregnancy period (Fang et al. 2017; Zheng
et al. 2013; Song et al. 2017). However, late pregnancy
is the period of peak of brain development, and the brain
and central nervous system are particularly sensitive to
drugs at this stage.

In humans, brain growth and development are complex.
Neuronal apoptosis or programmed cell death occurs at
a high rate from the 24th week of gestation to 4 weeks
after birth, the proliferation of neuronal synapses begins
at around the 20th week of gestation and continues rap-
idly, and synapse formation accelerates during late
pregnancy, with the synapse number reaching a peak at
about 1-2 years of age (Andropoulos 2018). Neurons are
extremely sensitive during the synaptic plasticity phase;
extensive dendritic arborization, cortical lamination, and
myelination also occur during this phase of synaptogenesis
(De Tina and Palanisamy 2017). Changes in internal or
external environments may accelerate neuronal apoptosis
and reduce synapse formation in late pregnancy. In 2016,
the United States Food and Drug Administration issued a
warning regarding impairments in the developing brain
when mothers have repeated or prolonged (> 3 h) exposure
to certain general anesthetic agents during late pregnancy
(Olutoye et al. 2018), but the underlying mechanisms were
not explained in detail. Although emergent non-obstetric
surgeries may occur at any time during gestation, various
emergency operations or fetal surgeries that necessitate
general anesthetics may be required in late pregnancy.
Most general anesthetics are lipophilic and thus cross the
placenta easily. As such, the duration of fetal exposure to
general anesthesia may exceed 3 h. While volatile anes-
thetics are commonly used in obstetric anesthesia, only a
few studies on fetal exposure to volatile anesthetics dur-
ing late pregnancy exist, and the results are contradictory
(Suehara et al. 2016; Shan et al. 2018). Hence, the effects
of anesthetic exposure in late pregnancy on offspring
remain controversial.

The minimum alveolar concentration (MAC) of sevo-
flurane in rats is approximately 2.5%; this is also the con-
centration typically used in human obstetric surgery. In
both animals and humans, the hippocampus is crucial for
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cognitive functions such as learning and memory, and
several animal studies have indicated that exposure to
an enriched environment (EE) ameliorates sevoflurane-
induced cognitive deficits and restores abnormal hip-
pocampal synaptic plasticity (Ji et al. 2015; Nithianan-
tharajah and Hannan 2006). In the present study, we aimed
to investigate whether late-pregnancy exposure to 1| MAC
sevoflurane would impair the neuronal development and
neurocognitive function of offspring. Further, we used
different exposure times to determine the range of safe
exposure. We also investigated whether an EE would ame-
liorate any damage caused by such exposure. Collectively,
these metrics may guide the clinical use and investigation
of anesthetics.

Materials and Methods
Animals and Anesthesia

The protocol was approved by the Tianjin Medical Uni-
versity Committee on the Use of Animals in Research and
Teaching. Three-month-old pregnant Sprague Dawley rats
were provided by the Chinese Academy of Military Sci-
ences. They were housed individually in a room maintained
at 22 °C under a 12-h light cycle and had access to food and
water ad libitum. Pregnant rats (n=32) at gestational day
18 (G18) were included in the experiments and assigned
randomly to the anesthesia group or control group (n =28 per
group). Anesthesia group rats received 2.5% sevoflurane in
50% oxygen for 1 (Sevx 1), 3 (Sevx3), or 6 h (Sevx6) in
an anesthetizing chamber (Datex-Ohmeda Inc., Tewksbury,
MA, USA) (Fig. 1a). Control group rats were only exposed
to 50% oxygen. The rats breathed spontaneously and the
concentrations of sevoflurane, oxygen, and carbon dioxide
were monitored by a gas analyzer (Drager, Liibeck, Ger-
many); arterial blood gas analyses were conducted continu-
ously. The temperature of the anesthetizing chamber was
controlled to maintain each animal’s rectal temperature at
37+0.5 °C. Upon anesthesia termination, rats were left in a
chamber containing 50% oxygen until 20 min after the right-
ing reflex returned. All pregnant rats were raised to deliv-
ery, which generated a sufficient number of rat offspring for
experiments. Rat offspring were randomly divided into two
arms in every group. In one arm, the bilateral hippocampal
tissues of neonatal rats were harvested on P1 for apoptosis
assays and biochemistry studies. Offspring in the other arm
were raised to P31, whereupon they underwent behavioral
testing with the eight-arm radial maze for 5 days. On P35,
bilateral hippocampal tissues were harvested for flow cytom-
etry, biochemistry, Golgi staining, and electrophysiology
studies. All rats were culled under pentobarbital anesthesia.
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Fig.1 Study design and testing (a)
for the first (a) and second (b)
experimental arms. G gesta-

tional day, SD Sprague Dawley,

G18 SD rats (n=32)

P postnatal day, Sev sevoflurane,
mBDNF mature brain-derived
neurotrophic factor, PSD-95
postsynaptic density protein, \L \l/
LTP long-term potentiation,

SE standard environment, EE

enriched environment
C (n=34)

Control (C, n=8) Sevx1h (1 h, n=8)

1 h (n=42)

Sevx3 h (3 h,n=8) Sevx6h(6h,n=8) & Groups

v v

3 h (n=38)

< Delivery

6 h (n=41) & Offspring

P1n=(C:17,1h:21,3 h: 19, 6 h: 20)

V

P31n=(C:17,1h:21,3h: 19,6 h: 21)

Y

Eight-arm radial maze (P31-P35)

Flow Cytometry n = (C: 8, 1 h: 10, 3 h: 9, 6 h: 10) P35

mBDNF, PSD-95n=(C: 9, 1h: 10,3 h: 9, 6 h: 10)

(b)

G18 SD rats (n=6)

Sevx6h \l/

Offspring (n=27) —>

Flow Cytometry Assay for Apoptosis

Since sevoflurane-induced neuronal apoptosis can cause
long-term cognitive impairment (Tian et al. 2018), we
assessed the apoptosis rate using flow cytometry. Rat hip-
pocampi weighing ~ 1 g were collected on a 150-pm copper
net, cut with tweezers, and gently rubbed and filtered. A
300-pm nylon mesh was used to filter the cell suspension to
remove large clumps. The cell suspension was washed and
collected by centrifugation. The supernatant was removed
and the cells were resuspended in 500 pL annexin-V binding
buffer (Beijing Biosea Biotechnology, Beijing, China), to

6 h +SE group ———> P31-P35 —>
(n=13)
6 h+EE group = P15-P30 > P31-P35 —>

(n=14)

L

LTP n=(C:5, 1 h:7, 3 h:7,6 h:7)

Golgi Staining n = (C:6, 1 h:7, 3 h:6, 6 h:7)

Flow Cytometry, mBDNF, PSD-95 n = (C:6, 1 h:7, 3 h:6, 6 h:7)

Golgi Staining (n=6)

LTP (n=7)

Eight-arm rladial

Golgi Staining (n=7)
I
EE LTP (n=7)

which 5 pL annexin-V-fluorescein isothiocyanate was added,
followed by 10 pL propidium iodide (PI). The cells were
incubated at a density of 5x 105 cells/mL in the dark for
15 min before detection. The labeling intensity was recorded
by a flow cytometer (Beckman Coulter, Brea, CA, USA), and
the percentage of positive cells was assessed.

Western Blot Analysis
Brain-derived neurotrophic factor (BDNF) is the most

widely distributed neurotrophin in the brain. It is essential
for brain development and critical for neuronal regeneration
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and synaptic plasticity. BDNF protein is synthesized as pre-
proBDNF and cleaved into a proBDNF protein, proBDNF
is either cleaved intracellularly or extracellularly to mature
BDNF (mBDNF), and mBDNF binds to the tropomyosin-
related kinase B (TrkB) receptor, leading to neuronal sur-
vival, differentiation, and positive regulation of learning and
memory (Sen et al. 2017; Park and Poo 2013). Therefore,
using western blot analyses, we measured the protein expres-
sion of mBDNF to establish the effects of sevoflurane on
brain development. We also measured the expression of
postsynaptic density protein 95 (PSD-95), since light and
electron microscopy data indicate that PSD-95 is contained
in a significant percentage of synapses (McLeod et al. 2017),
the density and strength of which are important for maintain-
ing neuronal network connections, in turn supporting learn-
ing and memory. Indeed, deficits in synapse number can
lead to cognitive dysfunction. For the western blot analyses,
total protein was extracted by lysing the bilateral whole hip-
pocampus tissues. Anti-mBDNF (1:1000, molecular weight
14 kDa; Abcam, Cambridge, UK) and anti-PSD-95 (1:1000,
molecular weight 80 kDa; Cell Signaling Technology, Dan-
vers, MA, USA) antibodies were used to evaluate the expres-
sion levels of mBDNF and PSD-95, respectively. Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) expression
was employed as a loading control using rabbit anti-GAPDH
antibody (1:3000; CWBIO, Beijing, China). The results nor-
malized for each membrane are expressed as percentages of
saline-treated controls. Protein bands were quantified using
Imagel] software (NIH Image, Bethesda, MD, USA).

Golgi Staining

Dendritic spines are neuronal specializations that are the
major sites of synaptic transmission. Most excitatory syn-
apses in the mammalian central nervous system are located
on dendritic spines (Chidambaram et al. 2019). Dendritic
spines are responsible for receiving input from excitatory
synapses and are thought to be closely related to synaptic
function (Zhou et al. 2004). To establish sevoflurane’s effects
on synapses, we performed Golgi staining with dendritic
spine quantification. After the behavioral tests, several P35
rats were randomly selected from each group. After anesthe-
sia, rats were perfused transcardially with saline followed by
4% paraformaldehyde. The hippocampus was collected bilat-
erally and immersed in Golgi solution. Golgi staining was
performed on 150 pm-thick frozen hippocampal sections
using an FD Rapid Golgi Stain Kit (FD Neurotechnologies,
Inc., Columbia, MD, USA) according to the manufacturer’s
protocol. After slides were dehydrated with a gradient of
ethanol and cleared in xylene, the specimens were covered
with a coverslip, which was then sealed with Permount. The
slides were viewed in detail using a light microscope with a
100 x oil-immersion objective lens. Pyramidal neurons that
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were well-impregnated and clearly distinguishable from
others in each hippocampus were analyzed (X 400 magni-
fication). Spine density for each neuron (spine number per
10 pm) was determined using ImagelJ software. Spines were
quantified on three segments of secondary dendrites. All
analyses were completed by an investigator blinded to the
experimental conditions.

Eight-Arm Radial Maze

The eight-arm radial maze is a reliable method for assessing
learning and memory. This test was used herein to evaluate
the learning and memory of offspring in each group, as pre-
viously described (Servick 2014; Ilieva et al. 2019; Xu et al.
2019). The maze consisted of a central platform and eight
arms (length: 425 mm; width: 145 mm; height: 225 mm).
During the training stage, offspring were trained from P26
to 30. Chocolates were randomly placed at the ends of four
arms. After a fasting period of 16-18 h, the rats were placed
on the platform and allowed to choose arms with/without
food freely. When the rats had completed consumption of all
food or when the time reached a 10-min cap, the rats were
removed. Training was performed once a day for 5 days.
During the testing stage on P31 to P35, chocolates were
placed at the ends of four arms as was done during the train-
ing stage. The test ended when the rats had completed con-
suming all chocolates or when the time reached a 10-min
cap. The rats were tested twice a day for 5 days with an
interval of > 1 h between sessions. In total, 10 tests were
conducted. Each rat’s maze performance was recorded by the
EthoVision XT video tracking software (Noldus Informa-
tion Technology, Wageningen, Netherlands). When the rat
entered an arm without food, it was defined as a reference
memory error (RME), which reflected long-term memory.
When the rat entered an arm that had already been entered,
it was defined as a working memory error (WME), which
reflected short-term memory. When the rat turned back half-
way, it was defined as a half error. The total number of arm
entries and total amount of time spent entering arms over the
5 days were recorded. The percentages of the following were
calculated for each group: >3 RMEs, > 1 WME, and > § total
arm entries. Data from rats that did not consume all choco-
lates within 10 min were excluded from further analysis.

Electrophysiology

Synaptic plasticity is critical for memory formation and
storage and is closely related to the structural modification
of synapses and synaptic transmission. Long-term poten-
tiation (LTP) reflects the strength of postsynaptic neuro-
transmission, which is an alteration in synaptic strength
that is viewed as a potential functional mechanism forming
the neuronal basis of learning and memory (Titley et al.



Cellular and Molecular Neurobiology (2020) 40:1339-1352

1343

2017). By performing electrophysiological recordings, we
were able to determine sevoflurane’s effects on LTP. To
do this, offspring brains were removed and immersed in
ice-cold artificial cerebrospinal fluid (ACSF), which was
carbonated with 95% O, and 5% CO,. Acute coronal hip-
pocampal slices were prepared using a vibratome. The
slices were placed in ACSF for 1 h at 32 °C, and then held
in ACSF at 22-24 °C before recording the extracellular
field potential.

Extracellular Field Potential Recordings

Field evoked postsynaptic potentials (fEPSPs) were
obtained from the CA1 region. Brain slices were perfused
with ACSF (1.5-2.0 mL/min) in a recording chamber,
which was bubbled with 95% 0,/5% CO, continually.
ACSF-filled theta-glass stimulating pipettes and record-
ing pipettes were placed in Schaffer collaterals and the
hippocampal CA1 region, respectively. The distance from
the stimulating to recording electrodes was 400-500 pm.
fEPSPs were elicited once every 30 s and recorded at a
sampling rate of 10 kHz (Molecular Devices, San Jose,
CA, USA). To induce LTP, high-frequency stimulation
(HBS) was applied. Input/output curves were created, and
HBS (100 Hz) was adjusted to evoke 50-60% of the maxi-
mum fEPSP. The fEPSP slope was recorded for 20 min
before and 50-60 min after the LTP induction protocol was
applied, and data were analyzed with Clampfit 9 (Molecu-
lar Devices).

Enriched Environment Experiment

An EE provides the opportunity for social interaction,
exercise, and somatosensory and cognitive stimulation,
which enhances synaptic plasticity in the brain (Mahati
et al. 2016). For this experiment, six rats (G18) received
2.5% sevoflurane in 50% oxygen for 6 h. Offspring were

randomly divided into the Sev X 6 + EE and Sev X6 + SE
(standard environment) groups. Dendritic spine formation
and cognitive function were examined using methods simi-
lar to those described above (Fig. 1b).

Environment Exposure

Offspring were subjected to an EE or SE daily for 15 days
from P16 to P30 for 6 h (from 09:00 to 15:00). The off-
spring were kept with their mothers from P16 to P21
and weaned from P22 to P35. The EE was a large cage
(120 cm x 80 cm X 80 cm) containing different toys,
wheels, plastic tunnels, and ladders. The types and loca-
tions of tunnels and ladders were changed every 2 days.
EE cages provided scope for visual, motor, somatosensory,
and cognitive stimulation. The SE was the exact cage with
the equipment removed. Food and water were available
ad libitum in all cages.

Statistical Analysis

All data were analyzed using GraphPad Prism soft-
ware (version 7.00; GraphPad Software, La Jolla, CA,
USA; www.graphpad.com). Data are expressed as the
mean + standard deviation. Two-way analyses of variance
followed by Tukey post-hoc tests were used to analyze the
differences in arterial blood gas, cell apoptosis, mBDNF
and PSD-95 expression, total time spent entering arms,
dendritic spine density, and extracellular electrophysio-
logical parameters of the hippocampus among the control,
Sevx 1, Sevx3, and Sev X 6 groups. Two-way analyses of
variance were also used to assess differences in the total
time spent entering arms, dendritic spine density, and
extracellular electrophysiological parameters between the
Sevx 6+ EE and Sev x 6 + SE groups. The percentages
of >3 RMEs, >1 WME, and > 8 total arm entries in the
maze test were analyzed with the chi-squared test. Dif-
ferences were deemed statistically significant at P <0.05.

Table 1 Maternal arterial blood

. . Control group Sevx 1 h group Sevx 3 h group Sevx 6 h group
gas analysis after anesthesia
(n=38) (n=38) n=38) (n=38)
pH 7.39+£0.02 7.38+0.01 7.40+0.02 7.39+£0.03
PaCO, (mmHg) 43.18+1.29 4320146 44.33+1.39 44.10+1.27
PaO, (mmHg) 281.00+8.35 279.00+9.87 285.00+£11.06 276.00+£10.17
Sa0, (%) 100.00+0.00 100.00£0.00 100.00+0.00 100.00+0.00

Values are expressed as mean =+ standard error of the mean. PaCO, arterial partial pressure of carbon diox-
ide. PaO, arterial partial pressure of oxygen. SaO, arterial oxygen saturation
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Results
Arterial Blood Gas Analysis

As shown in Table 1, there were no significant differences
in pH value, arterial oxygen tension, and arterial carbon
dioxide tension between the four groups. The possibility of
impairment induced by arterial blood gas alterations was
therefore considered minimal.

Maternal Sevoflurane Exposure-Induced
Hippocampal Neuronal Apoptosis in Offspring

We investigated whether impairments in cognitive func-
tion were associated with hippocampal apoptosis by
quantifying the number of annexin-V-positive/PI-nega-
tive and annexin-V-positive/PI-positive cells (Fig. 2a).
On P1, there was no significant difference in neuronal
apoptosis between the control and Sev x 1 groups. How-
ever, the apoptosis rate was significantly greater in the
Sev x 3 group than in the control and Sev X 1 groups (F[2,
21]1=12.64, P <0.001; Fig. 2b), and significantly greater
in the Sev X 6 group than in the other three groups (F[3,
29]1=27.09, P <0.001; Fig. 2b). On P35, the apoptosis rate
was not significantly different among the groups.

Maternal Sevoflurane Exposure-Induced Changes
in Hippocampal PSD-95 and mBDNF Levels
in Offspring

Hippocampal PSD-95 and mBDNF protein levels were
assessed using western blots on P1 (Fig. 2c) and P35
(Fig. 3a) and quantified. On P1, PSD-95 and mBDNF
levels between the Sev X 1 and control groups were not
significantly different. However, the levels of PSD-95
(F[2,22]=86.91, P<0.001; Fig. 2d) and mBDNF (F[2,
22]1=225.5, P<0.001; Fig. 2e) were significantly lower
in the Sev X3 group than in the Sevx 1 and control
groups. Moreover, the levels of PSD-95 (F[3, 30]=144.8,
P <0.001; Fig. 2d) and mBDNF (F[3, 30] =262.3,
P <0.001; Fig. 2e) were significantly lower in the Sev X 6
group than in the other three groups. On P35, the levels of
PSD-95 (F[3, 18]=40.36, P <0.001; Fig. 3b) and mBDNF
(F[3, 18] =34.39, P <0.001; Fig. 3c) were significantly
reduced in the Sev X 6 group, but no differences among
the other three groups were identified.
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Maternal Sevoflurane Exposure Reduced
Hippocampal CA1 Dendritic Spine Density
in Offspring

Fully impregnated CA1 pyramidal cells were detected
by Golgi staining (Fig. 3d), and the spines of secondary
dendrites were visualized using a light microscope. Only
the dendritic spine density was determined, since other
spine types were not always clearly distinguishable. The
hippocampal CA1 spine density in the Sev X 6 group was
significantly lower than that in the other three groups
(F[3, 18] =8.509, P <0.001; Fig. 3e), but no differences
in spine density were found between the control, Sev x 1,
and Sev X 3 groups.

Maternal Sevoflurane Exposure-Induced Learning
and Memory Impairments in Offspring

The total time spent entering the arms of the eight-arm
radial maze over the 5 test days was longer in the Sev X 6
group than in the other groups (F[3, 70]=4.185, P=0.006;
Fig. 3f), but no other differences were identified among
the control, Sev X 1, and Sev X 3 groups. The percentages
of >3 RMEs (y*=9.825, P=0.020; Fig. 3g),>1 WME
(;(2:8.624, P=0.034; Fig. 3g), and > 8 total arm entries
(¥*=13.07, P=0.005; Fig. 3g) were higher in the Sevx 6
group than they were in the other groups. No differences in
these percentages were found between the control, Sev X 1,
and Sev X 3 groups.

Maternal Sevoflurane Exposure Reduced
Hippocampal CA1 LTP in Offspring

We evaluated whether fetal exposure to 2.5% sevoflurane
would induce LTP changes in the hippocampal CA1 region
(Fig. 3h). No differences in the magnitude of LTP (the mean
fEPSP slope during the last 20 min of recording) induced by
HBS were observed among the control, Sev X 1, and Sev X 3
groups. The magnitude of LTP induced by HBS was sig-
nificantly lower in the Sev X 6 group than in the other three
groups (F[3, 18]=15.57, P <0.001; Fig. 3i).

Sevoflurane Exposure-Induced Dendritic
Spine Abnormalities and Impairments in LTP
and Cognition were Ameliorated by an EE

In the EE experiment, Golgi staining (Fig. 4a), the eight-
arm radial maze, and electrophysiological recordings
(Fig. 4e) were used to evaluate dendritic spine density
and cognition. The hippocampal CA1 spine density was
greater in the Sevx 6 +EE vs. Sevx 6+ SE group (F[1,
9]=11.67, P=0.008; Fig. 4b). The total time spent
entering arms (F[1, 23]=35.29, P<0.001; Fig. 4c¢),
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Fig. 3 Effects of late-pregnancy
sevoflurane exposure on
offspring brain development on
P35. Western blots were used
to evaluate protein expres-

sion (a—c). Golgi staining was
used to detect dendritic spine
density (d, e). The eight-arm
radial maze (f, g) and electro-
physiological recordings (h, i)
were used to evaluate cogni-
tion. Data are expressed as the
mean + standard deviation. Per-
centages were analyzed using
the chi-squared test. *P <0.05,
**P<0.01, ***P <0.001
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and the percentages of > 3RMEs (3> =8.003, P =0.005; Discussion

Fig. 4d), > 1 WME (y*>=4.147; P=0.042; Fig. 4d), and > 8
total arm entries (;(2 =4.066, P=0.044; Fig. 4d) were
lower in the Sev X 6 +EE vs. Sev X 6 + SE group. The mag-
nitude of LTP induced by HBS was significantly higher in
the Sev X6 +EE vs. Sev x 6 + SE group (F[1, 10] =69.82,
P =0.0007; Fig. 4f).

In this study, exposing maternal rats to 1 MAC sevoflu-
rane for 3 h during late pregnancy induced toxic effects
on offspring hippocampal neuronal development on P1.
Learning and memory deficits were observed in P35 rats
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after 6 h of maternal exposure, and these cognitive func-
tion impairments were ameliorated by an EE.

Findings from the few published animal studies on the
effects of volatile anesthetic exposure in late pregnancy are
contradictory. One study indicated that exposing G21 rats
to 1.3% isoflurane for 6 h is not neurotoxic to the fetal brain
and does not impair learning and memory in juvenile or
adult offspring (Li et al. 2007). In contrast, other research-
ers have reported that exposing rats to 1.5% isoflurane for
2 h or 3% isoflurane for 1 h during late pregnancy affects
the hippocampal structure and impairs the cognitive func-
tion of offspring (Wang et al. 2009; Luo et al. 2016). In
a study by Seuhara et al. (2016), anesthetizing G17 preg-
nant mice with 1.5% sevoflurane for 6 h did not affect the
neuronal development and learning and memory abilities
of offspring. Although the methods used in that study were
similar to ours, the results differed. The disparate results
may be related to the fact that we used 2.5% sevoflurane,
which approximates the MAC and is the most commonly
used concentration, albeit higher, than that employed in the
previous study. Another report demonstrated that maternal
exposure to 3% sevoflurane for 4 h on G20 causes neuronal
damage to the hippocampus of rat pups (Shan et al. 2018),
but offspring learning and memory were not examined. The
findings of a mid-pregnancy study suggested that repeated,
but not single, maternal exposure(s) to 3% sevoflurane for
2 h affects offspring BDNF expression, dendritic density,
and memory (Wu et al. 2018). However, herein, we found
that late-pregnancy exposure to 2.5% sevoflurane for 3 h
changed BDNF expression in the neonatal hippocampus,
while exposure for 6 h impaired dendritic density, memory,
and cognitive function in juvenile rats. The different ges-
tation and exposure time between the studies may explain
the discrepant results. Furthermore, we observed that an EE
improved the sevoflurane-induced cognitive function impair-
ments of offspring. The gestation period of rat is about 19 to
22 days, late pregnancy is from G17 or G18 to G22, but parts
of the pregnant rats began to deliver on G19, so we exposed
rats to sevoflurane on G18.

Effects of 2.5% Sevoflurane Exposure During
Late Pregnancy on the Brain Development of P1
Offspring

Inhalation anesthetics can induce neuronal apoptosis, or
programmed cell death, in the developing brain and lead
to long-term cognitive impairments (Noguchi et al. 2017;
Chung et al. 2015; Lv et al. 2017), but the underlying mecha-
nisms are poorly understood. The current study revealed that
exposing fetal rats to 1 MAC sevoflurane for 3 h and 6 h in
late pregnancy induced greater amounts of neuronal apopto-
sis (Fig. 2b). Hence, the number of functional neuronal cells
was reduced, potentially leading to abnormal brain function.

@ Springer

Therefore, a relationship may exist between early neuronal
apoptosis and the cognitive defects observed on P35.
BDNEF is associated with the neurodegeneration or neu-
ronal apoptosis caused by anesthetic agent exposure in the
developing rodent brain (Ibla et al. 2009; Nieto et al. 2013).
The gene encoding BDNF is expressed during development
and adulthood. Decreased mBDNF expression at protein
level may lead to synaptic dysfunction, neuroplasticity and
LTP failures, and impaired memory formation (Park and Poo
2013; Yeh et al. 2012). Additionally, PSD-95, an excitatory
postsynaptic marker associated with several receptor sys-
tems, plays an essential role in neuroplasticity (Baucum
2017). PSD-95 reductions are associated with decreases in
synapse number or synaptic loss. Here, mBDNF and PSD-
95 protein expression levels were reduced in the Sev x 3
and Sev X 6 groups on P1 (Fig. 2d, e). Thus, late-pregnancy
exposure to 1 MAC sevoflurane for 3 h and 6 h may induce
neuronal apoptosis, impair neuronal development, and affect
synaptogenesis in the neonatal rat hippocampi.

Effects of 2.5% Sevoflurane Exposure During
Late Pregnancy on the Brain Development of P35
Offspring

Neuronal apoptosis induced by low concentrations and short
exposure times of sevoflurane may not contribute to long-
term cognitive dysfunction (Lu et al. 2016). Indeed, late-
pregnancy exposure to 2.5% sevoflurane for 3 h did not yield
differences in neuronal apoptosis and mBDNF and PSD-95
protein levels (Fig. 3b, ¢) on P35, which was in contrast to
the P1 findings. In addition, no differences in dendritic spine
structure, LTP magnitude, and maze test results were found
between the Sev X 3 group and Sev X 1 and control groups on
P35. We conjectured that late-pregnancy exposure to 2.5%
sevoflurane for 3 h led to short-term neuronal damage in
the offspring, but that these adverse effects recovered dur-
ing development and ultimately did not impair learning and
memory in juvenile rats.

When the exposure time was 6 h, mBDNF and PSD-95
protein levels were significantly reduced on P35 (Fig. 3b, c),
dendritic spine density was reduced (Fig. 3e), LTP was inhib-
ited (Fig. 31), and the results of the maze test were abnormal.
mBDNF increases the number of excitatory synapses, regu-
lates axonal morphology, directly promotes synapse forma-
tion, participates in LTP, and is associated with learning
and memory (Sen et al. 2017; Li et al. 2019). Decreased
mBDNF protein expression levels adversely affect LTP gen-
eration and cognitive function. The anesthetic sevoflurane
reduces the PSD-95 level, leading to cognitive impairments
in young mice (Zhang et al. 2015; Ju et al. 2016). Reductions
in PSD-95 expression also adversely affect LTP and cogni-
tive function. Abnormal dendritic spine structure and func-
tion is one of the most prominent features associated with
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neurodevelopmental disorders; defects in spine density and
morphology may lead to LTP alterations, ultimately affect-
ing cognitive function. Studies using animal models have
demonstrated a close correlation between dendritic spine
abnormalities and learning and memory deficits (Amrock
et al. 2015). Sevoflurane exposure may impair hippocampal
synaptic plasticity and learning and memory abilities (Shen
et al. 2018; Hirase and Shinohara 2014). In the present study,
we observed that maze error rates were increased, and both
long- and short-term memory were damaged in the maze test
(Fig. 3f, g). Neurotoxicity depends on three main factors:
exposure concentration, duration, and brain development
stage. Therefore, we speculated that when rats were exposed
to 1 MAC sevoflurane for a specific temporal window, this
damaged the neuronal development and cognitive function
of the offspring during late pregnancy. If the exposure time
was 6 h, permanent damage on offspring neuronal develop-
ment and cognitive function likely occurred.

Beneficial Effects of an EE on Offspring Neuronal
Development and Cognitive Function

Studies have indicated that an EE has positive effects on
the nervous system at anatomical, molecular, and functional
levels. An EE has been shown to promote hippocampal neu-
rogenesis (Nithianantharajah and Hannan 2006; Hirase and
Shinohara 2014). In a study that exposed P7 rats to 1| MAC
sevoflurane anesthesia for 4 h, long-term impairments in
short-term spatial memory were induced, which were miti-
gated by a delayed EE (Shih et al. 2012). Here, compared
with an SE, an EE ameliorated the neuronal development
and cognitive function impairments of rat offspring that were
induced by maternal late-pregnancy exposure to sevoflurane
for 6 h, and enhanced dendritic spine density (Fig. 4b), LTP
(Fig. 4f), and spatial learning and memory (Fig. 4c, d).
These findings are consistent with the previous study that
repeated sevoflurane exposure in P6 mice induced reduc-
tions in synaptic markers, dendritic spine abnormalities,
and impairments in LTP and cognition on P35; these were
ameliorated by an EE, which also enhanced neural plasticity,
learning, and memory (Olutoye et al. 2018).

Currently, the mechanisms of action of EE on the brain
are unclear. Gamma-aminobutyric acid (GABA) and
N-methyl-p-aspartate receptor systems play important roles
in neurodevelopment. Sevoflurane activates GABA and
N-methyl-p-aspartate receptors, which may have detrimen-
tal effects on the brain (Fang et al. 2012). Studies indicate
that EE exposure increases GABA and glutamate levels
and neurotrophic factor expression, as well as improves
synaptic dendritic arborization in CA1l and ameliorates
impaired LTP (He et al. 2010; Bhagya et al. 2017). An EE
also reportedly attenuates sevoflurane-induced neurotoxicity
and learning and memory impairments via the peroxisome

proliferator-activated receptor-y signaling pathway (Zhao
et al. 2015), but the exact mechanisms by which an EE
reduces sevoflurane’s effects remain to be determined. In the
present study, the EE was employed preweaning and post-
weaning, and babies in all groups remained with their moth-
ers from P16 to P21 and were weaned from P22 to P35. Sev-
eral studies have investigated the effects of preweaning EE
on the developing brain; most of these studies indicated that
preweaning EE is beneficial to brain development, learning,
and memory, which are consistent with our observation. In
six day-old C57BL/6 male mice, exposure to 3% sevoflu-
rane, 2 h daily, for 3 days from P6 to P8 induced cognitive
impairments compared to the mice exposed to sevoflurane
and EE every day for 2 h from P8 to P90 (Ji et al. 2017) or
from P8 to P42 (Ji et al. 2015), and mice that were allowed
to stay with their mothers from P8 to P21. The two studies
found that sevoflurane exposure-induced cognitive impair-
ments in mice were reversed or ameliorated by EE. Pregnant
mice (G14) that were treated with 2.5% sevoflurane for 2 h
had offspring with impaired learning and memory at P 31.
Pregnant mice treated with sevoflurane were exposed to an
EE every day, and two hours before delivery. After deliv-
ering their offspring at G21, the mother and babies were
exposed to an EE again every day for two hours, from P4 to
P30, and the babies were weaned from P22. They found that
maternal, preweaning, and postweaning EE attenuated sevo-
flurane-induced learning and memory impairment (Zheng
et al. 2013). Another study also indicated that prewean-
ing EE can enhance hippocampus-dependent learning and
memory function in developing rats as well as postweaning
EE does (Lu et al. 2017). The experimental rats that were
exposed to an EE for 20 min each day, from P10 to 24, that
were separated from their mothers were later picked up and
returned to their cages. And the authors did not discuss the
effects of separation on mothers and their offspring. In our
study, we found that the spine density and the magnitude of
LTP were increased, and the maze performances were bet-
ter in the Sev X 6 + EE group compared to the Sev X6+ SE
group. Therefore, we believe that exposing the dam and
pup to an EE has beneficial effects on offspring cognition.
However, a report presented contrary conclusions on the
effects of preweaning EE on the developing brain. When
EE was provided from postnatal day 1 until weaning, dams
reduced nursing time and showed more non-maternal appe-
titive behavior in the EE group. This study suggested that
preweaning EE can interfere with maternal behavior in rats
and can possibly lead to increased anxiety in the offspring.
Although cognition capability was not assessed, the find-
ings suggest that enrichment procedures can have potentially
unintended effects, interfering with the development of emo-
tional behavior in rats (Li et al. 2016). Hence, the effects of
preweaning exposure to an EE on the developing brain need
to be further studied.
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Our study has several limitations. First, although a previ-
ous study demonstrated sex differences in the vulnerability
to neurotoxicity caused by anesthetics (Zhao et al. 2015), we
conducted the behavioral tests on all offspring, irrespective
of sex. Second, we did not separate the hippocampus into
subregions in our analysis of BDNF and PSD-95; given that
the dorsal and ventral regions of the hippocampus regulate
cognitive and emotional outputs separately, future studies
should evaluate these regions independently. Third, other
groups have reported that fetal exposure to sevoflurane dur-
ing late pregnancy affects offspring brain development,
although their methods and conclusions were different.
Fourth, although exact evaluations of neurodevelopmental
outcomes are essential, we only examined neuronal apopto-
sis and synaptic number using flow cytometry and limited
biochemical parameters.

Conclusions

Herein, we demonstrated that late-pregnancy exposure to
2.5% sevoflurane for 3 h caused neuronal developmental
abnormalities in the neonatal hippocampus. This damage
recovered during development. However, exposure to 2.5%
sevoflurane for 6 h enhanced neonatal hippocampal neuronal
apoptosis and reduced synaptogenesis and dendritic spine
formation, leading to cognitive function impairments in
juvenile rats. We observed that these neurodevelopmental
impairments could be improved by learning and exercise.
Nevertheless, as human and rodent brain development dif-
fers, further work is required to confirm the translational
relevance of our findings.
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