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Introduction: Exposure to gamma-aminobutyric acid-mimetics and N-methyl-D-aspartate-
receptor antagonists during pregnancy may lead to hearing loss and long-term behavioral
abnormalities in the offspring. The purpose of this study was to explore the association between
prenatal exposure to sevoflurane (SEV) anesthesia and hearing impairment in mice.
Materials and methods: On gestational day 15, pregnant Kunming mice were exposed for 2 hours
to0 2.5% SEV plus 100% oxygen (anesthesia group) or 100% oxygen alone (control group).
Results: During auditory brainstem response testing on P30, offspring of the anesthesia group
mice exhibited higher hearing thresholds at 8, 16, 24, and 32 kHz; longer peak latency of wave 11
at all four frequencies; and longer interpeak latencies from waves Il to V at 16, 24, and 32 kHz,
compared to the control offspring. Caspase-3, iNOS, and COX-2 activation occurred in the fetal
cochlea of the anesthesia group. Mitochondrial swelling was observed in the anesthesia group
offspring at P1 and P15.

Conclusion: Our results suggest that SEV exposure during pregnancy may cause detrimental
effects on the developing auditory system.

Keywords: sevoflurane, auditory brainstem response, apoptosis, cochlea, pregnant mice

Introduction

Cognition and sensation/perception are interrelated functions,' and hearing impairment
can be associated with cognitive deficits.?* In older adults, hearing loss has been asso-
ciated with an increased likelihood of future cognitive impairment, suggesting that
impaired hearing may have a causal role in the declining cognition.* In children, hearing
impairment at a critical period during hearing development (within the first 2 or 3 years)
may lead to permanent deficits in language, speech, and even intellect.>®

The developing auditory system is susceptible to toxic agents.” Ethanol is an
example of one of these agents. It has both gamma aminobutyric acid (GABA)-
mimetic and N-methyl-p-aspartate (NMDA)-antagonist activity. Ethanol exposure
during pregnancy has been associated with not only neurotoxicity in the fetus but
also behavioral abnormalities!®!! and detrimental effects on the developing auditory
system in the offspring.'*'

Fetal exposure to valproic acid, ethanol, and the anesthetic isoflurane can lead to
behavioral abnormalities during adulthood.'>!® Furthermore. Wilder et al reported
that children with more than one exposure to anesthesia when they were young had
an increased likelihood of subsequently developing learning disabilities.!” However,
supplementary data provided by these authors showed that up to 16.7% of the children
had both otitis and learning and memory disabilities before the age of 4 years. It is
quite possible that many of the children with otitis had at least some degree of hearing
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impairment, although it is not known to what extent the hear-
ing impairment contributed to the cognitive dysfunction.

General anesthetic agents are either GABA-mimetic or
NMDA-receptor antagonist drugs. Whether general anes-
thetics have ototoxic effects similar to those observed with
ethanol is currently unknown. A recent study showed that
sevoflurane (SEV) exposure in pregnant mice was associated
with subsequent memory and learning impairment in the
offspring.!® The current study was thus performed to deter-
mine whether the use of 2.5% SEV anesthesia in pregnant
mice produced detrimental effects in the developing auditory
system of either fetal mice or offspring after birth.

Materials and methods

Animals

All procedures involving study animals were approved by
the Animal Care and Use Committee of Fudan University
and conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
Vigorous attempts were made to limit the quantity of
animals used and to preclude any suffering. Three-month-old
Kunming female and male mice were mated. When pregnant
mice were identified, they were moved to individual housing.
The offspring were weaned 21 days after they were born.
All mice were maintained in a temperature-controlled room
(ranging from 22°C to 23°C) and subjected to a 12-hour
light/dark cycle, with the lights being turned on at 7:00 am
each day. Routine mouse chow and water were accessible
on an ad libitum basis.

Anesthesia

On the 15th gestational day (G15), the pregnant mice were
assigned at random to one of two groups: anesthesia group
or control (no-anesthesia) group. The anesthesia group mice
were placed in an anesthetizing chamber and exposed for
2 hours to 2.5% SEV and 100% oxygen. The control group
mice were placed in a similar chamber and were exposed
for 2 hours to 100% oxygen alone (at identical flow rates).
The mice breathed spontaneously throughout the exposure
period. SEV concentrations were continuously measured by
a calibrated Vamos (Driger, Liibeck, Germany) side-stream
gas analyzer. The chamber temperature was regulated to keep
the rectal temperature of each mouse at 37°C £ 0.5°C. During
the 2-hour exposure period, samples of venous blood were
obtained from the inner canthus of each animal (n=5 in each
group). At the end of the anesthetic exposure, the mice were
placed in a 100% oxygen chamber until 20 minutes after their
righting reflex returned.

Experimental design

Cochlear tissues were harvested from fetal mice 2 hours after
SEV exposure (n =8 in control group, n= 10 in SEV group),
to be used for Western blot analysis. Cochlear tissues were
harvested from offspring mice after birth (n = 6 per group)
on postnatal day (P)1, P15, and P30 (PO = day of birth), to be
used for transmission electron microscopy (TEM). Auditory
brainstem response (ABR) testing (n = 8 in control group,
n = 13 in SEV group) was performed on P30. An assessor
blinded to the groups measured the outcomes.

Auditory brainstem response testing

The ABR test was used to examine the hearing threshold
of the mice. Before the test, each animal was confirmed to
have normal external auditory canals and tympanic mem-
branes and no tympanitis. Each mouse was anesthetized with
100 mg/kg ketamine and 25 mg/kg xylazine' and placed
on a thermostatic heating pad to keep the body tempera-
ture at 37°C. ABR tests were conducted in a soundproof
anechoic chamber. The response was recorded by needle
electrodes positioned subcutaneously at the right mastoid
prominence, vertex, and tip of the nose. The speaker was
positioned 5 cm away from each mouse. The neuronal
activity was amplified (100,000 U), filtered (0.3 kHz-3.0
kHz), and then digitized with an analog-to-digital (A/D)
converter (AD3; Tucker-Davis Technologies, Alachua, FL,
USA). Tone burst stimuli with a duration of 5 milliseconds
and rise-fall time of 0.5 milliseconds were generated. The
response was recorded as the mean response to 1,000 repeti-
tive stimuli delivered at each of four frequencies: §, 16, 24,
and 32 kHz. At each frequency, the hearing threshold was
determined by decreasing the intensity of the stimulus from
a suprathreshold level. Starting at 100 dB sound pressure
level (SPL), the intensity was decreased in increments of
10 dB SPL until the intensity was 20 dB SPL. At a level
lower than this, the intensity was reduced in increments
of 5 dB until a recognizable wave response (two or more
consistent characteristic waveforms) was noted.

Cochlear tissue harvesting and protein

quantification

Two hours after the pregnant mice were exposed to SEV
anesthesia (or the 100% oxygen-only control conditions),
a caesarecan section was performed to deliver the fetus
and harvest the cochlear tissues for Western blot analysis.
On P1, P15, and P30, offspring mice were euthanized by
decapitation, and their cochlea tissues were harvested for
subsequent analysis by TEM.
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The cochlear tissues used for Western blot testing were
homogenized on ice using an immunoprecipitation buffer
(10 mM Tris-HCI pH 7.4, 2 mM ethylenediaminetetraa-
cetic acid, 0.5% Nonidet P-40, 150 nM NacCl), as well as
protease inhibitors (1 pg/mL leupeptin, 1 pg/mL aprotinin,
and 1 ug/mL pepstatin A).?° The lysates were centrifuged
for 15 minutes at 12,000 rpm, and the total protein was
quantified with a bicinchoninic acid protein assay kit (Pierce
Technology Co., Iselin, NJ, USA).

Western blot analysis

The total protein extracted from four cochleas was combined
to provide a sufficient amount of protein for the Western
blot analysis. Western blot tests were conducted as in prior
studies.?’ Caspase-3 antibody (1:1,000, CY3457; Abways
Technology, Beijing, People’s Republic of China), Bcl-2
(1:1,000, ab32124; Abcam, Cambridge, MA, USA), COX-2
(1:1,000, ab15191; Abcam), iNOS (1:1,000, ab15323;
Abcam), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) antibody (1:1,000, rabbit polyclonal; Cell
Signaling Technology, Beverly, MA, USA), and B-actin
(1:1,000, ab8226; Abcam) were the primary antibodies. The
membranes were incubated in a blocking buffer containing
horseradish peroxidase-conjugated secondary antibody
(1:5,000; SuperSignal West, Pierce, Rockford, IL, USA).
Semiquantification of the bands was performed with ImageJ
software (NIH Image, Bethesda, MD, USA). Expression of
GAPDH was used as a control to account for differences
in the amount of loaded total protein; the semiquantitative
values were normalized to the GAPDH levels.

Transmission electron microscopy

On P1, P15, and P30, two offspring mice of each dam were
chosen at random for exploratory TEM histologic examina-
tion. The organ of Corti was dissected under a dissecting
microscope, and then submerged in 0.18 M sucrose in 0.1
PBS rinse solution. Three washes were performed. The
tissues were subsequently placed in 1% osmium tetroxide
for 2 hours. This was followed by dehydration in increasing
concentrations of alcohol (from 50% to 100%) and then
embedding in Epon618. The samples were viewed by contrast
phase microscopy, during which they were embedded in the
encasement in a standardized orientation. The embedded
samples were then dried overnight in an oven to achieve
solidification. The next day, they were viewed with an ana-
tomic microscope. An ultramicrotome (Reichert Ultracut E;
Leica AG, Vienna, Austria) was used to generate semithin
(0.7 um) sections. After drying at 70°C—80°C, the samples

were stained with 1% toluidine blue, and then visualized
to assess cochlear morphology. Ultrathin (70 nm) sections
were created using an ultramicrotome (Leica AG, Reichert
Division). These samples underwent staining with lead—
citrate and uracyl-acetate, followed by imaging with a Philips
CM-120 TEM (Philips, Amsterdam, Holland).

Statistical analysis

In our pilot study, we found that the ABR threshold in the
control group was 28.1 = 5.1 dB at 8 kHz during ABR test.
Based on an estimate of 25% increment in ABR thresholds,
we calculated that at least 8 mice in each group were required
to give the study a statistical power of 80% at a 5% level of
significance.

The data were shown as mean + SD. Data distribution was
tested with the Shapiro-Wilk test and was found to be normal.
Student’s ¢-test was used to compare blood gas values between
groups. Interaction between frequency and group factors in
a two-way analysis of variance (ANOVA) with repeated
measurements was used to analyze differences of hearing
function (ie, ABR thresholds, peak latency of wave II, and
interpeak latency of wave 11 to V) between control group and
SEV group. The post hoc Bonferroni test was used to compare
differences between the two groups at different frequencies.
P-values of 0.05 were considered significant. SAS software
version 9.2 (SAS Institute Inc., Cary, NC, USA) was used
to analyze the data.

Results

Venous blood gas values of the pregnant mice during
anesthesia (or 100% oxygen-only control conditions) were
similar for the two groups (Table 1). The offspring mice
were delivered at G21. No spontaneous abortions, premature
deliveries, fetal demise, intrauterine growth restriction, or
congenital defects occurred (data not shown).

ABR testing showed that hearing thresholds at different
frequencies were elevated in the anesthesia group compared to
the control group. ANOVA did not show a significant differ-
ence in hearing thresholds over the four frequencies between

Table | Blood gas values in pregnant Kunming mice during
control conditions and sevoflurane anesthesia, mean (SD)

Blood gas Control Sevoflurane
pH 7.34 (0.04) 7.31 (0.04)
PvO, (mmHg) 133 (10) 135 (9)
PvCO, (mmHg) 41.5 (3.5) 40.8 (3.3)

Abbreviations: PvCOZ, mixed venous carbon dioxide tension; PVOZ, mixed venous
oxygen tension.
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Figure | Sevoflurane anesthesia in pregnant mice induced hearing impairment in offspring mice.

Notes: lllustration of ABR waves in the offspring of the sevoflurane group mice and control group mice (A). Repeated measures analysis of variance did not show
a significant difference in hearing threshold over the four frequencies between the sevoflurane group and the control group. However, post hoc Bonferroni tests
demonstrated that hearing thresholds were significantly higher in the sevoflurane group than in the control group at 8, 16, 24, and 32 kHz (B). **P<<0.0001.
Abbreviations: ABR, auditory brainstem response; Freq, frequency; SPL, sound pressure level.
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the anesthesia group and the control group (P=0.2774)
(Figure 1). However, post hoc Bonferroni tests demonstrated
that the SEV group mice had higher thresholds than the control
mice at each of the four frequencies (8, 16, 24, and 32 kHz).

We calculated the peak latency of wave II and the
interpeak latency from wave II to wave V at a stimulus of
8 kHz and 90 dB SPL (Figure 2A). ANOVA revealed no
difference in latency of wave II over the four frequencies
between the anesthesia and control groups (P=0.1704) but
post hoc Bonferroni tests showed that the wave I latency
was significantly longer in the anesthesia group than in the
control group at each of the four frequencies (Figure 2B).
Likewise, ANOVA showed no difference in interpeak
latency from wave Il to wave V over the four frequencies
between groups (P=0.5963); however, post hoc Bonferroni
tests indicated that the wave Il to wave V interpeak latency
was significantly longer in the anesthesia group than in the
control group at 16, 24, and 32 kHz (Figure 2C).

A 8 kHz, 90 dB

v

Control

SEV anesthesia for 2 hours in pregnant mice at G15
induced activation of caspase-3 and Bcl-2 in fetal mice
cochlear tissues, as shown by Western blot testing. Semiquan-
tification of the Western blot results revealed that cochlear
tissue caspase-3 levels were higher in fetal mice whose
mothers were given anesthesia than in fetal mice whose
mothers were not exposed to an anesthesia (Figure 3A and B).
Cochlear tissue Bel-2 levels were also higher in SEV group
(Figure 3C and D).

SEV anesthesia for 2 hours in pregnant mice at G15 also
induced swollen mitochondria in the cochlear neurons and
hair cells of offspring mice (Figure 4). On P1, the quantity
of swollen mitochondria in the cochlear hair cells and
neurons was substantially greater in the anesthesia group
than in the control group. The swollen mitochondrial
mass remained greater in the anesthesia group on P15,
but differences between the two groups were no longer

present on P30.
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Figure 2 Sevoflurane anesthesia in pregnant mice induced prolongation of the peak latency and interpeak latency during ABR testing in offspring mice.

Notes: lllustration of ABR waves triggered by an 8 kHz, 90 dB sound pressure level stimulus (A). Repeated measures analysis of variance did not show a significant difference
in the peak latency of wave Il over the four frequencies between the sevoflurane group and the control group. Post hoc Bonferroni tests showed significantly longer peak
latency of wave Il in the sevoflurane group than in the control group at each of the four frequencies (B). Sevoflurane exposure in pregnant mice also caused a significantly
prolonged interpeak (wave Il to wave V) latency in the offspring at 16, 24, and 32 kHz (C). **P<<0.01, ***P<<0.0001.

Abbreviation: ABR, auditory brainstem response.
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Figure 3 Anesthesia with 2.5% sevoflurane for 2 hours in pregnant mice on the |5th day of gestation induced caspase-3 activation in the cochlear tissues of fetal mice.
Notes: Representative Western blot images of caspase-3 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in fetal tissue samples from the sevoflurane and control
groups (A). Semiquantification of the Western blot showed that compared with the control conditions, sevoflurane anesthesia was associated with greater quantities of
caspase-3 in fetal mice cochlear tissues (B). Expression of Bcl-2 in fetal cochlear tissues was higher in the sevoflurane group (C and D). ***P<0.0001.
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Figure 4 Mitochondrial ultrastructure in cochlear hair cells and neurons evaluated by transmission electron microscopy on postnatal day (P) I, P15, and P30.
Notes: On PI, swollen mitochondria (arrows) were more prominent in the sevoflurane group than in the control group. The swollen mitochondrial mass gradually
decreased as the offspring mice became older (Bar = 2.0 um; magnification x9700).
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Figure 5 Anesthesia with 2.5% sevoflurane for 2 hours in pregnant mice on the |5th day of gestation induced iNOS and COX-2 activation in the cochlear tissues of fetal mice.
Notes: Representative Western blot images of iNOS and semiquantification of the Western blot (A and B). Representative Western blot images of COX-2 and

semiquantification of the Western blot (C and D). *P<<0.001.

Western blot testing showed that SEV anesthesia for 2
hours in pregnant mice at G15 induced activation of iNOS
and COX-2 in fetal mice cochlear tissues. Semiquantification
of the Western blot results revealed that both cochlear tissue
iNOS levels (Figure 5A and B) and COX-2 (Figure 5C and
D) were higher in SEV group.

Discussion

The current study demonstrates that SEV anesthesia
administered to pregnant mice induces activation of caspase-3,
INOS, and COX-2 in the cochlear tissues of fetal mice.
It also induces longer term adverse effects in offspring mice,
including swollen mitochondria in cochlear hair cells and
neurons and abnormal ABRs. Potential mechanism of SEV
induced hearing impairment, as shown as Figure 6.

Several studies have confirmed that SEV anesthesia does
not cause dramatic changes in blood gas values.?' Dong
et al showed that 2 hours of 2.5% SEV anesthesia could
produce neurotoxic effects in the brain tissues of adult mice
in the absence of alterations in blood pressure or blood gas
values.? In the current study, mean venous blood gas values

2.5%
sevoflurane

A 4

Cochlea of fetus

ROS
(eg, iNOS)

Inflammation
(eg, COX-2)

Apoptosis
(eg, caspase-3, Bcl-2)

Hearing
impairment

Figure 6 Potential mechanism of sevoflurane induced hearing impairment.
Note: The inflammation and reactive oxygen species (ROS) caused by sevoflurane
resulted in apoptosis in the cochlea of the fetus and hearing impairment in offspring.
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of the pregnant mice during SEV anesthesia did not differ
significantly from those observed in control group mice.
ABR assessment is commonly used in both laboratory and
clinical settings for diseases of the inner ear, cerebellopontine
angle, and central auditory pathway.>* ABR threshold measure-
ments are also used to evaluate changes in hearing ability.>"°
Zheng et al'® previously reported that 2.5% SEV exposure in
pregnant mice was associated with neurotoxic effects in the
fetus, as well as neurobehavioral defects after birth. In the cur-
rent study, our aim was to test whether this clinically relevant
concentration has detrimental effects on the developing audi-
tory system. We found that SEV exposure in pregnant mice did
have detrimental auditory effects in the offspring. Specifically,
elevated hearing thresholds were noted during ABR testing at
different frequencies, which indicated the presence of hearing
impairment in the offspring. Prolonged wave II peak latencies
were observed, which suggest the presence of delayed neural
transmission, and prolonged wave Il to V interpeak latencies
were noted, which suggest the presence of reduced myelin or
impaired synaptic efficiency within the brainstem. We do not
know whether SEV, or its metabolite compound A, induces
the neurotoxicity. Further studies will include the studies to
assess the effects of compound A on auditory system.
Different anesthetic agents may have different influences
on ABR potentials. Alcohol has been reported to increase
the latency and reduce the amplitude of ABR signals.?
Isoflurane has been shown to prolong the peak latencies
of wave III and wave V, resulting in increased interpeak
latencies.?*? Ketamine has no effect on ABR thresholds.”
The combination of ketamine and xylazine is commonly used
to immobilize animals during ABR testing." In the current
study, we used this combination during ABR assessments,
and the control mice exhibited normal ABR signals.
NMDA inhibition and GABA-receptor complex activa-
tion have been proposed as the underlying mechanisms of
apoptotic neurodegeneration.’® Furthermore, otic placode
cell death has been reported in mouse embryos exposed to
alcohol.™ In the current study, SEV exposure in pregnant
mice induced caspase-3 activation in fetal cochlear tis-
sue, suggesting that SEV caused cell apoptosis in the
developing auditory system. In the current study, we found
that expression of Bcl-2 increased in fetal cochlear tissue
immediately after SEV exposure. Similarly, Yuan et al found
that Bcl-2 increased at early stage of apoptosis in human
cartilage endplate-derived stem cells.?!
Reactive oxygen species accumulation and mitochondrial
dysfunction have been suggested as upstream mechanisms of
the activation of caspase-3 induced by isoflurane.*3 In the

current study, we observed the ultrastructure of the cochlear
tissue cells in the offspring mice. On P1, a large number
of swollen mitochondria was observed in the cochlear hair
cells and neurons in the offspring of mice exposed to SEV
during their pregnancy, and the number of swollen mito-
chondria was still greater than in the control group at P15.
Furthermore, we found that iNOS and COX-2 expression
were increased in fetal cochlear tissue. These observations
suggest that SEV exposure in pregnant mice caused oxidative
stress and mitochondrial dysfunction in the cochlear tissues,
which led to cell death.

Limitations

There were limitations in our study. First, we evaluated
the activity of enzymes in only one location (cochlear
tissues). SEV exposure in pregnant mice may also produce
other changes in other parts of the auditory path. Second,
we did not identify which cells in the cochlea contributed
to the caspase-3 activation. Neuron apoptosis may be the
most likely cause. Previous reports that isoflurane inhibits
neurotransmitter release® suggest that the neurotransmitter
system is present in the cochlea of mammals and plays an
important role in hearing. Third, we conducted anesthesia
with 100% O, concentration. This may do not reflect the clini-
cal situation and might interfere, through potential oxygen
toxicity, with the assessment of anesthesia toxicity. However,
in our control group, the fetal mice did not show substan-
tial mitochondrial swelling. In addition, Zheng et al'® used
100% oxygen concentration for pregnant mice in their study
to assess anesthesia toxicity. Fourth, we only explored the
effect of SEV on cochlea, and further studies are warranted
to explore the effect of SEV on central auditory system.

Conclusion

SEV exposure in pregnant mice induced caspase-3 activa-
tion in the cochlea of fetal mice, as well as mitochondrial
swelling in cochlear tissues and hearing impairment in the
offspring after birth. The findings of our study implied that
SEV might induce toxicity to the developing auditory sys-
tem in fetus. Cautions should be taken when SEV is applied
to pregnant women for nonobstetric surgery under general
anesthesia. SEV-sulfobutylether-f-cyclodextrin (SBEBCD)
complex, the improvement of SEV, is characterized by
improved bioavailability and the blood—brain barrier per-
meability.** Use of SEV-SBEBCD complex may lead to a
dose reduction and thus might abolish ototoxicity. Further
studies are warranted to compare SEV and SEV-SBEBCD
in terms of ototoxicity.
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