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KEYWORDS Abstract

Sevoflurane; Background and objectives: Developing brain is more vulnerable to environmental risk than is
Hippocampus; the developed brain. We evaluated the effects of repeated exposure to different concentrations
Neonatal mice; of sevoflurane on the neonatal mouse hippocampus using stereological methods.

Stereology; Methods: Eighteen neonatal male mice were randomly divided into three groups. Group A,
Neurotoxicity inhaled sevoflurane at a concentration of 1.5%; Group B, inhaled sevoflurane at a concentration

of 3%; and Group C (control group), inhaled only 100% oxygen. Treatments were applied for
30min a day for 7 consecutive days. The hippocampal volume, dendrite length, number of
neurons, and number of glial cells were evaluated in each group using stereological estimations.
Results: We identified a ~2% reduction in the volume of the hippocampus in Group A compared
to Group C. Mean hippocampal volume was ~11% smaller in Group B than it was in Group C.
However, these differences in hippocampal volume between the groups were not statistically
significant (p>0.05 for all). As for the number of neurons, we found significantly fewer neurons
in Group A (~29% less) and Group B (~43% less) than we did in Group C (p<0.05 for both).
The dendrite length was ~8% shorter in Group A and ~11% shorter in Group B than it was in
Group C.
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Introduction

Conclusions: Repeated exposure to sevoflurane, regardless of the concentration, reduced the
volume of the neonatal mouse hippocampus, as well as the number of neurons and dendrite
length.

© 2018 Sociedade Brasileira de Anestesiologia. Published by Elsevier Editora Ltda. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Efeitos da exposicdo repetida a diferentes concentracdes de sevoflurano sobre o
hipocampo de ratos neonatos

Resumo

Justificativa e objetivos: O cérebro em desenvolvimento é mais vulneravel ao risco ambien-
tal que o cérebro ja desenvolvido. Avaliamos os efeitos da exposicdo repetida a diferentes
concentracdes de sevoflurano sobre o hipocampo de ratos neonatos usando métodos estere-
ologicos.

Métodos: Dezoito ratos neonatos foram divididos aleatoriamente em trés grupos. O Grupo A
foi submetido a inalacdo de sevoflurano a uma concentracédo de 1,5%; o Grupo B foi submetido
a inalagao de sevoflurano a uma concentracao de 3%; o Grupo C (controle) foi submetido a
inalacdo de apenas oxigénio a 100%. Os tratamentos foram aplicados durante 30 minutos por
dia, durante sete dias consecutivos. Volume do hipocampo, comprimento do dendrito, nUmero
de neurdnios e nimero de células gliais foram avaliados em cada grupo usando estimativas
estereologicas.

Resultados: ldentificamos uma reducao de ~2% no volume do hipocampo no Grupo A em
comparacgao com o Grupo C. O volume médio do hipocampo foi ~11% menor no Grupo B que no
Grupo C. Entretanto, essas diferencas no volume do hipocampo entre os grupos nao foram esta-
tisticamente significativas (p>0,05 para todos). Quanto ao nimero de neurdnios, encontramos
um numero significativamente menor de neurdnios no Grupo A (~29% menos) e no Grupo B (~43%
menos) que no Grupo C (p<0,05 para ambos). O comprimento do dendrito foi ~8% menor no
Grupo A e ~1% menor no Grupo B que no Grupo C.

Conclusées: A exposicao repetida ao sevoflurano, independente da concentracdo, reduziu o
volume do hipocampo neonatal de camundongos, bem como o nimero de neur6nios e o com-
primento dos dendritos.

© 2018 Sociedade Brasileira de Anestesiologia. Publicado por Elsevier Editora Ltda. Este € um
artigo Open Access sob uma licenca CC BY-NC-ND (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

through a facemask in children, owing to its fast onset and
offset.’ The most important characteristic of sevoflurane,

Normal brain development depends on the appropriate
formation of neuronal synapses and on the proper flow
of information between neurons during the process of
synaptogenesis.” The Brain Growth Spurt (BGS) is a period
of extensive brain growth and maturation that occurs during
mammalian brain development. In humans, the BGS begins
during the last trimester of pregnancy and extends through-
out the first two years of life.? In rodents, the BGS occurs
during the neonatal period.® Research shows that neona-
tal exposure to xenobiotics during the BGS can negatively
affect neonatal brain development, resulting in impaired
cognitive function in the adult mouse.* However, the effects
of specific anesthetic agents, such as sevoflurane, on brain
development are still unclear.

Sevoflurane is a sweet-smelling, nonflammable, highly
fluorinated methyl isopropyl ether that is often used as
an inhalational anesthetic agent for inducing anesthesia

when compared with older anesthetics such as isoflurane
or halothane, is its lower blood solubility, which allows the
level of sevoflurane in the brain to increase faster during
anesthesia induction.®’ The Minimum Alveolar Concen-
tration (MAC) of sevoflurane, i.e., the concentration of
sevoflurane in the lungs that is needed to prevent move-
ment (motor response) in 50% of subjects in response to a
surgical (pain) stimulus, decreases as age increases, thus
higher MACs are required when administering sevoflurane
during the neonatal and childhood period.® Unfortunately,
the effects that repeated exposures to different sevoflurane
concentrations may have on the developing brain remain
unknown.

Therefore, the aim of the current study was to eval-
uate the effects that repeated exposures to different
concentrations of sevoflurane have on the neonatal mouse
hippocampus by using stereological estimations.
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Methods
Animals and brain preparation

Eighteen neonatal male mice were obtained from I.R. Iran
Pasteur Institute (Tehran, Iran). All experimental mice were
the product of mating between adult male and female mice
that were kept in an animal house under standard condi-
tions at a temperature of 22-24°C and on a 12 h light-dark
cycle with free access to food and water. After mating, the
pregnancy process was followed until delivery.

Forty-eight hours after birth, neonatal mice were placed
in plastic containers, which were connected to an anesthetic
machine with a pipe. The animals were randomly divided
into three groups, as follows: Group A, 6 male neonatal mice
(48 h old) inhaled sevoflurane at a concentration of 1.5% for
30 min a day for 7 consecutive days; Group B, 6 male neona-
tal mice (48 h old) inhaled sevoflurane at a concentration of
3% for 30 min a day for 7 consecutive days; and Group C (con-
trol group), 6 male neonatal mice (48 h old) inhaled 100%
oxygen for 30 min a day for 7 consecutive days. Twenty-four
hours after the last sevoflurane treatment, the mice were
decapitated and the brains were completely excised through
a midline incision in the skull. Then, the right hemispheres
were immersed in neutral buffered formalin. Afterwards,
the tissues were processed, embedded in paraffin, serially
coronally sectioned (26-pm thick), and stained using cresyl
violet (1% cresyl violet acetate in distilled water). Further,
the blocks of the left hemispheres were processed for the
Golgi impregnation procedure. Necrotic neurons were stud-
ied through hematoxylin and eosin staining.

Hippocampal volume determination using
stereology

The location of the hippocampus in various sections was
identified using the Paxinos Atlas. Cavalieri’s technique was
used to determine the volume of the hippocampus. First,
the tissue was serially sectioned. Next, 10 tissue sections
were selected at random. A projecting microscope (Nikon®,
Japan) at a final magnification of 100x and a point probe
were used to determine the hippocampal volume (in pm?).
The point probe had a grid of points, which was randomly
superimposed on the tissue sections in three regions (CA1,
CA2, and CA3), and the volume was estimated using the
following equation: V= Zp x (a/p) x d, where Tp is the num-
ber of points hitting the hippocampal volume, a/p is every
point surface, as calculated with the below equation and a
caliper on the microscope, and d is the distance between
the sampled sections a/p=(Ax x Ay)/M?.

In the above equation, Ax and Ay are the distances
between points on the x and y axes and M? is the square
of the microscope magnification.

Determination of the number of hippocampal
neurons

The Optical Dissector technique was used to determine the
number of cells in the hippocampus including the number of
neurons, glial cells, and degenerative neurons. A counting

frame specifically designed for cell counting was used. The
entire visual field of each section (25-pm thickness) was
evaluated with a microscope using a 40x objective lens
BX41TE; Olympus, Japan). According to the grid counting
method, the cells with their nuclei either inside the grid
or on the grid borderlines were counted, while those with
nuclei outside the grid lines were not counted. Then, the
numerical density of the various hippocampal cells was cal-
culated with the following equation: Nv = (ZLQ)/(h X
Sor.p x a/f), where 37 . Q is the sum of the counted cells,
ZLP is the sum of the points hitting the selection fields, h
is the height from which counting was done, and a/f is the
proportion of the frame area to real tissue.

Determination of the hippocampal neuron dendrite
length

Tissue sections (26-pm thick) that were stained using the
Golgi method were used to estimate the dendrite length
of hippocampal neurons. Some regions of the hippocampus
were projected on to the monitor using a microscope (E-
200; Nikon) equipped with an objective lens (40x numerical
aperture of 1.4). Then, the dendrite length was measured
using a cycloid grid, which was placed on the hippocampal
dendrites parallel to the vertical axis. To estimate the den-
drite length, all of the cross-sections between the dendrites’
axes and cycloids were measured, and then estimated using
the following equation: Ty=2x(a/l) x (1/asf) M~' I, where
a/l is the examination area along every cycloid, asf is an
area related to the cycloid grid, M is the magnification at
4000x, and X/ is the sum of the cross-sections between the
dendrites and cycloid grid.

Statistical analysis

The collected data were compared among the groups
by using non-parametric statistical tests such as the
Kruskal-Wallis and Mann-Whitney U tests, which were per-
formed with SPSS software. Differences were considered
significant at p < 0.05.

Results
Hippocampal volume

Our analyses revealed that the mean hippocampal volume
was ~2% smaller in Group A (inhaled 1.5% sevoflurane) and
11% smaller in Group B (inhaled 3% sevoflurane) than it was
in Group C (control group, inhaled oxygen) (Fig. 1). However,
the differences in hippocampal volume between the groups
were not statistically significant (p >0.05 for all).

Dendrite length

The analyses revealed that the dendrites were ~8% shorter
in Group A and ~11% shorter in Group B than they were in
Group C (Fig. 2). The differences between the groups were
not statistically significant (p>0.05 for all).
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Figure 1 Hippocampal volume distributions of the study

groups. Experimental Group A; neonatal mice whom inhaled
sevoflurane at a concentration of 1.5%. Experimental Group B;
neonatal mice whom inhaled sevoflurane at a concentration of
3% and Group C (control group), neonatal mice whom inhaled
100% oxygen. The figure shows the mean difference in hip-
pocampal volume. The mean hippocampal volume was smaller
in Group A and Group B compared to the control group (p > 0.05).
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Figure 2  Distributions of the hippocampal neuron dendrite

lengths in the study. Experimental Group A; neonatal mice
whom inhaled sevoflurane at a concentration of 1.5%. Exper-
imental Group B; neonatal mice whom inhaled sevoflurane at
a concentration of 3% and Group C (control group), neonatal
mice whom inhaled 100% oxygen. The figure shows the mean
difference in Neuron Dendrite Lengths in the study groups. The
analyses revealed that the dendrites were shorter in Group A
and Group B compared to Group C. The differences between
the groups were not statistically significant (p>0.05).

Neuron and glial cell counts

Compared to Group C, ~29% and ~43% fewer neurons were
found in Groups A and B, respectively, and these differences
were statistically significant (p<0.05 for both). However,
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Figure 3  Hippocampus neuron number distribution of the

study groups. Experimental Group A; neonatal mice whom
inhaled sevoflurane at a concentration of 1.5%. Experimental
Group B; neonatal mice whom inhaled sevoflurane at a concen-
tration of 3% and Group C (control group), neonatal mice whom
inhaled 100% oxygen. Fewer neurons were found in Groups A and
B and these differences were statistically significant (p <0.05).
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Figure 4 Hippocampus glial cell numbers of the study groups.

Experimental Group A; neonatal mice whom inhaled sevoflurane
at a concentration of 1.5%. Experimental Group B; neonatal
mice whom inhaled sevoflurane at a concentration of 3% and
Group C (control group), neonatal mice whom inhaled 100% oxy-
gen. As for the glial cell counts, our analyses demonstrated more
glial cells in Group A and in Group B compared to Group C. How-
ever, the differences between the groups were not statistically
significant (p>0.05).

the neuron counts of Groups A and B were not significantly
different (p>0.05) (Fig. 3).

As for the glial cell counts, our analyses demonstrated
~12% more glial cells in Group A and ~2% more glial cells
in Group B compared to Group C. However, the differ-
ences between the groups were not statistically significant
(p>0.05 for all) (Fig. 4).
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Discussion

The present study determined the effects that repeated
exposure to different concentrations of sevoflurane had on
the neonatal mouse hippocampus using stereological esti-
mations. The findings suggested that repeated exposure
to sevoflurane, regardless of the concentration, reduces
the hippocampal volume, number of neurons, and dendrite
lengths in neonatal mice. We also found that all of these
reductions were slightly worse when a higher concentration
of sevoflurane was used. Although the hippocampal volumes,
neuron counts, and dendrite lengths were not significantly
different between the two sevoflurane concentrations we
tested, the differences may be important clinically and
physiologically.

Many studies have discussed the short- and long-term
effects of volatile anesthetics on neurogenesis and neu-
rocognitive functions. Though various researchers have
suggested that sevoflurane may have detrimental effects
on the brain during childhood, discrepancies exist regarding
what exposure dose, duration, and timing may cause the
harmful effects.’"'> Previously, Zhou et al. studied the
effects of administering different sevoflurane doses on the
developing brain and showed that higher doses of sevoflu-
rane lead to histopathological changes and apoptosis in
the neonatal rat hippocampus, as well as temporal neu-
rocognitive deficits.'> Our data are consistent with these
previous findings, even though we used different sevoflurane
concentrations and different methods of evaluating the hip-
pocampal changes. In another study, Wang et al. found that
7-day-old rats exposed to 2.5% sevoflurane for 4h showed
significant spatial learning and memory impairments, as
determined with the Morris water maze test.’* Addition-
ally, Fang et al. found that multiple maternal sevoflurane
exposures inhibited neurogenesis in the developing brains
of mouse fetuses and revealed that this inhibition was regu-
lated via the Pax6 pathway. " In contrast, Chen et al. demon-
strated that exposure to a low concentration of sevoflurane
actually increases hippocampal neurogenesis in neonatal
rats.'®

Most of the abovementioned studies support that early
life exposure to sevoflurane can induce long-term neu-
rocognitive deficits, potentially through neuronal apoptosis.
However, a study by Lu et al. suggested that neuronal
apoptosis might not contribute to the long-term cogni-
tive dysfunction that is observed after exposure to 2%
sevoflurane, but rather that the sevoflurane-induced neu-
rodevelopmental effects may depend on various factors.'”

Here, we evaluated the sevoflurane-induced hippocam-
pal changes using stereological estimations. This approach
likely yielded more-accurate estimations of the hippocam-
pal volume, neuron and glial cell counts, and dendrite
lengths than those identified in previous reports.

From the clinical point of view, the most pronounced
effects of early-life stress has been shown to have effects on
the hippocampal anatomical structures which affect human
health in later life."® Previous studies have reported small
hippocampal volumes before the manifestation of clinical
symptoms of major depressive disorder.'® Hippocampal atro-
phy and its clinical correlates in subjects with Alzheimer’s
disease, mild cognitive impairment, and elderly controls
have also been reported which bolds out the importance of

the anatomical structure of hippocampus on manifestation
of various diseases.?’

Several limitations of our study should be noted. First, we
only examined the hippocampus. Thus, additional studies on
the changes that occur in response to sevoflurane in other
regions of the brain are needed. Especially, further studies
that focus on the possible short- and long-term effects of
early life exposure to sevoflurane on the development of the
motor and sensory systems should be performed. Second,
we only studied male neonatal mice to reduce the possi-
bility of sex-related biases in brain development. Hence,
studies that use both sexes are required to help clarify the
effects of sex on the sevoflurane-induced neuronal changes.
Finally, we did not investigate the mechanisms underlying
the sevoflurane-induced hippocampal changes we observed.
While the evidence acquired regarding the changes that
occur in developing animal models after sevoflurane expo-
sure is certainly undeniable, continued studies into the
mechanisms of anesthesia-induced apoptosis are essential.

Conclusion

Using stereological estimations, the present study revealed
that repeated exposure to sevoflurane, regardless of
concentration, induced reductions in the hippocampal vol-
ume, number of neurons, and dendrite lengths of neonatal
mice. Given that sevoflurane is used on a daily basis for
inducing and maintaining anesthesia in pediatric operating
rooms and given the increasing number of premature babies
undergoing a variety of surgeries, understanding the possible
effects that anesthesia and surgery may have on infants and
young children is essential for determining at what point the
risks outweigh the benefits and surgery should not be per-
formed. Our study provides data that adds to our knowledge
of the effects that anesthetic agents have on the developing
brain.
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