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As a gamma-aminobutyric acid type A receptor agonist sevoflurane
is a common general anesthetic used in anesthesia and affects the
neural development in offspring. We hypothesized that sevoflurane
could regulate interneurons via the neuregulin-1-epidermal growth
factor receptor-4 (NRG1–ErbB4) pathway in the entorhinal cortex
(ECT) of the middle pregnancy. Six female rats in middle pregnancy
(14.5 days of pregnancy) were randomly and equally divided into
sevoflurane (SeV) and control groups. The rats in the SeV group
were exposed to 4% sevoflurane for 3 hours. The expression levels of
NRG1 and ErbB4, parvalbumin (PV) and glutamic acid decarboxylase
(GAD67), and N-methyl-D-aspartate receptor subunit 2A (NR2A) and
subunit 2B (NR2B) in offspring were examined through immunohis-
tochemistry. The pyramidal neurons in the ECT were examined via
Golgi staining. The levels of NRG1 and ErbB4 were significantly de-
creased (P < 0.01) and the levels of PV and GAD67 (interneurons)
were found to be decreased in the SeV group (P < 0.01). The level
of NR2B was found to be increased while the level of NR2A being
decreased in the SeV group (P < 0.01). The development of pyra-
midal neurons was abnormal in the SeV group (P < 0.05). Conclu-
sively, prenatal sevoflurane exposure could lead to the disturbance
of the interneurons by activating the NRG1–ErbB4 pathway and sub-
sequently result in abnormal development of pyramidal neurons in
middle pregnancy. Prenatal sevoflurane exposure in middle preg-
nancy could be potentially harmful to the neural development of rat
offspring. This study may reveal a novel pathway in the influence
mechanism of sevoflurane on rat offspring.
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1. Introduction
About 0.75–2% of pregnant women need non-obstetric

surgery every year [1]. Middle pregnancy (namely, second
trimester) is considered to be a safe period for surgical anes-
thesia. With the development of fetal surgery and laparo-
scopic technology, an increasing number of pregnant women
undergo surgery under general anesthesia during middle
pregnancy [1]. However, recently, studies have shown that

middle pregnancy is a “busy period of neural development”
in which neurons proliferate, migrate, and differentiate [2].
Anesthetics commonly used in clinical practice have been
found to mainly affect two major neurotransmitter recep-
tors, N-methyl-D-aspartate (NMDA) receptors and gamma-
aminobutyric acid (GABA) receptors, during the develop-
ment of the central nervous system (CNS). Exposure to gen-
eral anesthetics before and after birth could affect brain devel-
opment. Awarning against prolonged and repeated exposure
to general anesthetics during pregnancy was proposed by the
American Food and Drug Administration. Sevoflurane, as
a GABA type A (GABAA) receptor agonist/enhancer [3] is
a common general anesthetic used in anesthesia for pregnant
women. Hence, prenatal sevoflurane exposure duringmiddle
pregnancy could affect the neural development of offspring.

As an excitatory transmitter in the early stage of neural
development, GABA is a key neurotransmitter in the devel-
opment of the brain that plays an important role in the pro-
liferation and migration of neurons [4, 5]. When neurons
migrate to the target cortex, the process of neuronal migra-
tion is terminated by contact of GABA receptor. With the
development of the brain, theGABAA receptor changes from
excitability to inhibition and depolarization to hyperpolariza-
tion [4, 5]. As a GABAA receptor agonist, sevoflurane could
play an important role in the proliferation and migration of
neurons.

The “vulnerability window” of neurotoxicity of general
anesthetics is mainly at the peak of brain nerve cell prolif-
eration, migration, or synaptic development (i.e., during the
middle or late stage of pregnancy) [2]. In middle pregnancy,
the fetus’ brain is extremely sensitive to changes in the en-
vironment. Middle pregnancy is a critical period for brain
nerve development (neuron proliferation, migration, and the
formation of neural connections), and most of these events
occur in middle pregnancy [6]. In addition to unavoidable
emergency operations in middle pregnancy, selective oper-
ations are also mostly carried out in this period. Prena-
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tal sevoflurane exposure in middle pregnancy may affect fe-
tal neural development and cause neural dysfunction in off-
spring.

Interneurons, locatedwith GABAA receptors, can control
and regulate the pyramidal neurons in the entorhinal cortex
(ECT). The layers II and III (LII and LIII) pyramidal neu-
rons of the ECT send out perforating fibers to transmit in-
formation to the hippocampus, and the hippocampus forms
memories by editing and storing information [7]. The hip-
pocampus is the key center of brain association, learning, and
memory. Thus, interference with interneurons may lead to
learning and memory dysfunction. However, previous re-
lated studies have been mainly focused on ultrastructural and
functional impairments of pyramidal neurons after sevoflu-
rane exposure [8–11]. Relatively little attention has been paid
to interneurons.

Neuregulin-1 (NRG1), amember of the epidermal growth
factor family, plays an important role in promoting the phos-
phorylation of epidermal growth factor receptor-4 (ErbB4)
[12, 13]. ErbB4 receptors have a variety of isomers, includ-
ing ErbB (1–4). ErbB4 is highly expressed in the brain and
has a strong affinity for NRG1. Most ErbB4 receptors are ex-
pressed on parvalbumin (PV) interneurons, which account
for 40% of interneurons [12–14]. The NRG1–ErbB4 path-
way can regulate and interact with the secretion function of
GABAA receptors [15]. The NRG1–ErbB4 pathway plays a
great role in the occurrence, migration, and synaptic plas-
ticity of neurons [16–18] by regulating the composition of
interneurons’ subunit and the activity of receptor [19–21].
Furthermore, alterations of the NRG1–ErbB4 pathway could
regulate key receptors connected to learning and memory
ability, such as NMDA receptors [22, 23]. Moreover, ex-
posure to general anesthetics can interfere with the key pro-
cesses of dendritic growth and the development of pyramidal
neurons [24]. Li et al. [25] found that disruption of NRG1–
ErbB4 signaling in the PV-positive interneurons caused cog-
nitive impairment in rats after exposure to isoflurane. Hence,
it is possible that sevoflurane can induce neural dysfunction
in offspring by regulating GABAA receptors in the PV in-
terneurons of the ECT through the NRG1–ErbB4 pathway.
Consequently, the influenced NRG1–ErbB4 pathway could
further regulate interneurons and pyramidal neurons and af-
fect the information transmission function of the ECT.

Herein, we hypothesize that sevoflurane could regulate in-
terneurons via the NRG1–ErbB4 pathway in the ECT of off-
spring during the middle pregnancy. Gestational day 14.5 in
pregnant rats is similar to middle pregnancy in humans [26].
In this study, pregnant mice were exposed to sevoflurane in
middle pregnancy. The status of the NRG1–ErbB4 pathway,
interneurons, NMDA receptors, and the dendrite morphol-
ogy of pyramidal neuronswere examined to test the hypothe-
sis. Discovering the mechanism of sevoflurane-induced neu-
rotoxicity is of great significance for guiding the standardized
clinical use of general anesthetics and research into toxicity
prevention and treatment.

2. Methods
2.1 Animals

Six adult female Sprague-Dawley (SD) rats, weighing
180–220 g, were raised with free diet and water intake in
polypropylene cages for 7 days. Then the female SD rats were
mated with male SD rats with sexual experience at 7:00 PM
after adaptive feeding. Vaginal smears were performed the
nextmorning and pregnancy day 0, G0, was defined by sperm
detection. The pregnant ratswere randomly divided into two
groups: a control group (control, n = 3) and a sevoflurane
group (SeV, n = 3). The six female SD rats were raised to
G14.5 (middle pregnancy).

2.2 Anesthesia

On pregnancy day 14.5, the rats allocated to sevoflurane
exposure were put inside a 30 cm× 20 cm× 120 cm box. A
mixture of oxygen and sevoflurane (2 L/minwith 4% sevoflu-
rane) was delivered through an inlet port connected to a va-
porizer, while a gas analyzer installed on a second port al-
lowed monitoring of anesthetic gas concentration. Pregnant
rats are more sensitive to sevoflurane and a minimum alve-
olar concentration (MAC) of 2.4% in healthy adult rats [27],
so the concentration of sevoflurane (3%) is equivalent to 1.3
MAC to maintain a surgical level of anesthesia. The rats in
the control group inhaled oxygen (2 L/min). However, lim-
ited to anesthesiamachine conditions that it is not completely
airtight, the inhalation concentration of sevoflurane should
be 4% in order to reach 1.8 MAC to maintain a surgical level
of anesthesia in the SeV group. The inhalation time is 3 hours
in the SeV group. During the procedure, the skin color of the
rats’ mouths, noses, limbs, and respiratory amplitudes and
frequencies were observed to avoid hypoxia respiratory de-
pression. After anesthesia, the rats were sent back to their
cages after the righting reflex was recovered. After sevoflu-
rane anesthetization, an arterial blood gas analysis was per-
formed to assess gas exchange and glycemic status in female
rats. The site of blood sampling was left heart artery. If there
was a significant derangement, e.g., severe hypoxemia, these
female rats were no longer involved in the follow-up experi-
ments. No female rats were excluded in the study. Then the
rat offspring were reared and delivered naturally.

2.3 Tissue section preparation

Three offspring were randomly selected from each group
with one offspring/dam. The ex vivo brain samples of the off-
spring rats were harvested at the day 30 of postpartum (P30)
for histology, immunostaining and Golgi staining. Rats in
both the control and SeV groups were executed and perfused
through the left ventricle with precooling saline followed by
4% paraformaldehyde in 0.01 M phosphate buffered saline
(PBS) pH 7.35. The brain tissue of the rats was taken and
post-fixed for 24 hours for paraffin and frozen sections.

To analyze the status of the NRG1–ErbB4 pathway in the
interneurons, the expression levels of NRG1 and ErbB4 in
LII and III of the ECT were examined via immunohisto-
chemistry. The NRG1–ErbB4 pathway plays an important
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role in the genesis, migration, differentiation, maturation,
and neurotransmitter synthesis of GABAergic interneurons.
We assumed that the number of GABAergic interneurons
the LII/LIII ECT of offspring in could be affected by alter-
ations of the NRG1–ErbB4 pathway. Therefore, we label
GABAergic interneurons with PV to represent PV interneu-
rons. We also used glutamic acid decarboxylase 67 (GAD67)
to label GABAergic interneuron (the key enzyme of GABA
neurotransmitter synthesis) positive cells to represent the to-
tal GABAergic interneurons in the LII/LIII ECT.The expres-
sion levels of PV and GAD67 in LII and LIII of the ECTwere
examined via immunohistochemistry. That is, Interneurons
were identified by immunoreactivity to PV and GAD67. To
investigate whether NRG1–ErbB4 pathway changes in off-
spring after prenatal sevoflurane exposure affect the forma-
tion of subunits during maturation, we detected NMDA re-
ceptor subunit 2A (NR2A) and NMDA receptor subunit 2B
(NR2B) by immunofluorescence. The expression levels of
NR2A and NR2B in LII and LIII of the ECT were examined
via immunohistochemistry to analyze the status of NMDA
receptors in the ECT. There is a fixed pattern of neurite
growth in the developing brain. We assumed that prenatal
sevoflurane exposure could affect the inherent growth pat-
tern of dendrites and dendritic spines in pyramidal neurons
through NRG1–ErbB4 alterations. Therefore, we used Golgi
silver staining to investigate the length of dendrites and the
number of branches and dendritic spines. Golgi staining was
performed to analyze the total dendrite length, number of
dendritic branches, spatial distribution of dendrites, and den-
sity of dendritic spines in the pyramidal neurons in the ECT.

2.4 Histology and immunohistochemistry
The coronal sections of the brain were deparaffinized, re-

hydrated, and immersed in 3% H2O2 at room temperature
for 30 min. Antigens were retrieved in a 0.01 mol/L citric
buffer (pH 6.0) at 97 ◦C for 15 min. The coronal sections
were cooled down for 1 h before being blocked by 10% bovine
serumalbumin (BSA) solution. Stainingwith diluted primary
antibodies was conducted at 4 ◦C overnight (for at least 18
h). The primary antibodies included rabbit anti rat NRG-1
(1:1000, Cat. No Ab191139, Abcam, Cambridge, UK), rab-
bit anti rat ErbB4 (1:250, Cat. No Sc-283, Santa Cruz, Dal-
las, Texas, USA), rabbit anti rat NR2A (1:1000, Cat. No cell
signaling technology, Massachusetts, USA), rabbit anti rat
NR2B (1:1000, Cat. No 06-600, Millipore, Massachusetts,
USA), mice anti rat PV (1:1000, Cat. No #2886709, Milli-
pore), and rat anti rat GAD67 (1:2500, Cat. No. MAB5406,
Millipore, Massachusetts, USA). After being washed by 0.1%
PBST for three times (5 min), the sections were stained with
diluted second antibodies at room temperature for 2 h and
kept in a dark place. After washed by 0.1% PBST for three
times (5 min), the sections were counterstained with hema-
toxylin, dehydrated with ethanol and mounted with cov-
erslips. Then the expression levels of NRG1, ErbB4, PV,
GAD67, NR2, A and NR2B were examined using a fluores-
cence microscope (Leica DM6000B, Germany). The results

were shown as positive cells/sections. In each rat, we ran-
domly select 5–6 coronal sections to count the cells to avoid
error resulting from the section status. The brain area sec-
tions (ECT) we selected for immunohistochemical section is
fixed. There is an inward concave angle under the area of the
ECT, which is used to locate the central cortex and reduce the
error. The size of the ECT in this part of the rat brain is rela-
tively fixed, so the randomly selected sections can be regarded
as roughly the same size which is comparable.

2.5 Golgi stain

150 µm-thick frozen brain sections were obtained from
control and SeV rats. Golgi–Cox staining was performed
using the FD Rapid Golgi stain kit (Cat. NO. PK401, FD
NeuroTechnologies, Inc. Columbia, USA) according to the
manufacturer’s protocols. Ten well-individualized pyrami-
dal neurons in LII and LIII of the ECT were randomly se-
lected from each rat. Sequential optical sections of 1392 ×
1040 pixels were taken at 1.5 µm intervals along the z-axis
(Leica, DMi8 + DFC7000J, Germany). The Imaris software
(BitPlane AG, Zurich, Switzerland) was used for tridimen-
sional reconstruction. The total dendrite length, number of
dendritic branches, and spatial distribution of dendrites in the
pyramidal neurons of the ECT were estimated using Sholl
analysis [28]. To measure the density of dendritic spines, a
straight dendrite was scanned on the z-axis using a 100 ×
objective microscope. A 40-µm long dendrite was randomly
intercepted with image J 1.46r (National institute of health,
Bethesda, Maryland, USA). The number of synaptic spines
was counted and the density of synaptic spines (spines/10
µm) was calculated. At least 10 terminal dendrites were se-
lected for each sample.

2.6 Statistical analysis

All the data was expressed as mean ± standard deviation.
JMP software version 16.0 (SAS Institute, Cary, NC, USA)
was used for statistical processing. All parameterswere tested
for normal distribution using the Kolmogorov-Smirnov test.
Two independent-sample t tests were conducted used to
compare the parameters differences between the control and
sevoflurane groups, including NRG1, ErbB4, PV, GAD67,
NR2B and NR2A. Dendrites were analyzed with Kruskal-
Wallis test (Sholl analysis) and SteelDwass post hoc test using
JMP software version 16.0 (SAS Institute, Cary, NC, USA)
[28]. It was considered that a difference was statistically sig-
nificantwhen P< 0.05. GraphPad Prism 5.0 (GraphPad Soft-
ware, SanDiego, CA, USA) software was used tomake draw-
ings.

3. Results
3.1 Prenatal sevoflurane exposure down regulates the level of
NRG1–ErbB4 in LII/LIII of the ECT in offspring

The results showed that the expression of NRG1 in the
SeV group was significantly lower than that in the control
group (control group: 9.94 ± 4.26, SeV group: 3.72 ± 2.08,
P < 0.01) (Fig. 1). The ErbB4 level in SeV group was also

Volume 20, Number 3, 2021 615



Fig. 1. Exposure of sevoflurane to maternal rats impaired the NRG1–ErbB4 signaling pathway in the LII/LIII entorhinal cortex of offspring.
Inverted fluorescence microscopy showed that the NRG1 and ErbB4 positive cells were stained with green fluorescence. The top picture shows the field of
vision under the 100× light microscope of the inverted fluorescence microscope. We used the inverted fluorescence microscope to scan the whole picture of
immunofluorescence staining of 100× rat brain slices. In the whole picture, the area in the white box is pyramidal neurons in the LII/LIII entorhinal cortex.
In the control (A and C) and sevoflurane (B and D) groups, A and B show the NRG1 positive cells in the LII/LIII entorhinal cortex of the P30 progeny. C
and D show the ErbB4 positive cells. The numbers were significantly decreased in the sevoflurane group compared to the control group (E and F). Note: The
symbol ‘**’ represented there was significant difference between groups under the significant level of 0.01.

significantly lower than that in the control group (control
group: 20.11± 12.67, SeV: 6.47± 3.41, P < 0.01) (Fig. 1).

3.2 Prenatal sevoflurane exposure reduces the number of
interneurons in the LII/LIII ECT of offspring

The results showed that the number of PV positive cells
in the SeV group was significantly lower than that in control
group (control group: 23.41± 1.01, SeV group: 7.41± 0.82,
P < 0.01) (Fig. 2). The number of GAD67 positive cells in
the SeV group decreased significantly (control group: 17.44
± 4.63, SeV group: 10.05± 3.17, P < 0.01) (Fig. 2).

3.3 Prenatal exposure to sevoflurane leads to the abnormal
expressions of NMDA receptor subunits in LII/LIII of the ECT of
offspring

The results were as follows (Fig. 3): compared to the
control group, the number of NR2A positive cells in the
SeV group was decreased (control group: 24.00 ± 10.83,
SeV group: 11.40 ± 10.10, P < 0.05) while the number
of NR2B positive cells was significantly increased (control
group: 15.61± 5.14, SeV group: 38.21± 8.50, P < 0.01).
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Fig. 2. The GABAergic interneurons of offspring in the LII/LIII entorhinal cortex were significantly reduced. PV and GAD67 positive cells were
stainedwith red fluorescence, so in the inverted fluorescencemicroscope at 20Xmagnification, these cells are indicated by red fluorescence. (A)The PVpositive
cells in the LII/LIII entorhinal cortex of the P30 offspring in the control group. (B) PV immunofluorescence (red) on a P30 offspring rat in the sevoflurane
group. (C) GAD67 immunofluorescence (red) on a P30 offspring rat in the control group. (D) GAD67 immunofluorescence (red) on a P30 offspring rat in the
sevoflurane group. (E) The numbers of PV cells were significantly decreased in the sevoflurane compared to the control group. (F) The numbers of GAD67
cells were significantly decreased in the sevoflurane group compared to the control group. Note: The symbol ‘**’ represented there was significant difference
between groups under the significant level of 0.01.

3.4 Prenatal sevoflurane exposure results in the abnormal
development of the dendrites of pyramidal neurons

The results showed that compared to that in the control
group, the number of dendritic spines of the pyramidal neu-
rons in LII/LIII of the ECT in the SeV groupwas significantly
increased (control group: 8.88 ± 1.83, SeV group: 11.86 ±
1.27, P < 0.01), the total length of dendrites in the SeV group
was significantly lower than that in the control group (con-
trol group: 3819.32 ± 614.99, SeV: 2978.45 ± 577.31, P <

0.01), and the number of dendrite branches in the SeV group
was significantly lower than that in control group (control
group: 38.24± 4.66, SeV group: 32.22± 6.88, P < 0.01) (see
Fig. 4). Sholl analysis showed that the spatial distribution of
dendrites was abnormal (P < 0.05, Fig. 4).

4. Discussion
We previously speculated that prenatal sevoflurane, as

an exogenous GABAA receptor agonist, down regulated the
NRG1–ErbB4 signaling pathway and that this change could
lead to the disturbance of interneurons and the abnormal de-
velopment of the dendrites of pyramidal neurons. The re-
sults of this study basically confirmed our hypothesis. This
could be helpful for the standardization of the clinical use of
sevoflurane and its toxicity prevention and treatment.

With the development of surgical technology and fetal
surgery, an increasing number of pregnant women need to
be exposed to general anesthetics. Sevoflurane mainly acts
as GABAA receptor agonist/enhancer and has sedative, anal-

gesic, and muscle relaxant effects. Bartolini et al. [29] found
that the inhalation of sevoflurane in 2MAC can inhibit uter-
ine muscle contraction in a dose-dependent manner. Thus,
based on its inhibition of uterine contraction, which can pre-
vent premature delivery, sevoflurane is the most widely used
inhalation anesthetic during pregnancy. Sevoflurane easily
impacts fetuses though the placenta [30]. Zheng et al. [9]
found thatwith the inhalation of 2.5% sevoflurane for 2 hours
and 4.1% sevoflurane for 6 hours, the offspring of pregnant
rat showed decreased learning andmemory ability, accompa-
nied by the release of inflammatory agents in the hippocam-
pus and abnormal synaptic development. In recent years,
a large number of studies have shown that sevoflurane it
neurotoxic to the developing brain, which can lead to in-
creased neuronal apoptosis, the inhibition of proliferation,
neuronal development disorders, and long-term neurobe-
havioral abnormalities [31, 32]. However, most of the au-
thors of these studies were focus on the hippocampus, which
is related to learning and memory, and mainly studies the ul-
trastructural and functional impairment of projection neu-
rons. Little attention has been paid to LII/LIII of the ECT,
which is the key area of hippocampal information input. In
LII/LIII of the ECT, interneurons, characterized as GABAer-
gic neurons, could be regulated by sevoflurane. Impacts on
the NRG1–ErbB4 pathway in interneurons may further reg-
ulate interneurons themselves and pyramidal neurons and af-
fect the information transmission functions of the ECT.
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Fig. 3. Maternal exposure of sevoflurane leads to impairedmaturation ofNMDAreceptors in offspring. NR2A andNR2B positive cells are indicated
by green fluorescence. (A) The NR2A positive cells in the LII/LIII entorhinal cortex of the P30 offspring in the control group. (B) NR2A immunofluorescence
(green) on a P30 offspring rat in the sevoflurane group. (C) NR2B immunofluorescence (green) on a P30 offspring rat in the control group. (D) NR2B
immunofluorescence (green) on a P30 offspring rat in the sevoflurane group. (E) The numbers of NR2A cells were significantly decreased in the sevoflurane
compared to the control group. (F) The numbers of NR2B cells were significantly increased in the sevoflurane compared to the control group. Note: The
symbol ‘**’ represented there was significant difference between groups under the significant level of 0.01.

In this study, we simulated clinical practice. The preg-
nant rats were anesthetized with 4% sevoflurane for 3 hours
at 14.5 days of gestation to reach a MAC of 1.8 (lower than
normal rats, considering that pregnant rats aremore sensitive
to sevoflurane), which was equivalent to that of most surgical
operations for pregnant females. We found that sevoflurane,
as an exogenous GABAA receptor agonist, could down reg-
ulate the NRG1–ErbB4 signaling pathway (Fig. 2). NRG1 is
highly expressed in mammalian embryos and decreases with
age. It involves many aspects of neural development, includ-
ing neuronal migration, survival, axon projection, myelin
sheath development, synaptic formation and the regulation
of neurotransmitter receptor expression [13, 16, 33–37]. Pre-
vious studies have revealed that the NRG1–ErbB4 pathway
is necessary for the generation and migration of intermedi-
ate neurons originating from themedial ganglionic eminence
(MGE) region [16, 38–40]. The impairment of the NRG1–
ErbB4 pathway can affect the migration of PV interneurons
from the MGE region. PV interneurons account for 40%
of interneurons, and there was a decrease of 30–50% of in-

terneurons in ErbB4 gene knockout rats. We administered
sevoflurane anesthesia duringmiddle pregnancy, which is the
critical period of the development of the generation and mi-
gration of the embryonic interneurons. In this period, the
MGE area produces PV interneurons, which migrate to the
edge of the cortex and subventricular area and then radially
to the target cortex [29]. Our results also showed that the
NRG1–ErbB4 pathway was down regulated along with a de-
crease in the number of interneurons. Therefore, the de-
crease in the number of interneurons in LII/LIII of the ECT
in the SeV group could have been due to the inhibition of the
formation of interneurons by the decreased NRG1–ErbB4
level. At the same time, the decreased NRG1–ErbB4 blocked
interneurons’ migration to LII/LIII of the ECT.

The NMDA receptor (NMDAR) is mainly composed of
two NR1 and two NR2 subunits. The distribution of NM-
DAR subunits (NR1, NR2, NR3) also changes with the pro-
cess of neurodevelopment. NR1 begins to increase after birth
until puberty and reaches a peak level in the third week af-
ter birth. NR2B and NR2D are the main subunits of NR2 in
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Fig. 4. Sevoflurane exposure disturbs the maturation of pyramidal neurons in the LII/LIII entorhinal cortex of offspring. Six P30 brains in each
group were processed for Golgi–Cox impregnation, and pyramidal neurons in the LII/LIII entorhinal cortex were studied in the control (examples in A) and
sevoflurane (examples in C) groups. The left panels (A and C) show two examples of Golgi-impregnated neurons. The total branch number and dendritic
length were significantly decreased in the sevoflurane group compared to the control group (E and F) (n = 24 neurons in each group). In addition, higher spine
density was observed in the sevoflurane group had than the control group (see B, D, and H) (n = 24 dendrites in each group). Sholl analysis showed that the
complexity of dendritic trees was lower in the sevoflurane group than the control group (G). Note: The symbol ‘*’ represented there was significant difference
between groups under the significant level of 0.05. The symbol ‘**’ represented there was significant difference between groups under the significant level of
0.01.

the embryonic stage. The expression of NR2 changes signif-
icantly in the two weeks after birth. NR2A begins to par-
tially replace NR2B until the brain matures. The develop-
ment of NMDAR subunits marks the transition from im-
mature to mature neurons and is closely related to the de-
velopment of learning and memory ability. In our experi-
ment, exposure to sevoflurane was found to decrease the ex-
pression of NR2A and increase the expression of NR2B in
offspring, which is consistent with the findings of previous
studies [31, 32]. NRG1–ErbB4 changes could increase the
phosphorylation of NR2B by Fyn and, thus, reduce the in-
ternalization of NR2B and delay the transition fromNR2B to
NR2A. NRG1–ErbB4 can regulate not only the release and

activity of GABAergic neurotransmitters but also the exci-
tatory synapses on inhibitory neurons (interneurons). The
intracellular segment of the ErbB4 protein contains post-
synaptic postsynaptic dens 95 (PSD-95)/DiscsLarge/zonula
occludens protein-1 (ZO1) (PDZ) domains, which are an-
chored to the postsynaptic membrane by interacting with
other proteins (such as PSD-95) that also contain PDZ [41–
43]. Thus, ErbB4 regulates the function of the NMDAR by
the connection of PDZ [41–43]. The NRG1–ErbB4 pathway
phosphorylates the phosphorylation site of NR2B through a
member of the Src family of Fyn (SRC/Fyn), which blocks
the internalization of NR2B by protein AP-2 [44, 45]. In this
way, the NRG1–ErbB4 pathway increases the expression of
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NR2B on the postsynaptic membrane [44, 45]. Thus, the de-
creasedNRG1–ErbB4 level results in increasedNR2B and de-
creased NR2A levels (Fig. 3). This alteration may lead to the
abnormal development of learning and memory ability.

Pyramidal neurons are responsible for information trans-
mission, and their function is very important. Therefore, it
has always been a research hotspot in the topic of the neu-
rotoxicity of general anesthetics during development. In-
terneurons play an important role in regulating pyramidal
neurons. We found that prenatal sevoflurane exposure in
middle pregnancy resulted in a significant increase in the
number of dendritic spines, a significant decrease in the to-
tal length of dendrites, and an abnormal spatial distribution
of dendrites in offspring (Fig. 4). There could be three pos-
sible mechanism behind the increased number of dendritic
spines. One explanation is that the decrease in the number
of interneurons leads to the weakening of their regulation of
pyramidal neurons, resulting in abnormal numbers of den-
dritic spines. The second explanation is that the change of the
NRG1–ErbB4 pathway could regulate the dendritic spines of
pyramidal neurons. Barros et al. [35] found that the num-
ber of pyramidal dendritic spines decreased after ErbB4 and
ErbB2 knockout in the nervous system. However, the num-
ber of pyramidal dendritic spines did not decrease in the ex-
periment of ErbB4 knockout by pyramidal cells [44, 46]. It
is suggested that ErbB2 may play a role of functional com-
pensation, and there is an over-compensation in the num-
ber of pyramidal dendritic spines [37, 47]. The third ex-
planation is that the NR2B subunit of NMDAR combines
with PSD-95 and calmodulin-dependent kinase II (CaMKII),
which activates a series of downstream signaling pathways
and leads to an increase in the number of dendritic spines
[48]. The NR2B/PSD95/kalirin-7 pathway is very impor-
tant in the development of neuronal dendritic spines. Re-
cent studies have shown that PSD-95, kalirin-7, and NR2B
form a complex with a postsynaptic membrane through the
PDZ domain. NR2B can activate kalirin-7, and then activate
Rac1, a downstreamRhoGTPase familymember [49]. In this
way, NR2B could dynamically regulate actin cytoskeleton re-
arrangement, promote the growth of dendritic spines, induce
the formation of spinous structures in neuronal bodies, and
cause the excessive formation of dendritic spines in pyramidal
neurons and interneurons [49]. The decrease of total length
and branches of dendrites in offspring may be explained by
the change of the NRG1–ErbB4 signaling pathway andNR2B
subunit, which mainly involve the growth and pruning of
dendrites [36, 37]. Further, the plasticity of dendritic spines
affects learning and memory function, especially the forma-
tion of long-term memory [50, 51].

The initial experimental hypothesis has been verified in
this study. However, to test the hypothesis, this study focused
on the study of the ECTwith a concentration on the memory
transfer station. Thus, this study did not involve an investi-
gation of the dentate gyrus area of the hippocampus, which
was directly projected by pyramidal neurons in the ECT. The

time (3 h) for sevoflurane exposure may be too long in ac-
tual clinical situation. However, despite the hard exploratory
work we’ve done, there is a few results we assumed except
for that sevoflurane exposed to fetal brain for at least 3 hours
or neonatal brains for more than 6 hours were neurotoxic.
These results suggested that the safe concentration and ex-
posure time in most clinical practice is safe.

5. Conclusions
Prenatal sevoflurane exposure in middle pregnancy could

lead to the disorder of the interneurons by activating the
GABAA receptor and its NRG1–ErbB4 pathway. In this way,
prenatal sevoflurane leads to the abnormal dendrite devel-
opment of the pyramidal neurons in the ECT of offspring
rats and, thus, may interfere with the process of information
transmission from the ECT to the hippocampus. This study
indicated a possible novel neurotoxic pathway in the influ-
ence of sevoflurane on ECT of rat offspring. In clinical prac-
tice, the concentration of sevoflurane is much lower than the
concentration in this study because of the addition of other
auxiliary drugs such as opioid sedatives. Secondly, because of
the advancement of surgical procedures, most non-obstetric
procedures during pregnancy do not require 3 hours. There-
fore, the current clinical use of sevoflurane is safe. How-
ever, prolonged exposure to high concentrations of sevoflu-
rane still needs to be alert to neurotoxicity.
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