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Abstract

Background Exposure to general anesthesia influences neuronal functions during brain development. Recently,
interneurons were found to be involved in developmental neurotoxicity by anesthetic exposure. But the underlying
mechanism and long-term consequences remain elusive.

Methods Pregnant mice received 2.5% sevoflurane for 6-h on gestational day 14.5. Pentylenetetrazole (PTZ)-induced
seizure, anxiety- and depression-like behavior tests were performed in 30- and 60-day-old male offspring. Cortical
interneurons were labeled using Rosa26-EYFP/-; Nkx2.1-Cre mice. Immunofluorescence and electrophysiology were
performed to determine the cortical interneuron properties. Q-PCR and in situ hybridization (ISH) were performed

for the potential mechanism, and the finding was further validated by in utero electroporation (IUE).

Results In this study, we found that maternal sevoflurane exposure increased epilepsy susceptibility by using pen-
tylenetetrazole (PTZ) induced-kindling models and enhanced anxiety- and depression-like behaviors in adolescent
offspring. After sevoflurane exposure, the highly ordered cortical interneuron migration was disrupted in the fetal
cortex. In addition, the resting membrane potentials of fast-spiking interneurons in the sevoflurane-treated group
were more hyperpolarized in adolescence accompanied by an increase in inhibitory synapses. Both g-PCR and ISH
indicated that CXCL12/CXCR4 signaling pathway downregulation might be a potential mechanism under sevoflurane
developmental neurotoxicity which was further confirmed by IUE and behavioral tests. Although the above effects
were obvious in adolescence, they did not persist into adulthood.

Conclusions Our findings demonstrate that maternal anesthesia impairs interneuron migration through the CXCL12/
CXCR4 signaling pathway, and influences the interneuron properties, leading to the increased epilepsy susceptibility
in adolescent offspring. Our study provides a novel perspective on the developmental neurotoxicity of the mechanis-
tic link between maternal use of general anesthesia and increased susceptibility to epilepsy.
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Background

Every year, approximately 0.75-2% of pregnant women
need non-obstetric surgery under general anesthesia to
treat various medical conditions, such as appendicitis,
cholecystitis, gynecological malignancy, or traumatic
injuries [1]. Middle pregnancy (namely, the second tri-
mester) is considered a safe period for surgical anesthe-
sia, but is also the crucial period for fetal neurogenesis.
Numerous studies have indicated a link between pro-
longed maternal exposure to anesthesia and neuronal
deficits in offspring, but the underlying mechanisms
remain elusive [2].

Fetal neurogenesis is exquisitely sensitive to environ-
mental toxins or chemicals, including general anesthet-
ics [3]. Studies in rodents have reported that maternal
anesthesia exposure inhibited the migration of pyrami-
dal neurons and caused behavioral deficits and cognitive
defects in young offspring [4—6]. Recently, interneurons
were also found to be involved in developmental neuro-
toxicity due to repeated propofol exposure, resulting in
motor learning impairment in adulthood [7]. However, to
date, few studies have directly focused on the influence
of anesthesia on interneuron development and its long-
term consequences.

In mice, cortical neurons consist of y-aminobutyric
acid (GABA)-ergic inhibitory interneurons (~20%) and
glutamatergic excitatory pyramidal neurons (~80%); the
former are the main source of inhibition in the neocor-
tex [8]. To maintain cortical function, a balance between
excitatory and inhibitory neurons is critical. Pyramidal
neurons are generated in the proliferative zones of the
dorsal telencephalon and radially migrate towards the
pial surface [9]. The majority of cortical interneurons
originate from the subcortical areas of the ventral telen-
cephalon and reach the cortex by moving along tangen-
tial paths, with a peak at embryonic day (E) 13.5-16.5
in rodents [10]. At the end of the tangential migration,
interneurons depart from the tangential migration paths,
commence radial migration, and settle in appropriate
cortical laminae [11]. During this process, interneurons
precisely integrate cell-intrinsic characteristics accord-
ing to input from local environmental cues to facilitate
appropriate migratory patterns [11]. The major source of
cortical interneurons is the medial ganglionic eminence
(MGE), which generates ~70% of all cortical interneu-
rons in rodents. MGE-derived interneurons include two
major classes: fast-spiking interneurons that express the
calcium buffer parvalbumin (PV) and non-fast-spiking

interneurons that express the neuropeptide somatostatin
(SST) [11].

Appropriate interneuron migration and distribution
are essential for the construction of functional neuronal
circuitry and the maintenance of excitatory/inhibitory
(E/I) balance in the brain [12]. Any disturbance of these
processes may lead to postnatal interneuron dysfunction
and E/I imbalance in neural circuits [12]. Moreover, accu-
mulating evidence shows that the loss or dysfunction of
GABAergic interneurons can promote epilepsy [13]. Fur-
thermore, interneuron-related therapies, such as grafting
MGE progenitor cells [14-16], recruitment of surviving
endogenous interneurons, and reprogramming reactive
glia into interneurons, reduce seizures in epilepsy models
(17, 18].

Recently, a large-scale retrospective study in adults
showed that general anesthesia might interfere with post-
operative epilepsy. After adjusting for confounding fac-
tors, they found a significant association between general
anesthesia and the one-year incidence of postoperative
epilepsy in individuals 20-39 years of age [19]. As the
development of neural circuits in the brain continues
until 20-25 years of age in humans [20], the increased
epilepsy susceptibility after general anesthesia may be
associated with impaired neural circuits. In addition,
in juvenile patients, epilepsy is always associated with
brain malformations during development [21]. Thus, it
is highly important to determine the effect of anesthesia
exposure during early neural development on epilepsy
susceptibility.

In this study, we assessed the effect of maternal sevoflu-
rane exposure on epilepsy susceptibility and anxiety- and
depression-like behaviors in offspring. We hypothesized
that sevoflurane, the most commonly used anesthetic in
pregnant women, would impair the migration of MGE-
derived interneurons in the embryonic cortex in mice
and increase epilepsy susceptibility and abnormal behav-
iors in adolescent offspring.

Methods

Animals

All experimental animals were kept in an animal facility
at Fudan University and all experiments were conducted
in accordance with guidelines approved by Fudan Univer-
sity. C57BL/6] wild-type mice were purchased from the
SLAC Laboratory, and their offspring underwent epilepsy
susceptibility assays and behavioral tests. Transgenic het-
erozygous Rosa26-EYFP/- mice and Nkx2.1-Cre/- mice
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on a C57BL/6] background were crossed to generate
Rosa26-EYFP/-; Nkx2.1-Cre/- mice for histological and
electrophysiological assays. Animals were housed in a
temperature-controlled (23°-24°C) room under a 12-h
light/dark period (8:00 A.M. light ON and 8:00 P.M.
light OFF). Water and standard mouse chow were avail-
able ad libitum. Male and female mice were mated in a
1:2 ratio. The day when a vaginal plug was detected was
considered E0.5. The female mice with vaginal plug were
single housed in a new cage.

Animal anesthesia

According to the minimum alveolar concentration
(MAC) of C57BL/6] mice determined in our previous
study [22], we utilized 2.5% sevoflurane (approximately
1.0 MAC) in this study. At E14.5, the pregnant mice were
randomly assigned to the control (Ctr) group, receiv-
ing 100% O, exposure, or the sevoflurane-treated (Sevo)
group, receiving exposure to 2.5% sevoflurane mixed
in 97.5% O, for 6 h. The mice in the Sevo group were
anesthetized inside a 20 X 30 X 20-cm box, lined with a
heating pad to prevent hypothermia. For the embryonic
experiments, embryonic brains were collected at the end
of O,/sevoflurane treatment. For the postnatal experi-
ments, mice were returned to their cages after recovering
from anesthesia.

Pentylenetetrazol (PTZ)-induced seizures

As previously described [23], we used the convulsant
agent PTZ (P6500, Sigma-Aldrich) to induce seizures in
postnatal day (P) 30 and P60 male offspring mice. The
mice that experienced prenatal O,/sevoflurane exposure
were intraperitoneally injected with 12.5 mg kg™ PTZ
every 10 min until generalized seizures occurred. After
injection, the mice were immediately returned to the
test cage to record seizure activity. PTZ-induced seizure
behaviors were scored on the Racine scale. The cumula-
tive doses and latencies to induce the first minimal and
tonic-clonic seizures (defined as head nodding with fore-
limb clonus and rearing with uncontrolled falling, respec-
tively) were determined for each mouse by analyzing the
video recording.

Mouse behavioral tests
The male offspring from the Ctr and Sevo groups were
tested at P30 and P60. For testing, the mice were trans-
ferred into the behavioral testing room at least 2 h before-
hand. Behavioral experiments were conducted between
9:00 and 18:00, during the light phase of the light/dark
cycle. The movements of the mice were tracked and
recorded with EthoVision XT 8.5 (Noldus).

The open field test (OFT) was performed in a box (40
X 40 x 40 cm). Male mice were placed individually in the
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center of the box at the start and allowed to move freely
for 10 min. The total distance traveled was determined
to assess general locomotor activity. The duration in and
number of visits to the center region during the 10 min
were recorded.

The elevated plus maze (EPM) test was conducted in
an elevated plus-maze that consisted of a central plat-
form (5 cm X 5 cm) with plus-shaped arms (30 cm X 5
cm), extending on either side of it; the enclosed arm was
equipped with 15-cm-high walls. The maze was elevated
to a height of 60 cm above the floor. At the start, mice
were individually placed on the central platform facing an
open arm of the maze. The time each mouse spent in the
open arms during the total 5-min period was calculated
and used to assess the anxiety-like behavior.

The tail suspension test (TST) was performed by
attaching the tail of a mouse to a wood rod with adhe-
sive tape, thus suspending the mouse 35 cm above the
ground. During the 5-min testing period, the duration of
immobility was recorded by a stopwatch.

Immunofluorescence

Embryonic brains were harvested by cesarean sections.
Postnatal mice were anesthetized with pentobarbital,
and then transcardially perfused with phosphate buffered
saline (PBS) followed by 4% paraformaldehyde (PFA). The
brains were fixed in 4% PFA overnight at 4°C. Then, the
brains were transferred to a PBS solution containing 30%
sucrose until they sank to the bottom of the tube; brains
were then embedded in an OCT compound (Sakura).
The embryonic and postnatal brains were coronally sec-
tioned into 14-pm and 30-pm thick slices, respectively.
After antigen recovery, cryosections were permeabilized
in 0.5% Triton X-100 in PBS for 1 h and then incubated
with blocking solution (0.3% Triton X-100 and 5% nor-
mal donkey serum in PBS) for 30 min at room tempera-
ture. Next, slices were incubated at 4°C overnight with
primary antibodies. After thoroughly washing with PBS,
slices were incubated in the dark for 2 h at room tem-
perature with secondary antibodies. DAPI staining was
performed before the slices were mounted. All the anti-
bodies are listed in Additional file 1: Table S1.

Image acquisition and analysis

At least three embryos or postnatal mice from different
mothers were used in each group. Images were acquired
by fluorescence microscopy (Nikon) or confocal micros-
copy (Nikon A1R) and then processed by NIS-Elements
AR and Image].

To analyze the quantity and distribution of yellow flu-
orescent protein-positive (YFP+) cells, the cortices of
embryonic and postnatal mice were imaged by fluores-
cence microscopy with a 10X objective and analyzed in
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200-pum and 800-pm sections, respectively; these sections
spanned from the marginal zone (MZ) to the ventricular
zone (VZ). The number of YFP+ cells in the brain of each
offspring mouse was manually counted across multiple
coronal sections and averaged within groups for calcula-
tion. The number of cells in each bin or layer was manu-
ally counted across multiple coronal sections in Image].

The orientations of the leading processes were quan-
titatively analyzed as previously described [24]. To ana-
lyze the rate and the direction of interneuron migration,
a line was drawn from the end of the leading process to
the soma, and the angle of the line was measured [medial
direction was defined as 0° (360°), ventral as 90°, lateral as
180°, dorsal as 270°].

The number of synapses around somas was measured
as previously described [25]. The neurons in cortical
layer (L) 5 were imaged by confocal microscopy with a
60x immersion objective. Each cell was imaged in suc-
cessive 1-um increments from the cell surface and then
projected across the Z-axis to obtain the maximum
intensity for analysis. All images were captured with the
same parameters. The numbers of presynaptic (Glutl+
and GAT1+) and postsynaptic (PSD95+ and Gephyrin+)
boutons within 2 um of the soma were manually counted
in Image]. The Glutl/GAT1 ratios were determined by
Image] in a 50-pm X 50-pum area.

Electrophysiological recording and analysis
Electrophysiological recording and analysis were con-
ducted according to previously described methods [26].
The brains of P30 Rosa26-EYFP/-; Nkx2.1-Cre mice
were prepared for acute brain sections. For electrophysi-
ological recording, a slice was transferred to a recording
chamber under constant perfusion with oxygenated arti-
ficial cerebral spinal fluid (ACSF) at a flow rate of 1.5-2
ml/min, with the temperature maintained at ~30°C by a
feedback inline heater (TC-324C; Warner Instruments)
during recording. Cortical interneurons were visual-
ized in slices using an IR-DIC microscopy, and identified
based on the YFP signal. L5 YFP+ cells were recorded
using the 700B amplifier; data were digitized at 10 kHz,
filtered at 4 kHz, and collected using pCLAMP software
(Molecular Devices).

To assess the properties of action potentials (APs), the
first neuronal spike induced by current injection was
detected and analyzed. The data within 100 ms of the
spike peak were used for phase plot analysis (membrane
potential Vm vs. dVm/dt). According to spike and phase
plot analysis, the following parameters were calculated:
spike threshold, spike amplitude, halfwidth, depolariz-
ing rate max, repolarizing rate max, spike rise time, and
decay time.
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Quantitative real-time polymerase chain reaction (q-PCR)
The total RNA was isolated, and ¢cDNA was synthe-
sized using a Hifairlll First-Strand c¢cDNA Synthesis
Kit (Yeasen). QuantStudio3 Real-Time PCR Systems
(Thermo Fisher Scientific) were used for q-PCR with
SYBR Green Master Mix (Yeasen). QuantStudio Design
& Analysis Software (Thermo Fisher Scientific) was used
for quantification, and the data were normalized to the
level of GAPDH mRNA. Each sample was measured in
triplicate, and the 2-8ACt method was used. CXCL12 and
CXCR4 primer pairs are reported in Additional file 1:
Table S1.

In situ hybridization (ISH)

ISH was performed according to a published proto-
col [27]. Embryonic brains at E14.5 were fixed with 4%
PFA overnight at 4°C and dehydrated with 30% sucrose
in diethylpyrocarbonate (DEPC)-treated PBS until they
sank. Then, the brains were embedded in an OCT com-
pound and sectioned at a thickness of 20 pm. Digoxi-
genin (DIG) -labeled RNA probes were constructed
by in vitro transcription using DIG RNA labeling mix
(11277073910, Roche). Sections were incubated with
probes at 65°C overnight. After washing with hybridi-
zation buffer, the sections were incubated with anti-
DIG-AP (11093274910, Roche) at 4°C overnight. The
AP activity was developed using NBT/BCIP substrates
(Roche, 11681451001). CXCL12 ISH probe primers are
reported in Additional file 1: Table S1.

In utero electroporation (IUE)

Plasmids of pPCAGEN-SBP-DICER1 (#50558) and pCAG-
RFP (#89687) were purchased from Addgene. Mouse
CXCL12 was amplified and cloned into the EcoRI/Xhol
sites of the p3xFLAG-CMT-14 vector. CXCL12 clone
primers are reported in Additional file 1: Table S1.

IUE was performed according to previously published
methods [27]. Pregnant mice at E13.5 were anesthetized
with isoflurane (3% isoflurane for induction and 2% iso-
flurane during surgery for maintenance). Mouse abdo-
mens were cleaned with 70% ethanol. A midline incision
was made, and the uterine horns were exposed. Desired
plasmids (0.1 mg/mL pCAG-RFP with or without 1.5—
2.0 mg/mL pCAGEN-CXCL12) diluted in 1 ul sterile
Tris-EDTA buffer (pH 7.4), which contained Fast Green
(Sigma-Aldrich), were injected into the lateral ventricle
of embryos with a glass micropipette. Five 50-ms pulses
of 33 V at 950-ms intervals were applied with a BTX elec-
troporation system (ECM830). After electroporation,
the uterine horns were returned inside the body, and the
incision was sutured to allow the embryos to continue
developing. The mouse dam was placed on a 37°C heated
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plate until recovery from the anesthesia. The entire surgi-
cal procedure was completed within 30 min. Embryonic
brains were used for further experiments at E14.5.

Statistical analysis

Animals were randomly assigned into treatment groups.
Sample size (1) was indicated in the figure legends. To
determine an appropriate number of animals, we esti-
mated sample size based on our previous works and
those commonly used in the field [6, 27]. All quantifi-
cations and analyses were performed by investigators
blinded to treatment conditions. GraphPad Prism 8 was
used for data analysis and graphical presentation. Nor-
mally distributed data were analyzed using Student’s ¢
tests (for two groups) or one-way ANOVAs (for more
than two groups). For simultaneous comparison of two
parameters between two and more groups, we used two-
way ANOVAs and Bonferroni’s post hoc tests. The cor-
responding statistical test is indicated in each figure. In
all cases, p < 0.05 was considered statistically significant.
Asterisks denote statistical significance (i.e., *p < 0.05;
*p < 0.01; and ***p < 0.001). All data are expressed as the
mean * standard error of the mean (SEM).

Results

Maternal sevoflurane exposure increases the epilepsy
susceptibility of adolescent offspring

To investigate the association between maternal sevo-
flurane exposure and the epilepsy susceptibility of oft-
spring, we used a well-established rodent model of
epilepsy, in which seizures are induced by the convul-
sant agent pentylenetetrazol (PTZ) [23]. Pregnant mice
at E14.5, corresponding to middle pregnancy in humans
[28], were randomly assigned to the control (Ctr) group
(O, exposure for 6 h) or the sevoflurane-treated (Sevo)
group (2.5% sevoflurane exposure for 6 h) (Fig. 1A). At
P30, equivalent to the adolescent stage in humans [28],
the total body weight had no difference between the Ctr
or Sevo group (Fig. 1B), and we did not detect any spon-
taneous seizure activity in offspring from both groups.
Subsequently, PTZ was administered to the offspring to
induce seizures (Fig. 1A). Seizure behaviors were scored
based on Racine’s scale (Fig. 1C, D).

We observed that the time to induce minimal seizures
including head nodding and forelimb clonus, was similar
in both the Ctr and Sevo groups (Fig. 1E), indicating that
prenatal sevoflurane exposure did not increase epilepsy
susceptibility under low-dose PTZ treatment. However,
the cumulative doses of PTZ and the latency to the onset
of generalized tonic-clonic seizures were significantly
lower in the Sevo group than in the Ctr group (Fig. 1F,
G), consistent with the significantly shortened interval
between minimal and tonic-clonic seizures (Fig. 1H).
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These results suggest that maternal sevoflurane exposure
increases epilepsy susceptibility in adolescent offspring.

Maternal sevoflurane exposure results in abnormal
behaviors in adolescent offspring

Anxiety and depression interacting with E/I imbalance
are often comorbid with epilepsy [29]. Therefore, the
open field test (OFT) and elevated plus-maze (EPM)
test were performed to assess anxiety-like behaviors,
and the tail suspension test (TST) was used to assess
depression-like behavior (Fig. 2A—C). In the OFT, the
mice in the Sevo group showed a shorter total distance
traveled (Fig. 2D), indicating a reduced activity relative to
the Ctr group. In addition, the central distance traveled,
the number of central visits, and the percentages of total
exploration time in the central zone also decreased in the
Sevo group (Fig. 2E-G), suggesting anxiety-like behav-
iors. In the EPM, impaired locomotor activity was also
found in the offspring of the Sevo group indicated by the
fewer arm entries compared to the Ctr group (Fig. 2H)
while without difference in terms of the ratio of open arm
entries to total arm entries and the duration in open arms
(Fig. 21, J). In the TST, the offspring in the Sevo group
exhibited a considerably longer duration of immobility
than those in the Ctr group (Fig. 2K). Hence, our results
suggested that maternal sevoflurane-induced anxiety-
and depression-like behaviors in adolescent offspring.

Maternal sevoflurane exposure impacts interneuron
migration in the embryonic cortex

Middle pregnancy is the peak of interneuron tangential
migration in both humans and rodents [11]. Aberrant
migration of inhibitory interneurons can disrupt the
inhibitory function and lead to epilepsy [12]. To inves-
tigate the effects of maternal sevoflurane exposure on
interneuron migration, we analyzed the migratory pat-
tern of cortical interneurons using the Rosa26-EYFP/-;
Nkx2.1-Cre mice line, which allowed permanent labeling
of MGE-derived interneurons in both embryonic and
postnatal stages (Fig. 3A).

At E14.5, most cortical interneurons migrate along
two principal routes: a superficial route across the MZ
and a deep route that largely overlaps with the sub-
ventricular zone (SVZ) (Fig. 3B). However, after the
maternal sevoflurane exposure, the migrating interneu-
rons did not show a clear preference for the SVZ route
but in a more dispersed manner in radial distribution
(Fig. 3C). Quantitative analysis of YFP+ cell showed
a lower percentage of interneurons in the SVZ and a
higher percentage in the ventricular zone (VZ) in the
Sevo group compare to the Ctr group. (Fig. 3D, E). The
total number of YFP+ cells was similar between the
two groups (Fig. 3F). We then analyzed the migratory
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direction of individual interneurons, which can be
determined by the orientation of the leading process
[24]. In the Sevo group, the leading process of migrat-
ing interneurons displayed aberrant orientation as
fewer cells oriented along the main migration path
compared to those in the Ctr group (Fig. 3G-I). Hence,
maternal sevoflurane exposure disturbed the tangential
migration of cortical interneurons.

To determine whether the effects of sevoflurane on
interneuron migration persisted, we analyzed the migra-
tory pattern of cortical interneurons 24 h after sevo-
flurane treatment (Fig. 3], K). However, at E15.5, the
abnormal radial distribution of cortical interneurons and
skewed leading process of YFP+ cells still remained in the
Sevo group 24 h after exposure termination (Fig. 3L-N).

Maternal sevoflurane exposure did not affect the postnatal
distribution of cortical interneurons

Interneuron migration in the rodent cortex continues
until the second postnatal week [11]. The embryonic
migration defects might affect their postnatal distribu-
tion. In mice, more than 30% of the cortical interneu-
rons generated embryonically undergo programmed
cell death between the end of the first and the second
postnatal week [11]. Therefore, we collected the brains
of Rosa26-EYFP/-; Nkx2.1-Cre offspring mice at P7,
P15 and P30 (Fig. 4A, C). We found that the quan-
tity and laminar distribution of cortical YFP+ cells
were similar between the Ctr and Sevo groups at all
the tested timepoints (Fig. 4D-F). To further explore
the effect of prenatal sevoflurane exposure on various
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Fig. 3 Maternal sevoflurane exposure impacts interneuron migration in the embryonic cortex. A Experimental protocols at E14.5. B Representative
images of sections from fetal brains in Ctr and Sevo groups. Scale bar: 100 um. C Representative images of E14.5 cortical columns. Cortical columns
were divided into 10 equal-sized bins, and the number of YFP+ cells were counted in each. Bin 1 and Bin 10 represent the basal and apical side

of the dorsal cortex respectively. MZ, marginal zone; CP, cortical plate; 1Z, intermediate zone; SVZ, subventricular zone; VZ, ventricular zone. Scale bar:
50 um. D and E Radial distribution of YFP+ cells in C. Ctr: 12 slices from 4 mice; Sevo: 15 slices from 5 mice. F Quantification of YFP+ cells in C. Ctr: 12
slices from 4 mice; Sevo: 15 slices from 5 mice. G Representative images of fetal dorsal cortex showing the orientations of YFP+ cells. Scale bar: 50
pm. H Quantification of the orientations of the leading processes into four quadrants. M, medial; V, ventral; L, lateral; D, dorsal. Ctr: 208 cells from 3
mice; Sevo: 243 cells from 3 mice. I The radar plots of the distribution of migrating directions assessed by the angle of the leading process. Angles
were grouped into 15° bins and relative percentages were plotted. Each circle represents 5%. Ctr: 208 cells from 3 mice; Sevo: 243 cells from 3
mice. J Experimental protocols at E15.5. K Representative images of E15.5 cortex. Scale bar: 100 um. L Quantification of YFP+ cells in K. Ctr: 9 slices
from 3 mice; Sevo: 9 slices from 3 mice. M Radial distribution of YFP+ cells in K. Ctr: 9 slices from 3 mice; Sevo: 9 slices from 3 mice. N Quantification
of the orientations of the leading processes into four quadrants. Ctr: 255 cells from 3 mice; Sevo: 193 cells from 3 mice. The data are represented

as mean + SEM. Two-tailed Student’s t-test was performed in F and L. Two-way ANOVA were performed in D, E, H, M, and N. *p < 0.05, **p < 0.01,
***p < 0.001, n.s. no significance
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cortical interneuron subtypes, we co-stained cortical
YEP+ cells with PV and SST, markers of the two largest
interneuron populations (Fig. 4B, C). The quantity and
laminar distribution of cortical PV+ and SST+ cells
showed no difference between the Ctr and Sevo groups
(Fig. 4G, H). These results suggested that maternal
sevoflurane exposure did not affect the postnatal distri-
bution of cortical interneurons in offspring.
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Maternal sevoflurane exposure alters local neural
microcircuitry in the cortex of adolescent offspring
Although no difference was detected in the distribution
of cortical interneurons between the Ctr and Sevo groups
in adolescent mice, the effects on the intrinsic proper-
ties of interneurons after maternal sevoflurane exposure
remain relatively unexplored. According to recent evi-
dence, deep cortical layers readily generate synchronized
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Fig. 4 Maternal sevoflurane exposure did not affect the postnatal distribution of cortical interneurons. A Experimental protocols. B Sample images
showing the co-expression of YFP+ neurons with PV and SST. PV, parvalbumin. SST, somatostatin. Scale bar: 10 um. C Representative images
showing the laminar distribution of YFP+ cells at P7,, and P30; PV+ and SST+ cells at P30. The crops were organized into 6 layers which could be
demarcated by DAPI. Scale bar: 200 um. D Quantity and percentages of YFP+ cells located in different layers at P7. E Quantity and percentages

of YFP+ cells located in different layers at P15. F Quantity and percentages of YFP+ cells located in different layers at P30. G-H Quantity

and percentages of PV+ and SST+ cells located in different layers at P30. Ctr: 18 slices from 3 mice; Sevo: 18 slices from 3 mice. The data were

represented as mean + SEM. Two-tailed Student’s t-test was used for quantity comparisons. Two-way ANOVA was used for analyzing the laminar
distribution
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epileptiform discharges that propagate into superficial
layers and the hippocampus [30]. We therefore analyzed
the intrinsic electrophysiological property of layer (L) 5
cortical fast-spiking interneurons, the largest subtype
of cortical interneurons that are essential for regulating
cortical network excitability and gamma oscillations [31]
(Fig. 5A). We found that the threshold, amplitude, and
half-width of action potentials (APs) and the input resist-
ance of fast-spiking interneurons were similar between
the Ctr and Sevo groups (Fig. 5B—E), indicating that the
electrophysiological properties of interneurons in the
Sevo group were as matured as it was in the Ctr group,
according to a previous description [32]. However, the
resting membrane potentials of interneurons in the Sevo
group were more hyperpolarized compared to those in
the Ctr group (Fig. 5F), which probably prevented fast-
spiking interneurons from discharging. Consistent with
the hyperpolarized resting membrane potential, fewer
artificially induced APs occurred in the interneurons of
the Sevo group than in those of the Ctr group (Fig. 5G).
Together, these data suggest that maternal sevoflurane
exposure impaired the intrinsic electrophysiological
properties of cortical fast-spiking interneurons in the
adolescent cortex.

Dysfunctional interneurons have been hypothesized
to disturb the network stability by influencing the E/I
balance of neural circuits [12]. In local neural microcir-
cuits, the E/I balance is indicated by the proportions of
excitatory and inhibitory synaptic connections [33]. The
structural and functional disturbance of the balance
between excitatory and inhibitory synapses is a common
pathophysiological feature of epilepsy and multiple sei-
zures [34]. We therefore examined the balance between
excitatory and inhibitory synapses by coimmunostain-
ing excitatory (NeuN+YFP—) and fast-spiking inhibitory
(PV+) neurons with a series of excitatory and inhibitory
pre- and postsynaptic markers, respectively (Fig. 5H—
K), according to the methods of a previous study [25].
The density of inhibitory synaptic boutons (GAT+/

(See figure on next page.)
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Gephyrin+) around the somas of excitatory neurons but
not around the somas of inhibitory interneurons signifi-
cantly increased in the deep cortical layers (Fig. 5L, N).
The density of excitatory boutons (Glutl+/PSD95+)
around the somas of excitatory and inhibitory neurons
was comparable between the two groups (Fig. 5M, O).
Furthermore, we co-immunostained with Glutl and
GAT1 to analyze the ratio of excitatory versus inhibitory
contacts in the cortex (Fig. 5P). A decrease in the E/I ratio
was found in the Sevo group compared to the Ctr group
(Fig. 5Q). These results suggest that maternal sevoflurane
exposure altered the E/I balance in local neural microcir-
cuits by increasing the number of inhibitory synapses.

The CXCL12/CXCR4 signaling pathway is involved

in sevoflurane-induced defects in interneuron migration
Based on the above results, we concluded that mater-
nal sevoflurane exposure disturbed interneuron tan-
gential migration, resulting in a series of defects in
adolescent mice. To investigate the underlying mecha-
nism, we explored a potential target that plays a piv-
otal role in orchestrating the organization of cortical
interneuron migration in the fetal brain.

In the cortex, C-X-C motif chemokine ligand-12
(CXCL12; also known as stromal cell-derived factor 1,
SDF1) is secreted by the meninges and intermediate pro-
genitor cells in the SVZ. It attracts CXCR4-expressing
interneurons, maintaining these interneurons in the MZ
and SVZ [35]. Previous studies have shown that reduced
expression of CXCL12 and its receptors may contribute
to disorganized tangential migration [36, 37]. Therefore,
we examined the mRNA expression of CXCL12/CXCR4
at E14.5 after maternal sevoflurane exposure by q-PCR
and ISH. The results showed that the CXCL12/CXCR4
signaling pathway was downregulated after anesthesia
exposure (Fig. 6A, B).

To further confirm the role of the CXCL12/CXCR4
signaling pathway in the effect of maternal sevoflurane
exposure, we electroporated a CXCL12 expression

Fig. 5 Maternal sevoflurane exposure alters local neural microcircuitry in the cortex of adolescent offspring. A Representative traces showing
voltage responses of fast-spiking interneurons in Ctr and Sevo groups to step current injections. Red traces indicate the first evoked AP. Ctr: 9

cells from 3 mice; Sevo: 6 cells from 3 mice. B-F Comparisons about the AP threshold (B), AP amplitude (C), AP half-width (D), input resistance (E),
and resting membrane potential (F) of fast-spiking interneurons. Ctr: 9 neurons from 3 mice; Sevo: 6 neurons from 3 mice. G Spike number change
of fast-spiking interneurons with different current injections. Ctr: 6 neurons from 3 mice; Sevo: 6 neurons from 3 mice. H-K The neurons in cortex
of P30 mice were co-immunostained with NeuN/GAT1 or NeuN/Gephyrin in (H); NeuN/Glut1 or NeuN/PSD95 in (I); PV/GAT1 or PV/Gephyrin in (J);
PV/Glut1 or PV/PSD95 in (K); The white dotted circle represented the region of interest for boutons count. Scale bars: 5 um. L—-O The differences
of excitatory/inhibitory synaptic boutons puncta around the cell soma of NeuN+YFP— (excitatory) (L, M) or PV+ (inhibitory) (N, O) neurons
between Ctr and Sevo group were analyzed. 7-19 cells from 3 mice per group in each condition. P Coronal slices of cortex were co-immunolabeled
with Glut1/GAT. Scale bar: 10 um. Q Synaptic puncta were calculated, and the ratio of the integrated density of excitatory and inhibitory puncta

in the cortex was shown. 5-7 slices from 3 mice per group. The data are represented as mean + SEM. Two-tailed Student’s t-test was performed

for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.00, n.s. no significance



Liang et al. BMC Medicine (2023) 21:510 Page 11 0f 18

801
Ctr Sevo ns.
= s
S 4
£ E 60
2 2 0-
Qo
< £
g S S 204
o
3 o <
2 <
100 ms -80 0-
Ctr Sevo Ctr  Sevo
D .. E .. ns. F G 40- o
~ -e- Ctr
n n.s. c ° o %
£ £ 300 S~ 20 % 307 o Sevo *
1.0 o > <
< - o Q£ [9)
s £ E= 40 5 204
H 3 200 g s é
o« c
S 05 g 2g -60 5
o + 100 %8 Z 104
< 2 e -80 *x
-100: T T T 1
Ctr  Sevo Ctr  Sevo -50 0 50 100 150
Current injection (pA)

PV GAT1 PV Gephyrin

PV Glut1 PV PSD95

NeuN GAT1 NeuN Gephyrin NeuN Glut1 NeuN PSD95

0.8

Fekk *

% n.s
% 5.
2 13
3 £
s 3
©
E 04 g
8 k<)
ﬂl. g
@ £
>+- (3
2
-4 <)
H S
2 z

bt
2

0.6

0.8

o
o
I
'S

4
o

o
w

0.2

o
N
o
N
o
oS

&
£
=
©
e
<
©
£
]
)
+
>
a

No. of inhibitory boutons/ r
IPV+ soma area (pm?)

No. of inhibitory boutons

1]
c
S
]
5
o
2
2
S
]
P
S
X
1)
P
)
S
z

=4
o
NeuN+YFP- soma area (pm?)
o
IS

I
°
I
o

GAT1 Gephyrin Glut1 PSD95 GAT1 Gephyrin Glut1 PSD95

P Glut1 GATA Q
Ctr Sevo

Excitatory / inhibitory ratio
N

Ctr  Sevo

Fig. 5 (Seelegend on previous page.)

vector labeled by RFP into the lateral neocortical ven- 1 day (at E14.5) by immunofluorescence (Additional
tricular zone at E13.5 (Fig. 6C; Additional file 2: Fig. file 2: Fig. S1B). The overexpression of CXCL12 in the
S1A). We verified the overexpression of CXCL12 after Sevo + OE CXCLI12 group attenuated the elevated
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Fig. 6 The CXCL12/CXCR4 signaling pathway is involved in sevoflurane-induced defects in interneuron migration. A Q-PCR analysis. Ctr: n=3; Sevo:
n=3. B Representative ISH images. Scale bar: 200 um. C Experimental protocols for overexpressing CXCL12 in the embryonic cortex by conducting
IUE at E13.5. D Representative images of sections from E14.5 embryonic brains in the Ctr group, Sevo group, CXCL12+RFP Sevo group (offspring
hemispheres electroporated with CXCL12 and RFP at E13.5 and exposed to sevoflurane at E14.5), and RFP Sevo group (offspring hemispheres
electroporated with RFP without CXCL12 at E13.5 and exposed to sevoflurane at £14.5). Scale bar: 50 um. E Radial distribution of YFP+ cells. F
Quantification of leading process orientation into four quadrants. M, medial; V, ventral; L, lateral; D, dorsal. Ctr: 129 cells from 3 mice; Sevo: 118

cells from 3 mice; CXCL12+RFP Sevo: 154 cells from 3 mice; RFP Sevo: 134 cells from 3 mice. The data are represented as mean + SEM. Two-tailed
Student’s t-test (A) and one-way ANOVA (E, F) were performed for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001

proportion of cortical interneurons in VZ and abnor-  Overexpression of CXCL12 rescues the increased epilepsy
mal migratory orientation induced by sevoflurane susceptibility and ameliorates abnormal behaviors in Sevo
exposure (Fig. 6D-F). These data show that maternal group

sevoflurane exposure impairs interneuron migration Next, we examined whether overexpression of CXCL12
through the CXCL12/CXCR4 signaling pathway. could rescue the increased epilepsy susceptibility and
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ameliorate abnormal behaviors in adolescent offspring test, overexpression of CXCL12 prolonged the latency
(Fig. 7A, B). The total body weight had no difference  and increased cumulative doses of PTZ to induce tonic-
between groups (Fig. 7C). In the epilepsy susceptibility  clonic seizures (Fig. 7D-G), rescuing the increased
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Fig. 7 The overexpression of CXCL12 rescues the increased epilepsy susceptibility and ameliorates abnormal behaviors in adolescent offspring.

A Experimental design. B Quantification of total body weight in the four groups. C Representative images showing the expression of RFP

in the cortex which indicated the electroporation. Scale bar: 250 um. D Comparisons about the latency to induce minimal seizures. E Comparisons
about the cumulative doses required to induce the 1st tonic-clonic seizures. Ctr+RFP vs Sevo+RFP: p=0.0697. F Comparisons about the latency
required to induce the st tonic-clonic seizures. Ctr+RFP vs Sevo+RFP: p=0.0413. G Comparisons about the intervals between minimal

and tonic-clonic seizures. Ctr+RFP vs Sevo+RFP: p=0.0430. H The representative traces in the OFT within 10 min and the representative traces

in the EPM in 5 min. I-L Comparisons about the total distance traveled (I), the central distance traveled (J), the number of central visits (K),

and the percentage of central time (L). Ctr+RFP vs Sevo+RFP: p=0.0153, 0.0118, 0.0413, and 0.0463, respectively. M-O Comparisons about the total
number of arm entries (M), the ratio of open/total arm entries (N), and the ratio of the duration in open arm/total time (O). No significance
between the groups. P The immobile time in the TST. Ctr+RFP vs Sevo+RFP: p=0.0316. Ctr + RFP: n=13, Ctr + OE CXCL12: n=12, Sevo + RFP: n=12,
Sevo + OE CXCL12: n=12.The data are represented as mean + SEM. One-way ANOVA was performed for statistical analysis. *p < 0.05
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epilepsy susceptibility caused by prenatal sevoflurane
exposure. In the OFT, the mice in Sevo + OE CXCL12
group showed a longer total distance traveled, more cen-
tral visits, longer central distance traveled and duration
time compared to the offspring in the Sevo + RFP group
(Fig. 7H-L), ameliorating anxiety-like behaviors. While
in the EPM test, we did not find the difference between
the groups (Fig. 7H, M-0). In the TST, overexpression
of CXCL12 reversed the extended duration of immobil-
ity (Fig. 7P), ameliorating depression-like behavior. Taken
together, overexpression of CXCL12 can rescue the
increased epilepsy susceptibility and ameliorate abnor-
mal behaviors in Sevo group offspring mice.

Sevoflurane-induced defects in adolescence are temporary
rather than long-lasting

It has been reported that some features of interneu-
rons such as synaptic connections undergo reversible
changes in the adult brain to mediate the adaptation to
the environment [11]. Hence, we examined whether the
increased epilepsy susceptibility and behavioral altera-
tions during adolescence would persist into adulthood
(Additional file 3: Fig. S2A). At P60, equivalent to adult-
hood in humans [28], the performance of Sevo group
mice was similar to those in the Ctr group in the epilepsy
susceptibility assay and behavioral tests (Additional file 3:
Fig. S2B—M). In addition, the density and proportion of
inhibitory synapses in the deep cortical layer were also
comparable between the two groups (Additional file 3:
Fig. S2N-Q). Taken together, these results suggested that
the defects observed in adolescence were temporary.

Discussion

Our study demonstrated that maternal sevoflurane
exposure increased epilepsy susceptibility and induced
anxiety- and depression-like behaviors in offspring
during adolescence but not in adulthood. Maternal
sevoflurane exposure impaired the migration of MGE-
derived interneurons during the peak of neurogenesis
in embryonic brains and changed their postnatal elec-
trophysiological properties. Furthermore, the CXCL12/
CXCR4 signaling pathway played an important role in
the migration defects of interneurons which may con-
tribute to the increased epilepsy susceptibility in ado-
lescent offspring. Taken together, our findings show
that exposure to maternal anesthesia induced deficits
in interneuron development and long-term neuronal
dysfunction.

We reported the increased epilepsy susceptibility in
adolescent offspring by maternal sevoflurane exposure
during middle pregnancy for the first time (Fig. 1). Until
now, a direct link between epilepsy susceptibility and
anesthetic exposure during brain development has not
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been explored. In this study, adolescent mice with pre-
natal sevoflurane exposure did not exhibit spontaneous
seizure activity, but they had a higher seizure susceptibil-
ity indicated by a lower threshold of tonic-clonic seizures
induced by PTZ (Fig. 1D-H). This finding is of great
clinical importance and highlights that the drugs with
seizure-inducing side effects should be administered with
caution to children and adolescents who experienced
prenatal anesthesia exposure. For example, the incidence
of attention-deficit hyperactivity disorder (ADHD) is
approximately 3-5% in children worldwide [38]. Meth-
ylphenidate is the first-line medication for ~90% of
children with ADHD [39, 40]. However, a large popula-
tion-based observational study reported that the inci-
dence of seizures in children with ADHD was higher in
the period immediately after the start of methylphenidate
treatment [41]. Thus, our results suggest that medica-
tion such as methylphenidate should be used with great
caution in children with ADHD and a history of prenatal
anesthesia exposure.

Additionally, we found that the offspring under pre-
natal sevoflurane exposure displayed anxiety- and
depression-like behaviors at the adolescent stage (Fig. 2).
Sevoflurane exposure has been reported to induce anxi-
ety- and depression-like behaviors through different
mechanisms including activating microglia, interfering
with metabolism pathway and disrupting E/I balance
in the neural network [42—44]. Our study confirms that
maternal sevoflurane exposure increases the seizure sus-
ceptibility as well as induces abnormal behaviors in ado-
lescent offspring.

A higher risk of epilepsy is strongly associated with
the dysfunction or loss of cortical interneurons [13].
Our results showed that maternal sevoflurane exposure
induced defective migration of MGE-derived interneu-
rons in the embryonic cortex at the peak of neuro-
genesis (Fig. 3). Neuronal migration is one of the key
components of brain development; it commences in the
prenatal period and continues into postnatal develop-
ment. Disruption to neural migration is strongly associ-
ated with brain dysfunction [10]. Our data showed that
the orientations of the leading processes of interneurons
were skewed under sevoflurane (Fig. 3G-I), resulting in
deviation of migration from the SVZ path (Fig. 3C-E).
Thus, we provide the evidence that GABAergic inhibitory
interneurons in the fetal cortex are affected by maternal
anesthesia exposure.

Nevertheless, in our study, maternal sevoflurane
exposure did not alter the final distribution of corti-
cal interneurons (Fig. 4). Previous studies have reported
mixed results on this topic. In mice, maternal exposure to
4% sevoflurane for 3 h at E14.5 significantly decreased the
number of interneurons, especially PV+ interneurons,
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in the offspring L2/3 entorhinal cortex at P30 [45]. In
contrast, exposure to 3.0% sevoflurane resulted in a sig-
nificant increase in PV + interneurons in the medial pre-
frontal cortex at P15, P30, and P60 [44]. Thus, differences
in anesthetic concentrations and observed brain regions
might explain the discrepancies in the results. In basic
research, emerging evidence has indicated that high con-
centrations of sevoflurane anesthesia inhibited prolifera-
tion and induced neuronal apoptosis in vivo and in vitro
[46, 47]. Additionally, in clinical situations, inhaling high
concentrations of sevoflurane causes circulatory changes
in the mother and directly affects the blood supply and
health of the fetus [48]. Therefore, we used 2.5% sevoflu-
rane, the MAC of sevoflurane for rodents [22], with our
pregnant mice, to avoid the extreme disadvantages found
with high concentrations of sevoflurane.

After the cell death period, the number of interneurons
is maintained throughout life, and functional integration
continues up to 3—4 weeks postnatally in rodents, paral-
leled by substantial alterations in the signaling properties
of the cells [49]. Here, we showed that prenatal sevoflurane
exposure induced a hyperpolarized resting membrane
potential as well as fewer evoked APs in fast-spiking
interneurons in the adolescent offspring cortex (Fig. 5E, G).
The loss or dysfunction of interneurons has been reported
to induce the formation of synapses, which is likely a
compensatory response that maintains the E/I balance of
neural circuits but may also contribute to network desta-
bilization [50, 51]. In our study, we observed an increase
in inhibitory synapses after maternal sevoflurane exposure
(Fig. 5H, L, B, Q). Therefore, alterations of the intrinsic
electrophysiological properties and local neural micro-
circuitry induced by prenatal sevoflurane exposure might
serve as the electrophysiological and histological basis of
network destabilization, leading to increased epilepsy sus-
ceptibility and abnormal behaviors in adolescence.

Several secreted guidance factors that direct interneu-
rons along their migratory paths have been identified,
including CXCL12 [11]. In the central nervous system,
CXCL12 binds to its receptor CXCR4 and activates a
series of downstream signaling pathways, such as the
Wnt/B-catenin, PI3/Akt, and JAK/STAT pathways, to
regulate neurogenesis, including neural migration [52].
We confirmed that the CXCL12/CXCR4 signaling path-
way was downregulated in the fetal cortex of mice in
the Sevo group with q-PCR and ISH (Fig. 6A, B). Previ-
ous studies have demonstrated that the loss of CXCL12/
CXCR4 resulted in deviations of migrating interneurons
from their tangential trajectory and premature inva-
sion of the cortical plate from the SVZ [36, 37], con-
sistent with our results. In addition, SDV1a, a CXCL12
analog chemically created by Lee et al., elicited extensive
and persistent human neural stem cell migration and
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distribution without inducing host inflammation or other
adverse effects [53]. In our study, we utilized IUE to over-
express CXCL12, which was able to reverse the disturbed
migration induced by sevoflurane exposure (Fig. 6D-F).
More importantly, the overexpression of CXCL12 miti-
gates the increased epilepsy susceptibility and abnormal
behaviors in adolescent offspring (Fig. 7). Therefore, our
research illustrates a new molecular pathway underly-
ing the disturbed fetal neurogenesis induced by maternal
anesthetic exposure.

Notably, the increased epilepsy susceptibility, abnor-
mal behaviors, and alterations of cortical microcircuitry
induced by maternal sevoflurane exposure were observed
in adolescence but not in adulthood in the offspring
(Additional file 3: Fig. S2). Adolescence is a time of physi-
ological and psychosocial change and is a sensitive period
for the development of higher-order cognition due to
enhanced plasticity of cortical circuits. In offspring, the
overproduction of synapses during postnatal develop-
ment contributes to enhanced plasticity by providing
an excess of synapses that are then pruned during early
adolescence [54]. This evidence partially explains our
observations of normal synapse arrangements in adult-
hood. Additionally, these differences might indicate the
possibility of a self-recovery mechanism. Further study
is needed to elucidate the mechanisms underlying this
recovery and identify potential treatments for certain
neurodevelopment disorders.

The neurotoxicity caused by anesthetic exposure is
primarily dependent on the concentration of the anes-
thetic and the duration of exposure. In our study, prena-
tal 2.5% sevoflurane exposure for 6 h increased epilepsy
susceptibility and induced abnormal behaviors in ado-
lescent mice with intact terminal quantity and distribu-
tion of interneurons. Previous studies reveal that under
higher concentration or multiple exposure, sevoflurane
influences the quantity and distribution of interneurons
and damages brain functions in offspring mice, which
could even last to adulthood [44, 55]. As to the mater-
nal exposure, different trimesters might show different
effects. In our study, the sevoflurane exposure was con-
ducted in the second trimester. It has been reported that
maternal anesthesia during the first and third trimesters
also altered brain structure but in different ways with
increased risks of adverse pregnancy such as spontane-
ous abortion and lower birth weight [56, 57].

Although in this study we focused on cortical interneu-
rons, hippocampus, and striatal GABAergic interneu-
rons are also likely to be affected by maternal sevoflurane
exposure since they also undergo migration at E14.5 [11].
A disruption of these neuronal populations could impact
the maturation of GABAergic interneurons and hamper
their functional integration into cortical circuits, thus



Liang et al. BMC Medicine (2023) 21:510

compounding the overall effect of sevoflurane on the
development of GABAergic interneurons.

Conclusions

We demonstrated that maternal sevoflurane exposure
at the peak of neurogenesis in offspring increased epi-
lepsy susceptibility and induced anxiety- and depression-
like behaviors in adolescence. These findings emphasize
the need for caution when prescribing drugs with sei-
zure-inducing side effects to children with a history of
maternal anesthesia exposure, such as the use of meth-
ylphenidate to treat children with ADHD. In addition,
we identified and verified CXCL12/CXCR4 as a targeted
signaling pathway through which sevoflurane disrupts
the migration of interneurons and impaired the long-
term neuronal functions.
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