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Abstract Sevoflurane induces developmental neurotoxic-
ity in mice; however, the underlying mechanisms remain
unclear. Triggering receptor expressed on myeloid cells
2 (TREM2) is essential for microglia-mediated synaptic
refinement during the early stages of brain development. We
explored the effects of TREM2 on dendritic spine pruning
during sevoflurane-induced developmental neurotoxicity in
mice. Mice were anaesthetized with sevoflurane on postna-
tal days 6, 8, and 10. Behavioral performance was assessed
using the open field test and Morris water maze test. Genetic
knockdown of TREM?2 and overexpression of TREM2 by
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stereotaxic injection were used for mechanistic experiments.
Western blotting, immunofluorescence, electron microscopy,
three-dimensional reconstruction, Golgi staining, and whole-
cell patch-clamp recordings were performed. Sevoflurane
exposures upregulated the protein expression of TREM2,
increased microglia-mediated pruning of dendritic spines,
and reduced synaptic multiplicity and excitability of CA1
neurons. TREM?2 genetic knockdown significantly decreased
dendritic spine pruning, and partially aggravated neuronal
morphological abnormalities and cognitive impairments in
sevoflurane-treated mice. In contrast, TREM2 overexpres-
sion enhanced microglia-mediated pruning of dendritic
spines and rescued neuronal morphological abnormalities
and cognitive dysfunction. TREM?2 exerts a protective role
against neurocognitive impairments in mice after neonatal
exposures to sevoflurane by enhancing microglia-mediated
pruning of dendritic spines in CA1 neurons. This provides a
potential therapeutic target in the prevention of sevoflurane-
induced developmental neurotoxicity.

Keywords CAl neurons - Dendritic spines -
Developmental neurotoxicity - Microglia - Sevoflurane -
TREM2

Introduction

Multiple anaesthetic exposures in early life induce abnormal
central nervous system development and neurobehavioral
impairment, also known as anaesthetic-induced develop-
mental neurotoxicity (AIDN) [1]. The possibility of neu-
rodevelopmental disorders in paediatric anaesthesia has led
to increasing concerns [2-5]. However, the neurobiological
mechanisms underlying AIDN remain unclear.
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«Fig. 1 Neonatal sevoflurane exposures upregulated TREM?2 expres-
sion, activated microglia, and increased microglial engulfment of
dendritic spines in mice hippocampus. A Schematic of experimen-
tal design. B Representative bands of TREM2 protein expression in
the control and sevoflurane mice of both sexes. C Quantification of
TREM?2 protein expression (male: n = 6; female: n = 4; P = 0.909
for male vs female). D Immunofluorescence staining of colocalization
of TREM2 with microglial marker Ibal and Sholl analysis of micro-
glia morphology in the control and sevoflurane groups. E-H Quan-
tification of TREM?2 intensity, number of microglia, soma size, and
the ending radius of microglia in the 2 groups (n = 6). I Representa-
tive images and 3D surface rendering of Ibal* microglia (green) con-
taining PSD95" puncta (red) in the control and sevoflurane groups.
J Quantification of PSD95* puncta in microglia in the 2 groups (n
= 6). K Electron micrograph of microglia in the control and sevoflu-
rane groups. Asterisks denote the nucleus and the cytoplasm is pseu-
docolored green. Arrowheads designate engulfed dendritic spine ele-
ments. L Quantification of dendritic spine inclusions in microglia in
the 2 groups (n = 6). Data are mean + SD. Unpaired #-test; “P < 0.05,
P < 0.01, P < 0.001. PND, postnatal day; OFT, open field test;
MWM, Morris water maze; WB, western blot; sEPSC, spontaneous
excitatory postsynaptic current.

Postnatal synaptogenesis is a highly dynamic process
regulated by concurrent synapse formation and elimina-
tion. Studies have suggested that neonatal anaesthetic expo-
sures impaired dendritic growth and synaptogenesis [6, 7].
Microglial cells are the resident immune cells of the brain.
Microglia-mediated synaptic pruning is a complex process
that regulates synapse formation, supernumerary synapse
elimination, and appropriate synapse connections [8, 9].
Triggering receptor expressed on myeloid cell 2 (TREM?2),
a microglial innate immune receptor, is essential for micro-
glia-mediated synaptic refinement, microglial activation, and
elimination of defective synapses in the hippocampus [10].

Sevoflurane is the most widely used anaesthetic for pae-
diatric anaesthesia. In our previous study, snRNA-seq data
illustrated the upregulation of TREM?2 expression in the
mouse hippocampus after early-life sevoflurane exposures,
and microglia remained in a state related to synaptic pruning
[11]. Based on these findings, we hypothesized that TREM?2
plays a crucial role in the pathophysiology of AIDN. We
designed this experimental study to investigate the regula-
tory effect of TREM?2 on microglial pruning of dendritic
spines in the mouse hippocampus after multiple neonatal
exposures to sevoflurane.

Materials and Methods
Mice

The animal experiments were approved by the Institutional
Animal Care and Use Committee of Soochow University,
China (protocol number: 202105A0320). C57BL/6J and
heterozygous Trem2 knockout (KO) mice (Trem2”*) were
purchased from Jiangsu GemPharmatech Co. Ltd. (Trem2

Cas9-KO, stock number: T0O03754). The line was maintained
by successive backcrossing of heterozygotes. Both female
and male mice were used in this study. All mice were housed
under controlled conditions (5 mice per cage, 12-h light/dark
cycle, 22-26 °C, and 40%-50% humidity), with free access
to standard chow and water.

Anaesthesia, Randomisation, and Blinding

The offspring mice were randomly allocated to the sevo-
flurane or control groups by online simple randomisation
(https://www.randomizer.org/) and concealment using
opaque sealed envelopes. The animal model was described
previously (details available in the Supplemental file) [11].
For harvesting tissue samples, mice were anaesthetized
using ketamine (100 mg/kg) and xylazine (20 mg/kg) and
euthanized by cervical dislocation [12]. The research inves-
tigators who performed the following experiments and sta-
tistical analyses were blinded to the allocation.

Stereotaxic Injection of Lentiviruses

Recombinant lentiviruses (LV-TREM?2) and lentiviral vectors
(LV-con) were synthesized by BrainVTA (Wuhan, China).
On postnatal day (PND) 14, the mice were anaesthetized
and fixed on a stereotactic frame. Lentiviral particles were
injected into the CA1 region of each hemisphere (bregma
coordinates: 1.7 mm anteroposterior, 1.2 mm mediolateral,
and 1.5 mm dorsoventral). Three weeks later, the protein
expression of TREM2 in the hippocampus was measured
by western blotting.

Behavioral Studies

Behavioral tests were conducted on PND 30-36 (Fig. 1A).
On PND 30, the open field test (OFT) was used to assess
general behavioral performance and anxiety responses. The
Morris water maze (MWM) test was used to evaluate spatial
learning and memory on PND 31-36. The details of OFT
and MWM are available in the Supplemental file.

Western Blotting

Total protein from the hippocampus was isolated using tissue
lysis buffer, separated by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis, and transferred to polyvinylidene
fluoride membranes. The membranes were incubated with
primary antibodies, followed by incubation with peroxidase-
conjugated secondary antibodies (details available in the
Supplemental file). Protein bands were visualized using an
enhanced chemiluminescence detection solution, and densi-
tometric quantification was performed using the ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA).
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Fig. 2 Neonatal sevoflurane exposures impaired morphology and
excitability of hippocampal CAl pyramidal neurons. A Representa-
tive Golgi staining images of CA1 pyramidal neurons and dendritic
spines in the control and sevoflurane groups. B Four distinct types of
dendritic spines based on measurements of spine length (base to tip)
and width (at the widest point). C-E The density of total, mushroom,
and filopodia spines in the control and sevoflurane groups (n = 60).
F-G Number of intersections and total branch length of dendrites
in the 2 groups (n = 10). H Number of intersections along the den-

Immunofluorescence
Brain samples were dissected, post-fixed overnight in 4%

paraformaldehyde at 4 °C, and transferred to 30% sucrose
for 72 h. After embedding the brain tissues with the optimal

@ Springer

drites at all distances from the soma of CA1 neurons in the 2 groups
(n = 10; F = 12.194, P = 0.030). I Representative traces of SEPSCs
of whole-cell patch-clamp recordings from CA1l pyramidal neurons
in the control and sevoflurane groups. J-K Quantification of sEPSCs
amplitude and frequency in the control and sevoflurane groups (n =
8). Data are mean + SD. Unpaired r-test or two-way repeated-meas-
ure analysis of variance; P <0.05 P <001, 7P < 0.001. SEPSC,
spontaneous excitatory postsynaptic current.

cutting temperature compound (Sakura Finetek, Torrance,
CA, USA), 30mm tissue sections were prepared using a
Leica cryostat (Leica, Wetzlar, Germany). Subsequently, the
sections were incubated with primary and secondary anti-
bodies (details available in Supplemental file). Sections were



L. Deng et al.: TREM2 in Sevoflurane-Induced Developmental Neurotoxicity

counterstained and mounted in Vectashield antifade mount-
ing medium with 4',6-diamidino-2-phenylindole (DAPT)
(Vector Laboratories, Burlingame, CA, USA). Fluorescent
images were captured using a confocal microscope (Zeiss,
Oberkochen, Germany) and analyzed using ImageJ.

Microglial Engulfment

Microglial engulfment was analyzed using IMARIS software
(Bitplane, Ziirich, Switzerland). First, the three-dimensional
surface of the microglia was reconstructed. Next, PSD95%
puncta were reconstructed using the IMARIS “‘Spots’” func-
tion. We used the IMARIS MATLAB-based (MathWorks)
plugin “‘Split into Surface Objects’’ to assess the number of
PSD95* puncta entirely within the microglial surface.

Electron Microscopy

Hippocampal sections were selected for electron micros-
copy. The CAl area was cut into 2mmX2mm pieces. Sec-
tions were fixed with a mixture of 2% paraformaldehyde,
2.5% glutaraldehyde, and 2 mM CaCl, in 0.1 M cacodylate
buffer (pH 7.4) for 4 h. The specimens were dehydrated in
a 30% and 50% acetone series, followed by overnight dehy-
dration with 70% acetone-saturated uranium acetate. The
specimens were further dehydrated using a graded series of
ethanol at resolutions of 89, 90, and 100%. Next, the sec-
tions were embedded in Durcupan water-soluble resin (Head
Biotechnology, Beijing, China) between ACLAR embed-
ding films (Head Biotechnology) for 72 h at 55 °C. The
sections were imaged using an electron microscope (Hitachi,
Tokyo, Japan). Under electron microscopy, the characteris-
tics of microglia included their size (3—6 pm), electron-dense
cytoplasm, and bean-shaped nuclei with pockets of compact
heterochromatin nets [13]. Filamentous or thread-like actin
filaments and the only organelle of smooth endoplasmic
reticulum were the hallmark features for identifying den-
dritic spines [14].

Golgi Staining

Brain samples were treated according to the instructions of
the Golgi Stain™ Kit (FD Neuro Technologies, Columbia,
MD, USA). Coronal sections (100 pm in thickness) includ-
ing hippocampal structures were prepared using a freezing
microtome (Leica). Golgi-stained images were captured
using a microscope (Olympus, Tokyo, Japan) and compos-
ited through the extended depth of field function. The Image
J software and relevant plugins (http://www.imagescience.
org/meijering/software/neuronj/; http://fiji.sc/Sholl_Analy
sis) were used for image processing and morphological anal-
yses. Spine densities were analyzed by counting the number

of spines along 10-60 pm segments on the secondary apical
dendritic branches in the CA1 region and 50-100 pm seg-
ments on the secondary branches in the DG region.

Electrophysiology

Brain samples were quickly removed and placed in artifi-
cial cerebrospinal fluid containing 95% oxygen and 5% car-
bon dioxide. Coronal sections (400 pm in thickness) of the
hippocampus were prepared using a vibration microtome
(VY1200S, Leica). The slices were incubated in NMDG
ACSF (saturated with 95%0,/5%CO, to provide a stable
pH and continuous oxygenation) at 37 °C for 30 min at room
temperature for 1 h. Brain slices were then transferred to
the recording tank. The recording electrode was filled with
artificial cerebrospinal fluid and the resistance was main-
tained at 3—6 mV. The recording electrode was placed on
the stratum radiata of CA1. Small excitatory postsynaptic
potential (SEPSP) amplitudes and frequencies were recorded
for 4 min.

Statistical Analysis

All statistical analyses were performed using SPSS version
21.0 (IBM, Armonk, NY, USA). The normal distribution of
data was checked using the Shapiro—Wilk test. Data are pre-
sented as mean =+ standard deviation (SD) and were analyzed
using unpaired ¢-test, one-way ANOVA followed by Tukey’s
post hoc test, or two-way repeated-measure ANOVA fol-
lowed by Bonferroni’s post hoc test. There were no missing
data and no data were excluded from the statistical analyses.
Between-group differences were considered statistically sig-
nificant if the two-sided P < 0.05.

Results

Activation of TREM2 and Microglia-Mediated Synaptic
Pruning in the Mouse Hippocampus after Multiple
Neonatal Exposures to Sevoflurane

A schematic diagram of the experimental procedure is
shown in Fig. 1A. Our previous hippocampal snRNA-seq
data revealed that sevoflurane increased the expression of
TREM? in microglia. Western blotting confirmed that sevo-
flurane exposure, when compared with the control, upregu-
lated hippocampal TREM2 protein expression on PND 37 in
both male and female mice (Fig. 1B, C), without significant
sex-related difference.

Our previous snRNA-seq data showed that micro-
glia remained in a state associated with synaptic pruning
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following sevoflurane exposure. Hence, we investigated
microglia-mediated synaptic pruning in the CA1 region (a
crucial brain area for learning and memory) using immu-
nofluorescent staining for TREM2 and Ibal (Fig. 1D). The
results showed that sevoflurane upregulated the expression
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of TREM2 (Fig. 1E), without affecting the number of micro-
glia (Fig. 1F). Moreover, sevoflurane induced microglial
activation in the CAl region as the soma became larger
(Fig. 1G) and the ending radius of the process was shortened
(Fig. 1H). We also found that Ibal was co-localized with the
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«Fig. 3 Genetic knockdown of TREM?2 inhibited sevoflurane-induced
microglia activation and engulfment of dendritic spines in mice hip-
pocampus. A Schematic for TREM2 knock-out. B Electrophoretic
bands of TREM2 gene expression in wild-type (507 bp only; mice
1, 4, and 6), homozygous knock-out (529 bp only; mice 5, 8, and 9),
heterozygous knock-out (Trem2”+) mice (both 529 and 507 bp; mice
3 and 7). C Representative bands of TREM2 protein expression in
the hippocampus of wild-type and Trem2”* mice with or without
sevoflurane treatment on PND 37. D Quantification of TREM2 pro-
tein expression among the 4 groups (n = 4). E Immunofluorescence
staining of colocalization of TREM?2 with microglial marker Ibal and
Sholl analysis of microglia morphology in the 4 groups. F-H Quan-
tification of number of microglia, soma size, and the ending radius
of microglial processes in the 4 groups (n = 6). I Representative
images and 3D surface rendering of Ibal™ microglia (green) contain-
ing PSD95" puncta (red) in the 4 groups. J Quantification of PSD95%
puncta in microglia in the 4 groups (n = 6). Data are mean + SD.
One-way analysis of variance followed by Tukey post hoc test. “P <
0.05, P < 0.01, P < 0.001.

microglia-restricted marker TMEM119 (Fig. S1A, B), and
TREM?2 was almost exclusively expressed on TMEM119*
microglial cells (Fig. S1C).

Immunofluorescence and three-dimensional reconstruc-
tion results showed that immunoreactive puncta of postsyn-
aptic density 95 (PSD95), a marker of postsynaptic compo-
nents, colocalized with Ibal-labeled microglial processes in
the hippocampus (Fig. 1I). Quantification revealed a signifi-
cantly higher number of PSD95 puncta in the sevoflurane-
treated group (Fig. 1J). Electron micrographs identified the
microglia (Fig. 1K), showing that the sevoflurane group con-
tained an increased number of phagosomes with dendritic
spines per cell (Fig. 1L).

Abnormal Morphology and Excitability of CA1
Pyramidal Neurons after Sevoflurane Exposures

To determine whether sevoflurane exposure affected the
morphology of CA1 neurons, we evaluated the dendritic
spines on the secondary apical dendritic branches in
the CAl region by Golgi staining on PND 37 (Fig. 2A).
Among the 4 types of dendritic spines, mushroom spines
were the most stable, whereas filopodia spines were the
most motile (Fig. 2B). Sevoflurane did not change the total
spine density of CA1 neurons (Fig. 2C); however, it sig-
nificantly decreased the mushroom spine density (Fig. 2D)
and increased the filopodia spine density (Fig. 2E) on api-
cal dendrites.

Golgi staining also revealed that sevoflurane reduced
the number of intersections (Fig. 2F) and the total branch
length in the dendritic tree of CA1 neurons (Fig. 2G).
Sholl analysis showed significantly reduced dendritic
branching at all distances from the soma in the sevoflurane
group (Fig. 2H). To further assess the changes in synap-
tic multiplicity after sevoflurane exposure, we measured

SEPSCs in CA1 neurons on PND 37 (Fig. 2I). The results
show that sevoflurane led to a significant decrease in the
amplitude (Fig. 2J) and frequency of sEPSCs (Fig. 2K).

Next, we analyzed the dendritic spines of CAl neu-
rons and TREM2 protein expression on PNDs 10-25 to
explore the effects of sevoflurane in the early phase. The
sevoflurane group showed significant increases in densities
and a decrease in mushroom spine density on both PND
10 (Fig. S2A-D) and 20 (Fig. S2E-H). Western blotting
revealed that the protein expression of TREM?2 increased
from PND 20 (Fig. S2I, J), indicating that the upregulation
of TREM2 occurred later than the morphological changes
in dendritic spines.

The hippocampal dentate gyrus (DG) is involved in
learning and memory. Thus, we measured the microglia
and neurons in the DG region in the control and sevoflu-
rane groups. No between-group differences were detected
in TREM?2 expression, number of microglia, soma size,
or ending radius of the process (Fig. S3A-E). The two
groups had similar characteristics of dendritic spines in
DG neurons (Fig. S3F-I). No differences were observed
in the intersections, total dendritic length, or Sholl results
between the two groups (Fig. S3J-L).

Decreased Microglia-Mediated Engulfment of Dendritic
Spines in the CA1 Region by Downregulation
of TREM2 Expression

To investigate the role of TREM?2 in sevoflurane expo-
sures, we used Trem2 heterozygous KO (Trem2”*) mice
and control littermates (Fig. 3A, B). Compared with wild-
type (Wt) mice, hippocampal TREM?2 protein expression
was downregulated in Trem2”* mice before and after sevo-
flurane exposure (Fig. 3C, D).

We found that downregulation of TREM2 expression
did not change the number of microglia in Trem2”* mice
(Fig. 3E, F) but reduced microglial activation after sevo-
flurane exposure (Fig. 3G, H). Measurement of engulfment
capacity also revealed that microglia in the CA1 region of
Trem2”* mice displayed significantly reduced engulfment
of PSD95 compared to that in Wt mice after sevoflurane
exposure (Fig. 31, J).

Deterioration of Morphological Abnormalities
in the CA1 Neurons and Cognitive Impairment
by Downregulation of TREM2 Expression

Golgi staining indicated no differences in the density
of different types of dendritic spines, number of inter-
sections, total dendritic length, and dendritic branches
between the Trem2”* and Wt mice (Fig. 4A-G).
However, sevoflurane exposures led to significant
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«Fig. 4 TREM2 knockdown aggravated sevoflurane-induced morpho-
logical abnormalities of hippocampal CAl pyramidal neurons and
exacerbated cognitive impairment. A Representative Golgi staining
images of CA1 pyramidal neurons and dendritic spines in the wild-
type and Trem2”* mice with or without sevoflurane treatment. B-D
The density of total, mushroom, and filopodia spines in the 4 groups
(n = 60). E-F Number of intersections and total branch length of
dendrites in the 4 groups (n = 10). G Number of intersections along
the dendrites at all distances from the soma of CAl neurons in the
4 groups (n = 10, F = 6.416, P = 0.010). H Representative traces
of sSEPSCs of whole-cell patch-clamp recordings from CA1 neurons
in the 4 groups. I-J Quantification of SEPSCs amplitude and fre-
quency in the 4 groups (n = 8). K Representative moving traces of
the 4 groups on the testing stage of MWM. (L) Escape latency of the
4 groups in the 5 days on the training stage of MWM (n = 12, F =
32.22 P < 0.001). M-O Time spent in the fourth quadrant, platform-
crossing times, and swimming speed of the 4 groups on the testing
stage of MWM (n = 12). Data are mean + SD. One-way analysis of
variance followed by Tukey post hoc test, or two-way repeated-meas-
ure analysis of variance followed by Bonferroni post hoc test. “P <
0.05, P < 0.01, ""P < 0.001. MWM, Morris water maze; SEPSC,
spontaneous excitatory postsynaptic current.

morphological changes in the CA1 neurons of Trem2”*
mice. The Sev+Trem2”* group displayed fewer mush-
room dendritic spines (Fig. 4C) and more filopodia den-
dritic spines (Fig. 4D) than those in the Sev+Wt group.
However, between-group differences were not found in
the number of intersections (Fig. 4E) and the total den-
dritic length (Fig. 4F). The degree of dendrite branching
at all distances from the soma was similar between Wt
and Trem2”* mice before and after sevoflurane exposure
(Fig. 4G).

Whole-cell patch-clamp recordings revealed that
Trem2”* mice showed no differences in the amplitude
and frequency of sEPSCs (Fig. 4H-J) compared with
Wt mice. The Sev+Trem2”* group had reduced ampli-
tude (Fig. 41) and frequency (Fig. 4)) compared with the
Trem2”* group. There were no significant differences
between the Sev+Wt and Sev+Trem2”* groups.

Mice were tested using the OFT on PND 30 (Fig.
S4A-E), showing comparable velocity in the entire arena,
frequency in the central region, and duration and mov-
ing distance in the central region among all four groups.
These results suggested that the performance changes in
the MWM were not a result of reduced locomotor abil-
ity or anxiety. The MWM test was performed on PND
31-36 (Fig. 4K). Compared with the Wt group, the escape
latency of the Sev+Wt group was markedly increased
(Fig. 4L), and the time spent in the fourth quadrant
(Fig. 4M) and platform crossing times (Fig. 4N) were
significantly reduced. The Trem2”* and Wt mice per-
formed similarly in the MWM test. Compared with the
Sev+Wt group, the escape latency did not change in the
Sev+Trem2”* group (Fig. 4L), but the platform crossing
times were significantly decreased in the Sev+Trem2”*

group (Fig. 4N). There were no significant differences in
swimming speed among the four groups (Fig. 40).

Increased Microglia-Mediated Engulfment of Dendritic
Spines in the CA1 Region by TREM2 Overexpression

To confirm the role of TREM?2, mice were locally injected
with LV-TREM2 or LV-con into the CA1 area of the hip-
pocampus on PND 14 (Fig. 5A, B). The efficacy of len-
tiviral transduction was examined by western blotting on
PND 37 (Fig. 5C). TREM2 protein expression was higher
in LV-TREM2 mice than in LV-con mice and after sevo-
flurane exposure (Fig. 5D).

Immunofluorescence analysis indicated that LV-
TREM?2 administration contributed to microglial activa-
tion (Fig. SE-H) and enhanced synaptic pruning (Fig.
51, J). After sevoflurane exposures, the Sev+LV-TREM2
group displayed a more dramatic change in the soma size
(Fig. 5G) and synaptic engulfment of PSD95 (Fig. 5J).

Amelioration of Morphological Abnormalities
in the CA1 Neurons and Cognitive Impairment
by TREM2 Overexpression

Golgi staining shows the morphological characteristics
of the LV-con, Sev+LV-con, LV-TREM?2, and Sev+LV-
TREM2 groups (Fig. 6A). The four groups had comparable
spine densities (Fig. 6B). Sevoflurane exposure in LV-con
mice reduced the density of mushroom spines (Fig. 6C) and
increased the number of filopodia spines (Fig. 6D). The
number of intersections (Fig. 6E), total dendritic length
(Fig. 6F), and degree of dendrite branching (Fig. 6G)
decreased at all distances from the soma.

TREM?2 overexpression attenuated these morphologi-
cal changes. LV-TREM?2 injection not only increased the
density of mushroom spines (Fig. 6C) but also prevented
the increase in filopodia spines (Fig. 6D) in the Sev+LV-
TREM?2 group relative to those in the Sev+LV-con group.
TREM?2 overexpression also significantly increased the total
dendritic length (Fig. 6F) and the degree of dendrite branch-
ing at all distances from the soma (Fig. 6G).

Whole-cell patch-clamp recordings were performed.
Compared with the LV-con group, the LV-TREM2 group
showed no difference in the amplitude and frequency of sEP-
SCs in hippocampal CA1 neurons (Fig. 6H-J). After sevo-
flurane exposure, the amplitude (Fig. 6I) and frequency of
sEPSCs (Fig. 6J) were significantly reduced in LV-con mice,
whereas these changes were not observed in LV-TREM2
mice. TREM2 overexpression reversed sevoflurane-induced
reductions in the amplitude and frequency of SEPSCs.

In the OFT, neither LV-TREM2 injection nor sevoflurane
exposure induced changes in locomotor ability or anxiety
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«Fig. 5 Overexpression of TREM2 enhanced sevoflurane-induced
microglia activation and engulfment of dendritic spines in mice hip-
pocampus. A Microinjection of a lentivirus (LV-TREMZ2) or a con-
trol vehicle (LV-con). B Immunofluorescence images showing the
expression of EGFP with colocalization of Ibal® microglia in the
CA1 region. C Representative bands of TREM2 protein expression
in the hippocampus of LV-con and LV-TREM2 mice with or without
sevoflurane treatment on PND 37. D Quantification of TREM2 pro-
tein expression among the 4 groups (n = 4). E Immunofluorescence
staining of colocalization of TREM2 with microglial marker Ibal
and Sholl analysis of microglia morphology in the 4 groups. F-H
Quantification of the number of microglia, soma size, and the end-
ing radius of microglial processes in the 4 groups (n = 6). I Repre-
sentative images and 3D surface rendering of Ibal* microglia (green)
containing PSD95" puncta (red) in the 4 groups. J Quantification of
PSD95" puncta in microglia in the 4 groups (n = 6). Data are mean +
SD. One-way analysis of variance followed by Tukey post hoc test. “P

< 0.05, 7P < 0.01, ™ P < 0.001. EGFP, enhanced green fluorescent
protein.

(Fig. S4F-J). The MWM showed that the Sev+LV-con
group had prolonged escape latency (Fig. 6L), less time
spent in the fourth quadrant (Fig. 6M), and reduced number
of platform crossings (Fig. 6N) compared with that in the
LV-con group. TREM2 overexpression rescued sevoflurane-
induced behavioral changes, as evidenced by less time spent
searching for the platform (Fig. 6L), more time spent in the
fourth quadrant (Fig. 6M), and a higher number of platform
crossings (Fig. 6N). Swimming speed was similar among the
four groups (Fig. 60).

Discussion

This study provides new mechanistic insights into sevoflu-
rane-induced developmental neurotoxicity. We observed
increased TREM?2 expression and microglia-mediated
synaptic pruning in the mouse hippocampi after multiple
exposures to sevoflurane. Genetic knockdown of TREM?2
inhibited sevoflurane-induced microglial activation and
engulfment of dendritic spines, partially deteriorated the
morphological abnormalities of CA1 neurons, and par-
tially exacerbated neurobehavioral dysfunction. In con-
trast, TREM2 overexpression facilitated microglia-medi-
ated engulfment of dendritic spines, rescued the synaptic
multiplicity of neurons, and ameliorated neurobehavioral
abnormalities. Therefore, our results demonstrated the
causal role of TREM?2 in microglia in sevoflurane-induced
developmental neurotoxicity.

Millions of children worldwide undergo general anaesthe-
sia annually. A growing number of studies have suggested
a relationship between volatile anaesthetics and adverse
neurocognitive outcomes in young populations. Synaptic
abnormalities are considered to be a critical mechanism of
AIDN [15]. The peak synaptogenic period in humans occurs
between the third trimester of pregnancy and the first few

years of postnatal life. This period occurs between the sec-
ond and fourth postnatal weeks in mice [16]. In the present
study, we administered sevoflurane on PNDs 6, 8, and 10 to
establish the AIDN mouse model. This period is equivalent
to ages 6—12 months in humans. Recent experimental studies
have suggested that anaesthetics interfere with synaptogen-
esis and lead to the fundamental rewiring of neural circuits
during brain development; these effects may be lifelong [17].

Microglia play a crucial role in the maturation of synaptic
multiplicity. Microglia engulf supernumerary synapses in
the developing brain and regulate the dynamics of synaptic
connections throughout life [18]. Microglia-mediated syn-
aptic pruning is a highly regulated process that may be acti-
vated in vulnerable brain regions in several disease models
[19, 20]. Dendritic spines receive the most excitatory inputs
to pyramidal cells. Spine heads contain hundreds of proteins,
including NMDA, AMPA, and scaffolding proteins such as
PSDO5. Our three-dimensional reconstruction data showed
that most PSD95 puncta co-localized with Ibal, and PSD95
puncta density increased after sevoflurane treatment. Thus,
the present study revealed enhanced synaptic engulfment
after sevoflurane exposures on PND 37.

TREM?2 is a major pathology-induced immune signal-
ing hub that interacts with a wide array of ligands (bacte-
rial products, DNA, lipoproteins, and phospholipids) [21,
22]. TREM?2 is essential for microglia-mediated synaptic
refinement during the early stages of brain development,
which maintains the number and activation of microglia
and promotes spine elimination [23]. Mice lacking TREM?2
regulation display abnormal dendritic spine pruning dur-
ing development [10]. Our previous data from the snRNA-
seq analysis and western blotting confirmed that TREM2
was significantly upregulated in this model [11]. In the
current study, we found that TREM2 knockdown reduced
microglia-mediated phagocytic activity with a significantly
lower PSD95 puncta. In contrast, TREM2 overexpression
promoted the microglia-mediated engulfment of dendritic
spines. There is a wide range of ligands of TREM2, includ-
ing free or cell membrane-bound anionic molecules such as
bacterial byproducts, DNA, lipoproteins, and various sur-
face phospholipids [21]. Some ligands are physiologically
present, such as cellular debris, lipoproteins (low-density
lipoprotein), apolipoproteins, and phosphatidylserine [24,
25]. These endogenous ligands act as an "eat-me" signal
and prompt the production of TREM?2. Based on these, we
assumed that damaged neural cells exposed to sevoflurane
initiated a cellular signaling cascade and promoted the pro-
duction of TREM?2, which may serve as a potential molecu-
lar mechanism underlying the effect of sevoflurane on the
expression of TREM2.

Dendritic spine abnormalities are the most consistent
anatomical correlates of altered cognitive function in vari-
ous neurological disorders [26]. Most excitatory synaptic
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«Fig. 6 Overexpression of TREM2 rescued sevoflurane-induced mor-
phological abnormalities of hippocampal CA1 pyramidal neurons and
ameliorated cognitive impairment. A Representative Golgi staining
images of CA1 pyramidal neurons and dendritic spines in the LV-con
and LV-TREM2 mice with or without sevoflurane treatment. B-D
The density of total, mushroom, and filopodia spines in the 4 groups
(n = 60). E-F Number of intersections and total branch length of
dendrites in the 4 groups (n = 10). G Number of intersections along
the dendrites at all distances from the soma of CAl neurons in the
4 groups (n = 10, F = 3.857, P = 0.017). H Representative traces
of SEPSCs of whole-cell patch-clamp recordings from CA1 neurons
in the 4 groups. I-J Quantification of SEPSCs amplitude and fre-
quency in the 4 groups (n = 8). K Representative moving traces of
the 4 groups on the testing stage of MWM. L Escape latency of the
4 groups in the 5 days on the training stage of MWM (n = 12, F =
7.593, P < 0.001). M=O Time spent in the fourth quadrant, platform-
crossing times, and swimming speed of the 4 groups on the testing
stage of MWM (n = 12). Data are mean + SD. One-way analysis of
variance followed by Tukey post hoc test, or two-way repeated-meas-
ure analysis of variance followed by Bonferroni post hoc test. “P <
0.05, P < 0.01, ""P < 0.001. MWM, Morris water maze; SEPSC,
spontaneous excitatory postsynaptic current.

connections are formed in dendritic spines. Spinal shrinkage
and elimination are essential for the development of neu-
ral circuits. Morphological changes in the dendritic spines
in the early stages affect the formation and fine-tuning of
neural circuits. The analysis of spine morphology provides
an important indication of synaptic function. Most spines
have constricted necks and are either mushroom-shaped
with heads exceeding 0.6 microns in diameter or thin-shaped
with smaller heads [27]. Mushroom spines are stable and
predominate in the mature central nervous system. Filopo-
dia spines have immature morphology with pointy tips and
highly motile spinal heads. During the first postnatal week,
filopodia are abundant in pyramidal neurons. Spine density
increases after 2 weeks, and the spines attain a mature mor-
phology with bulbous heads, similar to those seen in adult
mice. Studies have suggested that exposing rodent pups to
anaesthetics increases the density of dendritic spines and
synapses in several brain areas [17, 28]. These effects may
persist for weeks, affect the formation of functional syn-
apses, and lead to stunted dendritic growth.

Our results showed that multiple sevoflurane expo-
sures increased the density of filopodia and total spines
on PNDs 10 and 20. On PND 37, more filopodia spines
and fewer mushroom spines were observed in the sevo-
flurane group than in the control group. Several possible
mechanisms underlie this phenomenon. Actin filaments
gather in the spine necks, and their polymerization-depo-
lymerization states modulate the shape of the spine head.
Volatile anaesthetics induced concentration-dependent
inhibition of N-methyl-D-aspartate (NMDA)-gated cur-
rents, produced approximately 30% inhibition at anaes-
thetic concentrations, and reduced calcium influx [29]. The
downstream Ca®*-dependent activation of calcineurin (pro-
tein phosphatase 2B) caused alterations in actin states and

morphological changes in spines [30]. Under this condition,
excess dendritic spines induced upregulation of eat-me sig-
nals and recruited microglia expressing TREM?2 to promote
phagocytosis of dendritic spines.

We found that the intersection and total dendritic length
of the CA1 neurons significantly decreased after sevoflurane
exposure. Patch-clamp assays confirmed that the morpho-
logical changes in neurons resulted in altered neuronal excit-
ability. Decreased synaptic transmission is closely associated
with cognitive impairment. Neurobehavioral impairment
induced by sevoflurane was aggravated after the downregu-
lation of TREM2, whereas TREM?2 upregulation alleviated
these impairments. This indicated that TREM?2 promotes
the anti-neurotoxic function of microglia in the CA1 region.
These results confirm our conjecture that sevoflurane causes
alterations in dendritic spines, thereby affecting dendrite for-
mation and resulting in cognitive dysfunction.

Previous in vitro experiments have shown that sevoflurane
exerted a direct impact on microglial cells by promoting M1
polarization, suppressing M2 polarization, and stimulating
the generation of inflammatory mediators [31-33]. It has
also been reported that sevoflurane may inhibit the phagocy-
tosis of microglial cells 24 hours after exposure [34]. Given
that our study focused on investigating the influence of neo-
natal exposure to sevoflurane on adolescent mice, the obser-
vational timeframe was considerably extended, presenting a
substantial disparity from those in cell experiments. Addi-
tionally, exposure to sevoflurane-induced alterations in the
environment within the central nervous system of animals,
and microglial cells were influenced by neurons and other
cells. As a result, in vitro cell experiments cannot adequately
imitate the state of microglial cells at 27 days after sevoflu-
rane exposure in mice of our study.

Research has suggested that Ibal is not a specific marker
for microglia but also infiltrated monocytes [35]. Apart from
using Ibal for those identification of microglia, we per-
formed experiments using the microglia-restricted marker,
TMEM119 [25]. We showed a significant co-localization of
Ibal™ cells and TMEM119% cells, and TREM?2 was almost
exclusively expressed on microglial cells. Therefore, we
confirmed the specific cell type of microglia by using both
Ibal and TMEM119. We believed that microglia played a
predominant role in our model. The question of whether
mononuclear cells were involved in this model remains an
intriguing topic for future investigation.

There are several limitations in our study. First, we
focused on the role of TREM2 in microglial pruning of
dendritic spines in CA1 neurons during sevoflurane-induced
developmental neurotoxicity in mice. Abnormal dendritic
spine elevation occurred before the upregulation of TREM?2
expression. Further investigations are required to elucidate
the specific mechanism, particularly the upstream signal-
ing pathways. Second, we used Trem2 heterozygous KO
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Fig. 7 Schematic mechanism of TREM2 enhancing microglial prun-
ing of dendritic spines in CA1 region to reduce sevoflurane-induced
developmental neurotoxicity. The upregulation of TREM2 enhanced

mice. Although TREM2 genetic knockdown significantly
decreased dendritic spine pruning, it only partially aggra-
vated neuronal morphological abnormalities and cogni-
tive impairments in sevoflurane-treated mice. It is possible
that the remaining expression of TREM2 in the heterozy-
gous mice still exerted protection against these declines.
According to the literature, homozygous TREM?2 knockout
mice exhibited an increased number of dendritic spines of
neurons [10]. As such, it would lead to a non-comparable
baseline spine density which was deemed not suitable to
fit our model. Therefore, we chose heterozygous mice to
minimize the impact of complete TREM?2 gene knockout
on dendritic spines (as shown in Figure 2C). Third, down-
regulation of TREM2 protein expression occurred before
sevoflurane exposure. Although previous evidence and our
experiment indicate that Trem2”+ mice do not display learn-
ing and memory defects in behavioral tests, the effects of
the genetic knockdown of TREM2 on brain development
remain unclear. Finally, the number of animals per analysis
was relatively limited; therefore, replication of our results is
required in future studies.

In conclusion, this study demonstrated the protective
role of TREM?2 against sevoflurane-induced developmental
neurotoxicity in mice by facilitating the microglia-medi-
ated pruning of dendritic spines in CA1 neurons (Fig. 7).
Thus, TREM2 may be a potential therapeutic target in
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microglia-mediated pruning of dendritic spines and rescued sevoflu-
rane-induced neuronal morphological abnormalities and cognitive
dysfunction.

the prevention of AIDN. Further studies on the molecular
cascades underlying dendritic spine changes and TREM2
upregulation are warranted.
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