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ABSTRACT
Background: Dynamic modulation of α5-GABAAR expression and synaptic distribution plays a pivotal role in neuronal ho-
meostatic plasticity, critically influencing memory processes. This study aims to investigate the spatiotemporal dynamics of 
α5-GABAAR in hippocampal subregions (CA1, CA3, and DG) and their behavioral correlation in mice following sevoflurane 
exposure across eight timepoints.
Methods: Eight-week-old female C57BL/6 mice were exposed to 3% sevoflurane for 1 h and they were subjected to trace fear 
conditioning followed by sevoflurane. Hippocampal tissues were harvested for proteomic analysis and immunofluorescence 
staining to quantify the expression of α5-GABAAR and P-gephyrin. Three-dimensional spatial colocalization of α5-GABAAR 
and gephyrin was reconstructed in IMARIS software.
Results: By integrating trace fear conditioning with molecular profiling, we identified 2 days postexposure (Sev2d) as the critical 
phase for sevoflurane-induced memory impairment and 6 days postexposure (Sev6d) as the recovery phase. The time-dependent 
biphasic pattern of α5-GABAAR regulation was demonstrated by proteomics, immunofluorescence, and 3D imaging: (1) At 
Sev2d, α5-GABAAR expression and postsynaptic clustering were significantly elevated, which coincided with peak cognitive 
deficits; (2) by Sev6d, both receptor density and synaptic localization normalized to baseline level, paralleling memory restoration.
Conclusions: These findings indicate that changes in the expression and distribution of α5-GABAAR are correlated with 
sevoflurane-induced memory impairment and recovery, providing potential insights into sevoflurane-induced memory fluctuation.

1   |   Introduction

With the continuous increase in surgical volume, the need to 
prevent and manage anesthesia-related neurological com-
plications has become increasingly urgent [1]. In 2018, an 
international consensus established perioperative neurocog-
nitive disorder (PND) as a unified diagnostic term, replacing 

heterogeneous concepts such as postoperative cognitive dys-
function (POCD). This diagnostic framework classifies PND 
into four subtypes on the basis of temporal progression [2]. PND 
is a serious postoperative neurologic complication characterized 
by memory impairment. The overall incidence of PND ranges 
from 1.9% to 54% [3–10]. According to prior clinical studies, 
this heterogeneity predominantly stems from four confounding 
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factors: (1) variability in surgical types and anesthesia protocols 
[11–18]; (2) diversity in age demographics of study populations 
[13, 15, 17, 19, 20]; (3) methodological biases in cognitive assess-
ment tools [6, 13, 21–23]; and (4) inconsistency in observation 
time windows [17, 20, 23–26]. Notably, the lack of standardized 
postoperative cognitive evaluation timepoints was identified as 
the primary confounding factor. These clinical dilemmas high-
light the need for studies tracking memory changes at multiple 
timepoints after anesthesia intervention remain to be addressed.

Sevoflurane, the most widely used inhaled anesthetic in clinical 
practice, is preferred for diverse surgical procedures because of 
its low blood-gas partition coefficient and rapid induction prop-
erties. However, clinical studies have indicated that compared 
with other anesthetics, exposure to sevoflurane is significantly 
associated with an increased risk of PND [27–30]. The pathway 
through which sevoflurane functions as one of the key risk fac-
tors for the induction of PND remains uncertain, but studies have 
shown that the α5-GABAAR provides an important interaction 
site for sevoflurane [31–33]. Although α5-GABAAR accounts for 
only approximately 5% of the total GABAAR in the brain [34], 
its expression accounts for 20%–25% of that in the hippocampal 
region [35], with dense localization in the CA1/CA3 subfield [36], 
suggesting its potential involvement in memory regulation.

The involvement of α5-GABAAR in learning and memory pro-
cesses has been confirmed in previous studies [37, 38]. Animal 
models have demonstrated that enhanced α5-GABAAR activity 
typically impairs cognition, whereas pharmacological or genetic 
suppression of α5-GABAAR function enhances spatial memory 
performance [39–41]. Importantly, Gabra5 knockout mice exhibit 
significant resistance to the cognitive impairment induced by vol-
atile anesthetics, supporting the necessity of α5-GABAAR in pos-
tanesthesia memory dysfunction [39]. Furthermore, the synaptic 
localization of GABAAR is tightly regulated by the scaffolding 
protein gephyrin, whose phosphorylation critically modulates the 
postsynaptic clustering of GABAARs [42]. It has been shown that 
phosphorylation at the Ser270 site negatively regulates the num-
ber of gephyrin clusters, affecting GABAAR aggregation [43–47]. 
Therefore, we hypothesize that changes in α5-GABAAR expres-
sion and distribution after the exposure of sevoflurane correlate 
with memory function; these changes are closely associated with 
gephyrin.

In summary, eight critical timepoints were selected on the basis 
of the key timepoints defined in the latest PND criteria and ac-
counting for the relative maturation rates of mice and humans 
[48], our study explores and tracks the trajectory of sevoflurane-
induced time-specific memory and α5-GABAAR fluctuations 
in the hippocampus of mice at different cognitive observation 
timepoints after sevoflurane exposure (0 h, 4 h, 16 h, 1 day, 
2 days, 4 days, 6 days, 8 days).

2   |   Methods

2.1   |   Animals and Grouping

Eight-week-old female C57BL/6 mice were purchased from SPF 
(Beijing) Biotechnology Co. Ltd. All the mice were housed in a 
spf-grade animal facility and climate-controlled room on a 12-h 

light/dark cycle (lights on from 8:00 a.m. to 8:00 p.m.), with no 
more than five mice per cage and bedding changed regularly 
with water and standard laboratory food freely available. All the 
experimental procedures were conducted in accordance with 
the Guide for the Care and Use of Laboratory Animals published 
by the National Institutes of Health. The entire animal study 
was reviewed and approved by the Animal Ethics Committee of 
Tianjin Medical University Cancer Institute and Hospital.

The mice were randomly assigned to the control group (Con) 
or sevoflurane group (Sev). Behavioral tests were performed in-
volving 10 mice in each of the two groups. Three mice in each 
group were sacrificed for brain tissue preparation.

2.2   |   Trace Fear Conditioning (TFC)

As previously discussed, TFC is strongly associated with α5-
GABAAR-related memory [49]. TFC was employed to inves-
tigate the effect of sevoflurane on contextual memory. All 
procedures were performed during the photoperiod. The exper-
iments included training, intervention with oxygen or sevoflu-
rane, and testing (Figure 1B).

The day before sevoflurane exposure, two groups of mice were 
subjected to TFC training. The equipment was cleaned by wip-
ing with 75% ethanol before each experiment, and the mice were 
placed in a shock box and acclimatized to the environment for 
3 min. Then, the mice were given a 3 kHz, 80 db tone stimulus 
for 30 s with a 3 s interval and a sustained foot shock of 0.8 mA 
for 2 s following a rest interval of 1 min. The above tone-electric 
stimulus was repeated for 4 cycles to strengthen the contextual 
memory of the mice. Afterward, the mice were returned to their 
original cages.

Anesthesia was induced on day 0, and TFC tests were per-
formed at eight timepoints after sevoflurane exposure. In the 
absence of any stimulus, the mice were placed in the same 
shock box for 8 min, and contextual freezing behavior was 
recorded. Freezing was defined as the absence of any visible 
movement except for respiration. The percentage of freezing 
time was automatically identified and recorded via VisuTrack 
video analysis software.

2.3   |   Anesthesia

The mice in Sev were sent to an induction chamber made of 
transparent acrylic acid and ventilated with a mixture of 30% O2 
for 10 min. Then, the mice were rapidly exposed to 3% sevoflu-
rane (Shanghai Hengrui Pharmaceutical Co. Ltd., China) until 
the righting reflex disappeared and maintained with 3% sevo-
flurane and 2 L/min 30% O2 for 1 h. The control group of mice 
inhaled only 30% O2 in the induction chamber for 1 h without 
any additional treatment.

Throughout anesthesia, we used a heat blanket to maintain the 
core temperature of the mice at 37°C ± 0.5°C. We continuously 
monitored the vital signs of the mice and the concentration of 
sevoflurane and carbon dioxide in the induction chamber. After 
anesthesia, the mice were transferred to a warm resuscitation 
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box and returned to their respective cages where they were al-
lowed to regain consciousness and move freely. All procedures 
were performed to ensure the comfort of the experimental ani-
mals during anesthesia.

2.4   |   Sample Preparation

The sample sizes for each experiment are arranged as follows: 
Behavioral experiments: n = 10 per group; Proteomics: n = 3 

FIGURE 1    |    Experimental design and behavioral test results. (A) Timeline of the experiment and mouse grouping. (B) TFC experimental process. 
(C) TFC results at eight timepoints after sevoflurane exposure (n = 10). (D) TFC representative trace and heatmap at key timepoints (2 days, 6 days). 
The data are presented as the mean ± SEM. Con, control group; Sev, sevoflurane group; Sev2d, 2 days after sevoflurane exposure; Sev6d, 6 days after 
sevoflurane exposure. Statistical analyses included two-way and one-way ANOVA, followed by Šídák's test and Tukey's test. *p < 0.05.
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per group; Immunofluorescence: n = 3 per group. Samples were 
harvested after TFC tests at different timepoints after sevoflu-
rane exposure. Fresh hippocampal tissues were isolated for DIA 
proteomics. Another batch of whole-brain samples was fixed by 
tissue fixation (G1101, Servicebio, China) on a shaker at room 
temperature for 1 day, after which they were dehydrated through 
the use of 3 sucrose gradients prior to the preparation of frozen 
brain sections. Each section was 10 μm thick, and the sections 
were stored at −80°C for later use. Whole brains were used for 
immunofluorescence staining in frozen sections.

2.5   |   Immunofluorescence Staining

The sections were removed from the −80°C freezer for rewarming, 
and sections were selected with a 20×/50× microscope. The sec-
tions were permeabilized with saponin-containing immunostain-
ing permeabilization solution (P0095; Beyotime, China) for 10 min 
at room temperature and blocked with immunostaining blocking 
solution (P0102; Beyotime, China) for 1 h at room temperature.

The sections were incubated overnight at 4°C with the follow-
ing primary antibodies: anti-α5GABAAR (1:200; ab242001; 
Abcam, England), Ser270 phosphorylation gephyrin (1:200; 
147,318; SYSY, Germany), and anti-gephyrin (1:100; ab177154; 
Abcam, England). The next day, the sections were rinsed three 
times with PBS and subsequently incubated with the following 
secondary antibodies: goat anti-mouse IgG (1:500; ab150115; 
Abcam, England), goat anti-guinea pig IgG (1:500; ab150185; 
Abcam, England), and goat anti-rabbit IgG (1:200; AF488; SAB, 
USA) for 1 h at 37°C. Afterward, the sections were rinsed three 
times with PBS and then subjected to DAPI (1:1000; C1002; 
Beyotime, China) staining. Finally, the sections were sealed 
with anti-quenching sealer (P0126-5 mL; Beyotime, China).

2.6   |   Three-Dimensional Spatial Distribution 
Analysis of Immunofluorescence

We employed immunofluorescence (IF) staining to track 
the changes in the expression of α5-GABAAR and Ser270-
phosphorylated gephyrin. For each group of data (n = 3), 3 layers 
of brain slices from the anterior, middle and posterior regions 
of the whole brain were taken from each sample for planar 
fast scanning (Pannoramic SCAN, 3DHISTECH CaseViewer, 
Hungary). Fiji was applied to match the brain slices with the 
standard brain atlas in point-to-point correspondence, and the 
brain regions were standardized to match and delineate them. 
The brain slices were anastomosed 1:1 to the standard brain 
atlas using Fiji and Imaris v9.9.0. Finally, the Cell and Surface 
functions of Imaris v9.9.0 were used to measure the mean fluo-
rescence intensity of α5-GABAAR and P-gephyrin in the CA1, 
CA3 and DG regions. The statistical value of each sample was 
the mean fluorescence intensity of 3 unilateral hippocampus.

Images of α5-GABAAR and gephyrin colocalization in the hip-
pocampal CA1, CA3 and DG regions at critical timepoints (2 and 
6 days) after sevoflurane exposure were captured with a verti-
cal confocal microscope (LSM 980; Carl Zeiss AG; Oberkochen, 
Germany) using the Airyscan function. For each group of data, 
n = 3, 7–10 layers of brain slices were selected for each sample, in 

which at least 3 images were taken for each brain slice and mul-
tiple 20 × 20 μm fields of view were randomly selected from each 
image for statistical analysis. The average value of the multilayer 
brain slice data was taken as the value of each sample. For imag-
ing data, multiple fields of view were acquired from each animal, 
and the average value per animal was used as a unit of analysis. 
Evaluate the colocalization correlation between α5-GABAAR and 
gephyrin using the Pearson's coefficient in Imaris Measurement 
and Coloc functions. Perform 3D rendering of surface maps using 
the Surface and Snapshot functions in Imaris software.

2.7   |   Proteomics Pathway and Functional 
Enrichment Analyses

Differentially expressed proteins were identified based on |log2 
Fold change| > 1 and adjusted p-value < 0.05. We performed 
Gene set variation analysis (GSVA) to assess the correlation be-
tween Con, Sev2d, and Sev6d groups.

For biological process and pathway enrichment analyses, Kyoto 
Encyclopedia of Genes and Genomes (KEGG), Wiki Pathways 
(WP), and Gene Ontology (GO) analyses were performed with 
the R clusterProfiler package. Gene set enrichment analysis 
(GSEA) was performed using GSEA software (version 4.1.0).

2.8   |   Statistical Methods

In this study, the quantitative results were derived from at least 
3 samples and 3 independent experiments, and the data are pre-
sented as the mean ± standard error of the mean (SEM). The 
Shapiro–Wilk test was used to assess the normal distribution of 
the data. When the data conformed to a normal distribution, the 
unpaired Student's t-test was used to compare the differences 
between the two groups. We used two-way ANOVA with the 
Šídák multiple comparisons test to compare the results between 
groups. In addition, we used one-way ANOVA with Tukey's mul-
tiple comparisons test to compare the results between control 
groups. We have reported the results for all key comparisons, 
including exact p values and effect sizes. All the data were sta-
tistically analyzed using GraphPad Prism 9.9.0 (GraphPad, San 
Diego, CA), and the p values are expressed as follows: *p < 0.05, 
**p < 0.01, and ***p < 0.001.

3   |   Results

3.1   |   Time-Specific Memory Fluctuations in Mice 
After Sevoflurane Exposure

To observe the effect of sevoflurane on memory in mice, we 
performed TFC training one day before sevoflurane exposure 
and selected 8 timepoints after sevoflurane exposure to assess 
memory function via the TFC test (Figure  1A,B). When the 
percentage of freezing time was used as a statistical index, 
there was no significant difference between the control groups 
(p = 0.9990, F = 0.08305), indicating that memory function in 
mice was not affected by the time interval between observa-
tion timepoints (Figure  1C,D). Compared with that in Con, 
the freezing time in Sev decreased over time, decreasing to the 
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lowest point on the 2nd day after sevoflurane exposure (Sev2d 
vs. Con2d, p = 0.0397, t = 3.201) and returning to the control 
level on the 6th day (Sev6d vs. Con6d, p > 0.9999, t = 0.3226) 
(Figure  1C,D). These results suggest that sevoflurane expo-
sure induced memory fluctuations over time in mice, with 
memory impairment induced at Sev2d and that memory func-
tion recovered to control level at Sev6d.

3.2   |   DIA Proteomic Analysis 
of Sevoflurane-Induced Memory Impairment

To investigate the potential molecular mechanism underlying 
memory impairment and recovery, we selected samples from the 
Con, Sev2d, and Sev6d and subjected them to DIA proteomics to 
further analyze the differences in gene expression in hippocam-
pal tissue among the three groups.

By comparing Con and memory impairment at Sev2d, by DEGS, 
we identified a total of 121 differential proteins, of which 51 were 
upregulated and 70 were downregulated (Figure  2A). By com-
paring memory recovery at Sev6d and memory impairment at 
Sev2d, by DEGS, we identified a total of 93 differential proteins, 
with 53 upregulated and 40 downregulated (Figure 2B). By GO 
enrichment analysis, compared with Con and Sev6d, Sev2d was 
shown to be involved in upregulated pathways, such as exocyto-
sis, the synaptic vesicle cycle, and downregulated pathways, such 
as learning and memory, cognition, and central nervous system 
neuron development (Figure 2C,D). By GSEA enrichment anal-
ysis, Con and Sev2d were compared with Sev6d and Sev2d, and 
we observed that the GABAergic variation trend was consistent, 
indicating that the Sev2d GABAergic pathway was enriched and 
Sev6d GABAergic pathways were restored to the control level.

3.3   |   Sevoflurane Exhibits a Time-Dependent 
Effect on α5-GABAAR Expression

On the basis of the results of the proteomic analysis, we fur-
ther explored the expression of GABA-related receptors in the 
GABAergic neural pathway. We analyzed the proteomic results 
of sevoflurane associated with memory impairment (GSE215410 
database) to compare the changes in GABAergic-related genes 
among the Con, Sev2d, and Sev6d groups. Notably, the trend 
in the α5-GABAAR results was consistent, and compared with 
that in Con, the expression of α5-GABAAR significantly in-
creased in both groups of mice with sevoflurane-induced mem-
ory impairment. Moreover, the heatmap results show that the 
expression of α5-GABAAR of Sev6d was restored to the level 
of Con (Figure 3A). Analyzing the proteomic α5-GABAAR ex-
pression situation, there was no difference between the Con and 
Sev6d groups (Sev6d vs. Con, p = 0.2444, t = 1.364). Sev2d α5-
GABAAR expression was significantly greater than that in both 
the Con (Sev2d vs. Con, p = 0.0634, t = 2.548) and Sev6d groups 
(Sev2d vs. Sev6d, p = 0.0026, t = 6.702) (Figure 3B).

To track long-term axial α5-GABAAR expression in the CA1, 
CA3, and DG regions after sevoflurane exposure, we per-
formed immunofluorescence staining and anastomosis map-
ping on brain sections (Figure 3C and Figures A1A and A2A). 
Our results revealed no significant difference in α5-GABAAR 

expression among the Con in the brain regions (CA1, p = 0.9081, 
F = 0.3676; CA3, p = 0.7485, F = 0.5984; DG, p = 0.6109, 
F = 0.7833), suggesting that α5-GABAAR does not significantly 
fluctuate over time in the absence of sevoflurane (Figure  3D 
and Figures A1B and A2B). Compared with those in Con, α5-
GABAAR expression level in the brain regions increased at 
Sev2d (CA1, Sev2d vs. Con2d, p = 0.0041, t = 18.82; CA3, Sev2d 
vs. Con2d, p = 0.0053, t = 9.923; DG, Sev2d vs. Con2d, p = 0.0368, 
t = 13.43), when memory was most significantly impaired after 
sevoflurane exposure but then recovered to control level at 
Sev6d (CA1, Sev6d vs. Con6d, p = 0.9478, t = 1.167; CA3, Sev6d 
vs. Con6d, p = 0.9821, t = 1.004; DG, Sev6d vs. Con6d, p = 0.8596, 
t = 1.615) (Figure 3D and Figures A1B and A2B). According to 
the results of the statistical analysis, the α5-GABAAR was ex-
pressed at different levels in the three subregions of the CA1, 
CA3, and DG, but the overall trend was consistent over time, 
and the mean fluorescence intensity of the α5-GABAAR in each 
brain region increased on Sev2d.

3.4   |   Mapping of P-Gephyrin Expression Over 
Time in Sevoflurane-Exposed Mice

Given that the expression of gephyrin is a key factor influencing 
the postsynaptic expression and distribution of α5-GABAAR 
[50, 51]. Furthermore, gephyrin phosphorylation at the Ser270 
site negatively regulates the number of gephyrin clusters in the 
postsynaptic area [47, 52–54]. Thus, we measured and plotted 
long-term axis P-gephyrin expression in the CA1, CA3, and DG 
regions after sevoflurane exposure (Figure 4A and Figures A3A 
and A4A).

Our results revealed that the expression of P-gephyrin in Con 
was not affected by time (CA1, p = 0.8598, F = 0.4443, CA3, 
p = 0.5637, F = 0.8501, DG, p = 0.9373, F = 0.3133) (Figure  4B 
and Figures A3B and A4B). In the brain regions, P-gephyrin ex-
pression decreased on Sev2d (CA1, Sev2d vs. Con2d, p = 0.0013, 
t = 14.07, CA3, Sev2d vs. Con2d, p = 0.0439, t = 5.543, DG, 
Sev2d vs. Con2d, p = 0.0258, t = 6.854) but increased on Sev6d 
compared with that in Con (CA1, Sev6d vs. Con6d, p = 0.0073, 
t = 8.810, CA3, Sev6d vs. Con6d, p = 0.0293, t = 8.701, DG, Sev6d 
vs. Con6d, p = 0.0346, t = 6.175), with no difference at the other 
timepoints (Figure  4B and Figures  A3B and A4B). Moreover, 
we screened synaptic activity-related proteins interacting with 
gephyrin, including Mtor, Pin1, Pfn1, Ndrg2, Dync1h1, Dynll1, 
Agap2, Flad1, Glrb, Capn1, Mocs2, Mocs1, Enah, Insyn1, 
Arhgap32, Arhgef9, Gabarap, Spats1, Hcn1, and Iqsec3, among 
others (Figure 4C).

In addition, we screened the enriched pathways related to ge-
phyrin among the upregulated pathways, including the PI3K/
AKT/MTOR, GDNF/RET, TP53, HIPPOYAP, NOTCH, and 
GPCR pathways in the Sev2d group by pathway enrichment 
analysis (Figure 4D).

3.5   |   Colocalization of α5-GABAAR and Gephyrin 
After Sevoflurane Exposure Is Changed

Both α5-GABAAR expression and distribution influence syn-
aptic plasticity, which affects memory [55, 56]. Therefore, we 
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further explored the changes in α5-GABAAR distribution on 
sevoflurane-induced memory by observing the co-localization 
between α5-GABAAR and gephyrin.

As shown in the figures, the colocalization of α5-GABAAR 
with gephyrin was imaged in 3D stereo (Figure  5A–C). 
The Pearson's coefficient increased in the CA1 (Sev2d 

FIGURE 2    |    DIA proteomic results for the hippocampus at key timepoints (2 days and 6 days) after sevoflurane exposure. (A, B) Heatmap of genes 
whose expression was significantly dysregulated between the Sev2d group and the Con and Sev6d groups. Red indicates increased gene expression, 
and blue indicates decreased gene expression. (C, D) Bubble plots showing upregulated and downregulated enrichment pathways for Sev2d relative 
to those for Con and Sev6d. The p value is adjusted by color; the smaller the p value is, the redder the color. The size of the circle indicates the number 
of genes within the pathway. (E, F) Enrichment analysis using GSEA revealed a trend toward GABAergic changes in the Sev2d group compared with 
the Con and Sev6d groups. Red indicates a highly enriched pathway. In contrast, blue indicates negative enrichment of pathways.
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FIGURE 3    |     Legend on next page.
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FIGURE 3    |    Long-term axial CA1 α5-GABAAR expression after sevoflurane exposure. (A) Left panel: Heatmap of the expression of genes related 
to GABA receptors (GSE215410 dataset). Right panel: GABA receptor-related gene heatmap comparing Con, Sev2d and Sev6d. Red represents high 
gene expression, and blue represents negative gene enrichment. (B) Bar graph showing α5-GABAAR expression in the Con, Sev2d and Sev6d groups. 
(C) The upper right panel shows a representative brain slice in Imaris software that was matched to a standard brain atlas. The upper left panel shows 
a 3D model according to the representative brain slice, with the bright yellow region being the statistically significant target brain region CA1. The 
lower panel shows the tracking result of the long-term axial α5-GABAAR (pink) of CA1, as shown in a representative example. (D) α5-GABAAR 
expression in the CA1 region at 8 timepoints after sevoflurane exposure (n = 3). The data are presented as the mean ± SEM. Con, control group; Sev, 
sevoflurane group; Sev2d, 2 days after sevoflurane exposure; Sev6d, 6 days after sevoflurane exposure. Scale bar, 1 μm. Statistical analyses included 
unpaired t-test, two-way and one-way ANOVA, followed by Šídák's test and Tukey's test. **p < 0.01.

FIGURE 4    |    Long-term axial CA1 P-gephyrin expression after sevoflurane exposure. (A) The upper right panel shows a representative brain slice 
in Imaris software that was matched to a standard brain atlas. The upper left panel shows a 3D model according to the representative brain slice, 
with the bright yellow region being the statistically significant target brain region CA1. The lower panel shows the tracking result of long-term axial 
P-gephyrin (green) of CA1, as shown in a representative example. (B) Expression of P-gephyrin in the CA1 region at 8 timepoints after sevoflurane 
exposure (n = 3). (C) Screening of differential protein interaction networks that regulate gephyrin. The greater the proportion of circles is, the closer 
the differential protein is to the gephyrin regulatory mechanism. (D) WP database was used to screen the upregulated genes involved in the regu-
lation of the gephyrin enrichment pathway. The data are presented as the mean ± SEM. Con, control group; Sev, sevoflurane group; Sev2d, 2 days 
after sevoflurane exposure; Sev6d, 6 days after sevoflurane exposure. Scale bar, 1 μm. Statistical analyses included two-way and one-way ANOVA, 
followed by Šídák's test and Tukey's test. **p < 0.01.
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vs. Con2d, p < 0.001, t = 6.102), CA3 (Sev2d vs. Con2d, 
p < 0.001, t = 10.31), and DG (Sev2d vs. Con2d, p < 0.001, 
t = 9.669) regions when memory impairment occurred on 

Sev2d compared with that in Con, suggesting that the post-
synaptic anchoring of α5-GABAAR with gephyrin increased 
(Figure 5D–F).

FIGURE 5    |    Colocalization of α5-GABAAR with gephyrin 2 and 6 days after sevoflurane exposure. (A–C) Representative examples of α5-
GABAAR (pink) and gephyrin (green) in the CA1, CA3, and DG regions 2 and 6 days after sevoflurane exposure are shown. (D–F) Colocalization of 
α5-GABAAR and gephyrin in the CA1, CA3, and DG 2 and 6 days after sevoflurane exposure; Pearson's coefficient was used as a statistical indicator 
(n = 3). The data are presented as the mean ± SEM. Con, control group; Sev, sevoflurane group. Red arrow: Regions where gephyrin and α5-GABAAR 
colocalize. Scale bar, 2 μm. Statistical analyses included two-way, followed by Šídák's test. ***p < 0.001.
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Immunofluorescence staining (Figure  5A–C) revealed that 
there was no significant difference in the Pearson's coefficient of 
the brain regions when memory function was restored on Sev6d 
compared with that in Con (CA1, Sev6d vs. Con6d, p = 0.76, 
t = 0.6916; CA3, Sev6d vs. Con6d, p = 0.62, t = 0.9275; DG, Sev6d 
vs. Con6d, p = 0.24, t = 1.708), suggesting that the postsynaptic 
distribution of α5-GABAAR and gephyrin was restored to con-
trol level and remained uniform with memory function recovery 
(Figure 5D–F).

4   |   Discussion

We investigated the reversibility of sevoflurane-induced mem-
ory impairment over time in this study. Temporally, we com-
pared the memory impairment observed at an early timepoint 
(day 2) after sevoflurane exposure with the recovery of mem-
ory function back to baseline level at a later timepoint (day 6). 
Spatially, we found that the expression and distribution of syn-
aptic α5-GABAAR were increased in the hippocampal CA1, 
CA3, and DG subregions on day 2 after sevoflurane exposure 
and returned to control level by day 6. Together, our findings 
reveal a spatiotemporal correlation between α5-GABAAR and 
sevoflurane-induced memory fluctuations.

On the basis of the behaviorally identified peak impairment 
phase (day 2) and recovery phase (day 6), our study used 
data-independent acquisition (DIA) proteomics to elucidate 
time-dependent changes in hippocampal protein expression. 
Consistent with the current understanding of the neurotoxic-
ity of sevoflurane, pathways related to cognition, learning and 
memory, and central nervous system neurodevelopment were 
significantly downregulated in the Sev2d group compared 
with those in both the Con or Sev6d groups [57]. These results 
suggest that the DIA proteomics results corroborate memory 
impairment at Sev2d. Conversely, pathways associated with 
exocytosis, synaptic vesicle cycling, the regulation of synaptic 
organization, and the modulation of synaptic structure or activ-
ity were upregulated in the Sev2d group compared with those 
in the Con or Sev6d groups. These proteomic results are consis-
tent with existing evidence indicating the broad involvement of 
synaptic activity in sevoflurane-induced memory impairment. 
Previous studies have demonstrated that sevoflurane exposure 
in offspring mice can lead to aberrant dendritic and synaptic 
development as well as cognitive dysfunction [58]. Similarly, 
sevoflurane anesthesia in pregnant mice has been shown to in-
duce neurotoxicity in fetal and offspring mice, manifested as 
reduced expression of synaptic markers and impaired learning 
and memory [59].

On the basis of our proteomic analysis, α5-GABAAR 
was specifically identified as potentially involved in the 
temporal process of memory impairment and recovery. 
Immunofluorescence analysis revealed that the expression of 
α5-GABAAR in various hippocampal subregions (CA1, CA3 
and DG) exhibited significant temporal characteristics follow-
ing sevoflurane exposure: it peaked on day 2 postexposure and 
returned to baseline level by day 6. In addition, DIA proteom-
ics data also revealed an increase in α5-GABAAR expres-
sion at 2 days and recovery at 6 days. Studies have confirmed 
that specific inhibitors of α5-GABAAR can reverse cognitive 

impairment or improve memory function [60–62]. In addi-
tion, Gabra5 knockout mice do not exhibit short-term memory 
deficits after isoflurane exposure, and Gabra5−/− mice demon-
strate superior spatial learning and memory performance 
[39, 41], confirming the central role of this receptor subtype in 
anesthesia-related cognitive dysfunction. Our study has found 
that following sevoflurane exposure, the time-dependent 
change of α5-GABAAR expression correlates with memory 
fluctuations. The alteration in the expression of α5-GABAAR 
and the temporal consistency of memory fluctuations further 
indicate that α5-GABAAR may play a significant role in the 
memory impairment caused by sevoflurane.

In addition to being influenced by α5-GABAAR expression 
level, homeostatic synaptic plasticity is also associated with its 
distribution [43, 63]. The synaptic localization of α5-GABAAR 
is regulated by its anchoring protein, gephyrin, which is a 
major scaffolding protein at inhibitory postsynaptic sites 
[44, 64]. Immunofluorescence analysis revealed that on Sev2d, 
the phosphorylation level at the Ser270 site of gephyrin was 
significantly reduced in the CA1, CA3, and DG subregions. We 
observed increased postsynaptic distribution of α5-GABAAR 
in the Sev2d compared with Con. As the observation period 
progressed to the recovery phase (day 6), the contextual mem-
ory of the mice returned to the level of Con. The phosphory-
lation level of gephyrin at the Ser270 site increased, and we 
simultaneously observed that the postsynaptic distribution of 
α5-GABAAR returned to baseline. Consistent with our find-
ings, Tyagarajan et al. demonstrated that the phosphorylation 
of the gephyrin at Ser270 negatively regulates the number of 
gephyrin clusters, thereby influencing GABAAR aggregation 
[45]. Correspondingly, we observed that the temporal changes 
brought by phosphorylated gephyrin were consistent with the 
changes in the distribution of α5-GABAAR. This suggests 
that sevoflurane-induced changes in α5-GABAAR distribu-
tion may be regulated by gephyrin. Our dynamic findings 
reveal that sevoflurane exposure not only regulates receptor 
expression level but also modifies the phosphorylation status 
of gephyrin.

Through differential gene screening and systematic literature 
mining, we identified several GABAergic pathway-related pro-
teins in our proteomics dataset, including Nrxn2, PKCγ and 
CDK5. Specifically, nrxn2 is known to be functionally associated 
with GABAAR expression and clustering [65]. CDK5 positively 
modulates GABAAR clustering, in part through phosphoryla-
tion of the scaffolding protein gephyrin [66]. In general, sevoflu-
rane anesthesia induces a coordinated multi-protein alteration 
that shifts the balance of α5-GABAAR trafficking. The concur-
rent downregulation of PKCγ [67], Pdpk1 [68], Ywhaz [69], and 
Trim3 [70] likely impairs receptor internalization and recycling, 
allowing α5-GABAARs to accumulate at synaptic sites without 
proper turnover. However, these molecules are only preliminary 
results obtained from our proteomic analysis. Their regulatory 
effects on the distribution and expression of α5-GABAAR, as 
well as their roles in modulating cognitive function, still require 
further experimental validation.

We acknowledge several limitations regarding the general-
izability of our findings. First, the present study used young 
female C57BL/6 mice. However, several studies have adopted 
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young female mice to investigate anesthetic-induced cognitive 
impairment [71, 72]. In the meanwhile, some sex-specific stud-
ies have demonstrated that female individuals are more suscep-
tible to anesthetic-induced cognitive impairment [73]. Second, 
although the sample size for immunofluorescence assays was 
relatively limited, statistically significant differences were 
clearly detected even with the current sample cohort, demon-
strating that the observed alterations in receptor expression are 
robust and consistent. Future studies should incorporate ani-
mals of different ages and sexes with an increased sample size 
to validate whether the receptor expression and distribution 
mechanisms identified in this work are generalizable to clini-
cally relevant populations.

5   |   Conclusion

In conclusion, cognitive impairment can occur on the second 
day after sevoflurane exposure, and this impairment is revers-
ible, with cognitive function returning to normal on the sixth 
day following sevoflurane exposure. Meanwhile, the expression 
and distribution of α5-GABAAR, as well as the phosphorylation 
level of gephyrin, exhibit dynamic changes consistent with cog-
nitive function. These results suggest that sevoflurane-induced 
cognitive impairment may be related to alterations in geph-
yrin, as well as changes in the expression and distribution of 
α5-GABAAR.

Author Contributions

Yiqing Yin and Yongan Wang designed the experiments. Sixuan Wang 
and Lu Chen wrote the manuscript. Sixuan Wang, Shengran Wang, 
Qiangwei Liu, and Mengxue Zhang performed the experiments. 
Zhonglan Dong, Xiaokun Wang, Ying Dong, and Chen Zhang analyzed 
data. Sixuan Wang, Zhun Wang, Jinpeng Dong, and Yuan Luo edited 
the images and revised the manuscript. All the authors contributed to 
the article and approved the submitted version.

Acknowledgments

Graphical abstract was created with Biorender (www.​biore​nder.​com). 
We thank all the authors who contributed to this article.

Funding

This work was supported by The Science & Technology Development 
Fund of Tianjin Education Commission for Higher Education 
(2022ZD063).

Ethics Statement

This research involved animal subjects and it complies with ARRIVE 
guidelines. The entire animal study was approved by the Ethics 
Committee for Animal Research of Tianjin Medical University Cancer 
Institute and Hospital, with ethics approval number No. 2024026.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All the original data or deidentified data that support the findings of 
this study are available from the corresponding author upon reasonable 
request.

References

1. T. G. Weiser, S. E. Regenbogen, K. D. Thompson, et al., “An Estima-
tion of the Global Volume of Surgery: A Modelling Strategy Based on 
Available Data,” Lancet 372, no. 9633 (2008): 139–144.

2. L. Evered, B. Silbert, D. S. Knopman, et al., “Recommendations for 
the Nomenclature of Cognitive Change Associated With Anaesthesia 
and Surgery-2018,” Anesthesiology 129, no. 5 (2018): 872–879.

3. M. D. Boone, B. Sites, F. M. von Recklinghausen, A. Mueller, A. H. 
Taenzer, and S. Shaefi, “Economic Burden of Postoperative Neurocog-
nitive Disorders Among US Medicare Patients,” JAMA Network Open 3, 
no. 7 (2020): e208931.

4. L. Guo, F. Lin, H. Dai, et al., “Impact of Sevoflurane Versus Propofol 
Anesthesia on Post-Operative Cognitive Dysfunction in Elderly Cancer 
Patients: A Double-Blinded Randomized Controlled Trial,” Medical Sci-
ence Monitor 26 (2020): e919293.

5. L. Xie, X. Wei, K. He, S. Wang, and M. Xu, “Effects of Different An-
esthetic Regimens on Postoperative Cognitive Function of Elderly Pa-
tients Undergoing Thoracic Surgery: A Double-Blinded Randomized 
Controlled Trial,” Journal of Cardiothoracic Surgery 19, no. 1 (2024): 394.

6. C. Han, H. Ji, Y. Guo, et al., “Effect of Subanesthetic Dose of Esket-
amine on Perioperative Neurocognitive Disorders in Elderly Undergo-
ing Gastrointestinal Surgery: A Randomized Controlled Trial,” Drug 
Design, Development and Therapy 17 (2023): 863–873.

7. A. Tawab Saljuqi, K. Hanna, S. Asmar, et  al., “Prospective Evalua-
tion of Delirium in Geriatric Patients Undergoing Emergency General 
Surgery,” Journal of the American College of Surgeons 230, no. 5 (2020): 
758–765.

8. X. Wang, D. Hua, X. Tang, et  al., “The Role of Perioperative Sleep 
Disturbance in Postoperative Neurocognitive Disorders,” Nature and 
Science of Sleep 13 (2021): 1395–1410.

9. S. Bhushan, Y. Li, X. Huang, H. Cheng, K. Gao, and Z. Xiao, “Progress 
of Research in Postoperative Cognitive Dysfunction in Cardiac Surgery 
Patients: A Review Article,” International Journal of Surgery 95 (2021): 
106163.

10. A. R. Silva, P. Regueira, E. Albuquerque, et al., “Estimates of Geriatric 
Delirium Frequency in Noncardiac Surgeries and Its Evaluation Across 
the Years: A Systematic Review and Meta-Analysis,” Journal of the Amer-
ican Medical Directors Association 22, no. 3 (2021): 613–620.e619.

11. M. L. Ancelin, G. de Roquefeuil, B. Ledésert, F. Bonnel, J. C. Chem-
inal, and K. Ritchie, “Exposure to Anaesthetic Agents, Cognitive Func-
tioning and Depressive Symptomatology in the Elderly,” British Journal 
of Psychiatry 178 (2001): 360–366.

12. L. S. Rasmussen, T. Johnson, H. M. Kuipers, et al., “Does Anaesthe-
sia Cause Postoperative Cognitive Dysfunction? A Randomised Study 
of Regional Versus General Anaesthesia in 438 Elderly Patients,” Acta 
Anaesthesiologica Scandinavica 47, no. 3 (2003): 260–266.

13. C. H. Ormseth, S. C. LaHue, M. A. Oldham, S. A. Josephson, E. 
Whitaker, and V. C. Douglas, “Predisposing and Precipitating Factors 
Associated With Delirium: A Systematic Review,” JAMA Network Open 
6, no. 1 (2023): e2249950.

14. A. V. Varsha, K. P. Unnikrishnan, M. S. Saravana Babu, S. P. Raman, 
and T. Koshy, “Comparison of Propofol-Based Total Intravenous Anes-
thesia Versus Volatile Anesthesia With Sevoflurane for Postoperative 
Delirium in Adult Coronary Artery Bypass Grafting Surgery: A Pro-
spective Randomized Single-Blinded Study,” Journal of Cardiothoracic 
and Vascular Anesthesia 38, no. 9 (2024): 1932–1940.

15. T. Kang, S. Y. Park, J. H. Lee, et al., “Incidence & Risk Factors of 
Postoperative Delirium After Spinal Surgery in Older Patients,” Scien-
tific Reports 10, no. 1 (2020): 9232.

16. H. Chen, L. Mo, H. Hu, Y. Ou, and J. Luo, “Risk Factors of Postop-
erative Delirium After Cardiac Surgery: A Meta-Analysis,” Journal of 
Cardiothoracic Surgery 16, no. 1 (2021): 113.

http://www.biorender.com


12 of 17 CNS Neuroscience & Therapeutics, 2026

17. X. Mi, X. Wang, N. Yang, et  al., “Hundred Most Cited Articles in 
Perioperative Neurocognitive Disorder: A Bibliometric Analysis,” BMC 
Anesthesiology 21, no. 1 (2021): 186.

18. K. Ni, J. Zhu, and Z. Ma, “Preoperative Anxiety and Postoperative 
Adverse Events: A Narrative Overview,” Anesthesiology and Periopera-
tive Science 1, no. 3 (2023): 23.

19. T. G. Monk, B. C. Weldon, C. W. Garvan, et al., “Predictors of Cogni-
tive Dysfunction After Major Noncardiac Surgery,” Anesthesiology 108, 
no. 1 (2008): 18–30.

20. J. B. Dijkstra, P. J. Houx, and J. Jolles, “Cognition After Major Sur-
gery in the Elderly: Test Performance and Complaints,” British Journal 
of Anaesthesia 82, no. 6 (1999): 867–874.

21. M. O. Danquah, E. Yan, J. W. Lee, et al., “The Utility of the Montreal 
Cognitive Assessment (MoCA) in Detecting Cognitive Impairment in 
Surgical Populations—A Systematic Review and Meta-Analysis,” Jour-
nal of Clinical Anesthesia 97 (2024): 111551.

22. M. Fislage, I. Feinkohl, F. Borchers, et al., “Preoperative Thalamus 
Volume Is Not Associated With Preoperative Cognitive Impairment 
(preCI) or Postoperative Cognitive Dysfunction (POCD),” Scientific Re-
ports 13, no. 1 (2023): 11732.

23. Z. Chen, Z. Zuo, Y. Zhang, et al., “Bibliometric Analysis of Neu-
roinflammation and Postoperative Cognitive Dysfunction,” Brain 
and Behavior: A Cognitive Neuroscience Perspective 15, no. 1 (2025): 
e70271.

24. M. F. Newman, J. L. Kirchner, B. Phillips-Bute, et  al., “Longitu-
dinal Assessment of Neurocognitive Function After Coronary-Artery 
Bypass Surgery,” New England Journal of Medicine 344, no. 6 (2001): 
395–402.

25. Y. Q. Zou, X. B. Li, Z. X. Yang, et al., “Impact of Inhalational An-
esthetics on Postoperative Cognitive Function: Study Protocol of a 
Systematic Review and Meta-Analysis,” Medicine (Baltimore) 97, no. 1 
(2018): e9316.

26. M. Butz, T. Gerriets, G. Sammer, et  al., “Effects of Postoperative 
Cognitive Training on Neurocognitive Decline After Heart Surgery: A 
Randomized Clinical Trial,” European Journal of Cardio-Thoracic Sur-
gery 62, no. 5 (2022): ezac251.

27. Y. Zhang, G. J. Shan, Y. X. Zhang, et al., “Propofol Compared With 
Sevoflurane General Anaesthesia Is Associated With Decreased De-
layed Neurocognitive Recovery in Older Adults,” British Journal of An-
aesthesia 121, no. 3 (2018): 595–604.

28. S. J. Cao, Y. Zhang, Y. X. Zhang, et al., “Delirium in Older Patients 
Given Propofol or Sevoflurane Anaesthesia for Major Cancer Surgery: 
A Multicentre Randomised Trial,” British Journal of Anaesthesia 131, 
no. 2 (2023): 253–265.

29. Y. Qiao, H. Feng, T. Zhao, H. Yan, H. Zhang, and X. Zhao, “Postop-
erative Cognitive Dysfunction After Inhalational Anesthesia in Elderly 
Patients Undergoing Major Surgery: The Influence of Anesthetic Tech-
nique, Cerebral Injury and Systemic Inflammation,” BMC Anesthesiol-
ogy 15 (2015): 154.

30. S. C. Barnes, L. C. Beishon, M. T. Hasan, T. G. Robinson, and J. S. 
Minhas, “Cerebral Haemodynamics, Anaesthesia and the Frail Brain,” 
Anesthesiology and Perioperative Science 1, no. 3 (2023): 19.

31. U. Rudolph and B. Antkowiak, “Molecular and Neuronal Substrates 
for General Anaesthetics,” Nature Reviews. Neuroscience 5, no. 9 (2004): 
709–720.

32. K. A. Woll, X. Zhou, N. V. Bhanu, et al., “Identification of Binding 
Sites Contributing to Volatile Anesthetic Effects on GABA Type A Re-
ceptors,” FASEB Journal 32, no. 8 (2018): 4172–4189.

33. P. S. Garcia, S. E. Kolesky, and A. Jenkins, “General Anesthetic Actions 
on GABA(A) Receptors,” Current Neuropharmacology 8, no. 1 (2010): 2–9.

34. S. Pirker, C. Schwarzer, A. Wieselthaler, W. Sieghart, and G. Sperk, 
“GABA(A) Receptors: Immunocytochemical Distribution of 13 Subunits 
in the Adult Rat Brain,” Neuroscience 101, no. 4 (2000): 815–850.

35. C. Sur, L. Fresu, O. Howell, R. M. McKernan, and J. R. Atack, “Au-
toradiographic Localization of alpha5 Subunit-Containing GABAA Re-
ceptors in Rat Brain,” Brain Research 822, no. 1–2 (1999): 265–270.

36. R. W. Olsen and W. Sieghart, “GABA A Receptors: Subtypes Provide 
Diversity of Function and Pharmacology,” Neuropharmacology 56, no. 
1 (2009): 141–148.

37. C. M. Davenport, R. Rajappa, L. Katchan, et al., “Relocation of an 
Extrasynaptic GABA(A) Receptor to Inhibitory Synapses Freezes Ex-
citatory Synaptic Strength and Preserves Memory,” Neuron 109, no. 1 
(2021): 123–134.e124.

38. Y. Xin, T. Chu, S. Zhou, and A. Xu, “α5GABA(A) Receptor: A Po-
tential Therapeutic Target for Perioperative Neurocognitive Disorders, 
a Review of Preclinical Studies,” Brain Research Bulletin 205 (2023): 
110821.

39. A. A. Zurek, E. M. Bridgwater, and B. A. Orser, “Inhibition of α5 
γ-Aminobutyric Acid Type A Receptors Restores Recognition Memory 
After General Anesthesia,” Anesthesia and Analgesia 114, no. 4 (2012): 
845–855.

40. J. R. Atack, P. J. Bayley, G. R. Seabrook, K. A. Wafford, R. M. McK-
ernan, and G. R. Dawson, “L-655,708 Enhances Cognition in Rats but Is 
Not Proconvulsant at a Dose Selective for alpha5-Containing GABAA 
Receptors,” Neuropharmacology 51, no. 6 (2006): 1023–1029.

41. N. Collinson, F. M. Kuenzi, W. Jarolimek, et al., “Enhanced Learn-
ing and Memory and Altered GABAergic Synaptic Transmission in 
Mice Lacking the Alpha 5 Subunit of the GABAA Receptor,” Journal of 
Neuroscience 22, no. 13 (2002): 5572–5580.

42. V. Tretter, J. Mukherjee, H. M. Maric, H. Schindelin, W. Sieghart, 
and S. J. Moss, “Gephyrin, the Enigmatic Organizer at GABAergic Syn-
apses,” Frontiers in Cellular Neuroscience 6 (2012): 23.

43. S. K. Tyagarajan and J. M. Fritschy, “GABA(A) Receptors, Gephyrin 
and Homeostatic Synaptic Plasticity,” Journal of Physiology 588, no. Pt 
1 (2010): 101–106.

44. H. Jung, S. Kim, J. Ko, and J. W. Um, “Intracellular Signaling Mech-
anisms That Shape Postsynaptic GABAergic Synapses,” Current Opin-
ion in Neurobiology 81 (2023): 102728.

45. T. Cramer, R. Gill, Z. S. Thirouin, et al., “Cross-Talk Between GAB-
Aergic Postsynapse and Microglia Regulate Synapse Loss After Brain 
Ischemia,” Science Advances 8, no. 9 (2022): eabj0112.

46. P. Zacchi, R. Antonelli, and E. Cherubini, “Gephyrin Phosphoryla-
tion in the Functional Organization and Plasticity of GABAergic Syn-
apses,” Frontiers in Cellular Neuroscience 8 (2014): 103.

47. L. Zhou, E. Kiss, R. Demmig, J. Kirsch, R. A. Nawrotzki, and J. 
Kuhse, “Binding of Gephyrin to Microtubules Is Regulated by Its 
Phosphorylation at Ser270,” Histochemistry and Cell Biology 156, no. 1 
(2021): 5–18.

48. J. M. C. Kevin Flurkey and D. E. Harrison, “Mouse Models in Aging 
Research,” in The Mouse in Biomedical Research, vol. 3, 2nd ed., ed. J. G. 
Fox, S. W. Barthold, M. Davisson, C. E. Newcomer, F. W. Quimby, and 
A. Smith (Academic Press, 2006), 644–645.

49. F. Crestani, R. Keist, J. M. Fritschy, et al., “Trace Fear Conditioning 
Involves Hippocampal alpha5 GABA(A) Receptors,” Proceedings of the 
National Academy of Sciences of the United States of America 99, no. 13 
(2002): 8980–8985.

50. M. L. Brady and T. C. Jacob, “Synaptic Localization of α5 GABA 
(A) Receptors via Gephyrin Interaction Regulates Dendritic Outgrowth 
and Spine Maturation,” Developmental Neurobiology 75, no. 11 (2015): 
1241–1251.



13 of 17CNS Neuroscience & Therapeutics, 2026

51. J. L. Nuwer, N. Povysheva, and T. C. Jacob, “Long-Term α5 GABA A 
Receptor Negative Allosteric Modulator Treatment Reduces NMDAR-
Mediated Neuronal Excitation and Maintains Basal Neuronal Inhibi-
tion,” Neuropharmacology 237 (2023): 109587.

52. S. K. Tyagarajan, H. Ghosh, G. E. Yévenes, et  al., “Regulation of 
GABAergic Synapse Formation and Plasticity by GSK3beta-Dependent 
Phosphorylation of Gephyrin,” Proceedings of the National Academy of 
Sciences of the United States of America 108, no. 1 (2011): 379–384.

53. J. Kuhse, H. Kalbouneh, A. Schlicksupp, S. Mükusch, R. Nawrotzki, 
and J. Kirsch, “Phosphorylation of Gephyrin in Hippocampal Neurons 
by Cyclin-Dependent Kinase CDK5 at Ser-270 Is Dependent on Colly-
bistin,” Journal of Biological Chemistry 287, no. 37 (2012): 30952–30966.

54. S. K. Tyagarajan and J. M. Fritschy, “Gephyrin: A Master Regulator 
of Neuronal Function?,” Nature Reviews. Neuroscience 15, no. 3 (2014): 
141–156.

55. R. Nagarajan, J. Lyu, J. C. George, U. Rudolph, and E. Engin, “The 
Role of GABA(A) Receptors in Hippocampus-Dependent Cognitive 
Functions,” Neuroscience and Biobehavioral Reviews 186 (2026): 106659.

56. E. Engin, M. Sigal, D. Benke, A. Zeller, and U. Rudolph, “Bidi-
rectional Regulation of Distinct Memory Domains by α5-Subunit-
Containing GABA(A) Receptors in CA1 Pyramidal Neurons,” Learning 
& Memory 27, no. 10 (2020): 423–428.

57. Z. Liao, J. Li, L. Miao, et al., “Inhibition of RhoA Activity Does Not 
Rescue Synaptic Development Abnormalities and Long-Term Cognitive 
Impairment After Sevoflurane Exposure,” Neurochemical Research 46, 
no. 3 (2021): 468–481.

58. H. Zheng, Y. Dong, Z. Xu, et al., “Sevoflurane Anesthesia in Preg-
nant Mice Induces Neurotoxicity in Fetal and Offspring Mice,” Anesthe-
siology 118, no. 3 (2013): 516–526.

59. Y. Liu, H. Yang, Y. Fu, et al., “TRPV1 Antagonist Prevents Neonatal 
Sevoflurane-Induced Synaptic Abnormality and Cognitive Impairment 
in Mice Through Regulating the Src/Cofilin Signaling Pathway,” Fron-
tiers in Cell and Development Biology 9 (2021): 684516.

60. X. Cai, L. Qiu, C. Wang, et  al., “Hippocampal Inhibitory Synap-
sis Deficits Induced by α5-Containing GABA(A) Receptors Mediate 
Chronic Neuropathic Pain-Related Cognitive Impairment,” Molecular 
Neurobiology 59, no. 10 (2022): 6049–6061.

61. W. Zuo, J. Zhao, J. Zhang, et  al., “MD2 Contributes to the Patho-
genesis of Perioperative Neurocognitive Disorder via the Regulation of 
α5GABA(A) Receptors in Aged Mice,” Journal of Neuroinflammation 
18, no. 1 (2021): 204.

62. C. Yuan, A. Gao, Q. Xu, et al., “A Multi-Dosing Regimen to Enhance 
the Spatial Memory of Normal Rats With α5-Containing GABA(A) Re-
ceptor Negative Allosteric Modulator L-655,708,” Psychopharmacology 
238, no. 12 (2021): 3375–3389.

63. W. Zhang, Y. Chen, J. Qin, et  al., “Prolonged Sevoflurane Expo-
sure Causes Abnormal Synapse Development and Dysregulates Beta-
Neurexin and Neuroligins in the Hippocampus in Neonatal Rats,” 
Journal of Affective Disorders 312 (2022): 22–29.

64. F. Gomez-Castro, S. Zappettini, J. C. Pressey, et al., “Convergence of 
Adenosine and GABA Signaling for Synapse Stabilization During De-
velopment,” Science 374, no. 6568 (2021): eabk2055.

65. N. Chofflet, Y. Naito, A. J. Pastore, et al., “Structural and Functional 
Characterization of the IgSF21-Neurexin2α Complex and Its Related 
Signaling Pathways in the Regulation of Inhibitory Synapse Organiza-
tion,” Frontiers in Molecular Neuroscience 17 (2024): 1371145.

66. H. Kalbouneh, A. Schlicksupp, J. Kirsch, and J. Kuhse, “Cyclin-
Dependent Kinase 5 Is Involved in the Phosphorylation of Gephyrin and 
Clustering of GABAA Receptors at Inhibitory Synapses of Hippocam-
pal Neurons,” PLoS One 9, no. 8 (2014): e104256.

67. Z. Qian, M. Micorescu, V. Yakhnitsa, and N. H. Barmack, “Climb-
ing Fiber Activity Reduces 14-3-3-θ Regulated GABA(A) Receptor 

Phosphorylation in Cerebellar Purkinje Cells,” Neuroscience 201 (2012): 
34–45.

68. K. Oishi, K. Watatani, Y. Itoh, et al., “Selective Induction of Neocor-
tical GABAergic Neurons by the PDK1-Akt Pathway Through Activa-
tion of Mash1,” Proceedings of the National Academy of Sciences of the 
United States of America 106, no. 31 (2009): 13064–13069.

69. C. Li, S. Huang, J. Peng, T. Hong, C. Zhou, and J. Tang, “14-3-3ζ 
Mediates GABA(A)R Activation by Interacting With BIG1,” Molecular 
Neurobiology 60, no. 3 (2023): 1721–1732.

70. C. C. Cheung, C. Yang, T. Berger, et  al., “Identification of BERP 
(Brain-Expressed RING Finger Protein) as a p53 Target Gene That Mod-
ulates Seizure Susceptibility Through Interacting With GABA(A) Re-
ceptors,” Proceedings of the National Academy of Sciences of the United 
States of America 107, no. 26 (2010): 11883–11888.

71. F. Liang, M. Li, M. Xu, et al., “Sevoflurane Anaesthesia Induces Cog-
nitive Impairment in Young Mice Through Sequential Tau Phosphory-
lation,” British Journal of Anaesthesia 131, no. 4 (2023): 726–738.

72. L. Y. Guo, L. Kaustov, C. T. A. Brenna, et  al., “Cognitive Deficits 
After General Anaesthesia in Animal Models: A Scoping Review,” Brit-
ish Journal of Anaesthesia 130, no. 2 (2023): e351–e360.

73. N. Liufu, L. Liu, S. Shen, et al., “Anesthesia and Surgery Induce Age-
Dependent Changes in Behaviors and Microbiota,” Aging (Albany NY) 
12, no. 2 (2020): 1965–1986.



14 of 17 CNS Neuroscience & Therapeutics, 2026

Appendix 

FIGURE A1    |    Long-term axial CA3 α5-GABAAR expression after sevoflurane exposure. (A) The upper right panel shows a representative brain 
slice in Imaris software that was matched to a standard brain atlas. The upper left panel shows a 3D model according to the representative brain slice, 
with the bright yellow region being the statistically significant target brain region CA3. The lower panel shows the tracking result of the long-term 
axial α5-GABAAR (pink) of CA3, as shown in a representative example. (B) Expression of α5-GABAAR in CA3 at 8 timepoints after sevoflurane 
exposure (n = 3). The data are presented as the mean ± SEM. Con, control group; Sev, sevoflurane group. Scale bar, 1 μm. Statistical analyses included 
two-way and one-way ANOVA, followed by Šídák's test and Tukey's test. **p < 0.01.
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FIGURE A2    |    Long-term axial DG α5-GABAAR expression after sevoflurane exposure. (A) The upper right panel shows a representative brain 
slice in Imaris software that was matched to a standard brain atlas. The upper left panel shows a 3D model according to the representative brain 
slice, with the bright yellow region being the statistical target brain region DG. The lower panel shows the tracking result of the long-term axial α5-
GABAAR (pink) of the DG, as shown in a representative example. (B) α5-GABAAR expression in the DG at 8 timepoints after sevoflurane exposure 
(n = 3). The data are presented as the mean ± SEM. Con, control group; Sev, sevoflurane group. Scale bar, 1 μm. Statistical analyses included two-way 
and one-way ANOVA, followed by Šídák's test and Tukey's test. *p < 0.05.
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FIGURE A3    |    Long-term axial CA3 P-gephyrin expression after sevoflurane exposure. (A) The upper right panel shows a representative brain 
slice in Imaris software that was matched to a standard brain atlas. The upper left panel shows a 3D model according to the representative brain 
slice, with the bright yellow region being the statistically significant target brain region CA3. The lower panel shows the tracking result of the long-
term axial P-gephyrin (green) of CA3, as shown in a representative example. (B) Expression of P-gephyrin in CA3 at 8 timepoints after sevoflurane 
exposure (n = 3). The data are presented as the mean ± SEM. Con, control group; Sev, sevoflurane group. Scale bar, 1 μm. Statistical analyses included 
two-way and one-way ANOVA, followed by Šídák's test and Tukey's test. *p < 0.05.
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FIGURE A4    |    Long-term axial DG P-gephyrin expression after sevoflurane exposure. (A) The upper right panel shows a representative brain slice 
in Imaris software that was matched to a standard brain atlas. The upper left panel shows a 3D model according to the representative brain slice, with 
the bright yellow region being the statistical target brain region DG. The lower panel shows the tracking result of long-term axial P-gephyrin (green) 
of the DG, as shown in a representative example. (B) Expression of P-gephyrin in the DG at 8 timepoints after sevoflurane exposure (n = 3). The data 
are presented as the mean ± SEM. Con, control group; Sev, sevoflurane group. Scale bar, 1 μm. Statistical analyses included two-way and one-way 
ANOVA, followed by Šídák's test and Tukey's test. *p < 0.05.
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