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Egr2 contributes to age-dependent vulnerability to sevoflurane-
induced cognitive deficits in mice
Ye-ru Chen1, Shu-xia Zhang1, Man Fang1,2, Piao Zhang1, You-fa Zhou1, Xin Yu1, Xiang-nan Zhang3 and Gang Chen1

Sevoflurane inhalation is prone to initiate cognitive deficits in infants. The early growth response-2 (Egr-2) gene is DNA-binding
transcription factor, involving in cognitive function. In this study we explored the molecular mechanisms underlying the
vulnerability to cognitive deficits after sevoflurane administration. Six-day-old (young) and 6-week-old (early adult) mice received
anesthesia with 3% sevoflurane for 2 h daily for 3 days. We showed that multiple exposures of sevoflurane induced significant
learning ability impairment in young but not early adult mice, assessed in Morris water maze test on postnatal days 65. The
integrated differential expression analysis revealed distinct transcription responses of Egr family members in the hippocampus of
the young and early adult mice after sevoflurane administration. Particularly, Egr2 was significantly upregulated after sevoflurane
exposure only in young mice. Microinjection of Egr2 shRNA recombinant adeno-associated virus into the dentate gyrus alleviated
sevoflurane-induced cognitive deficits, and abolished sevoflurane-induced dendritic spins loss and BDNF downregulation in young
mice. On the contrary, microinjection of the Egr2 overexpression virus in the dentate gyrus aggravated learning ability impairment
induced by sevoflurane in young mice but not early adult mice. Furthermore, we revealed that sevoflurane markedly upregulated
the nuclear factors of activated T-cells NFATC1 and NFATC2 in young mice, which were involved in Egr2 regulation. In conclusion,
Egr2 serves as a critical factor for age-dependent vulnerability to sevoflurane-induced cognitive deficits.
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INTRODUCTION
There is ample evidence to demonstrate a link between inhaled
general anesthesia and postoperative learning ability impairment
[1–4]. Observational studies have shown that exposure to
anesthesia was associated with increased problems related to
executive function, behavior, and reading in young children before
the age of three [1–3]. Similarly, repeated exposure of infant rhesus
monkeys to sevoflurane results in visual recognition memory
impairment that emerges after the first year of life [4]. However,
exposure to sevoflurane did not cause memory impairment in the
adult brain [5–8]. Anesthesia-induced learning ability impairment
and neuroinflammation was observed in young mice but not in
adult mice [8]. These studies have shown age-related differences in
susceptibility to learning ability impairment induced by exposure
to general anesthesia. Sevoflurane, which is commonly used as a
general anesthesia, triggers a series of pathophysiologic reactions,
including the initiation of neuronal apoptosis [9], synaptogenesis
impairment [10], and neuroinflammation [8, 11, 12] in young
animals that result in cognitive deficits. These neurotoxic and
learning ability impairment may also be mediated by neuronal
receptors [13, 14], autophagy [15], neuroinflammation [16] and
epigenetic mechanisms [17]. However, these various instances of

molecular mechanisms failed to explain age-dependent learning
ability impairments induced by sevoflurane.
The early growth response (EGR) genes consist of four members

(Egr-1, -2, -3, and -4), which participate in synaptic and neuronal
responses to external stimulation [18, 19]. Egr2 facilitates the
robust and sustained maintenance of learning and memory by
mediating synaptic plasticity [20]. Of particular interest, a previous
study indicated that the performance of motor learning and
object recognition memory was enhanced in Egr2-deficient mice
[21]. These studies indicate that Egr2 is involved in synaptic
plasticity and cognitive function. Moreover, previous studies
reported that abnormal upregulation of Egr2 could be related to
neurodevelopmental dysfunction after early-life stress [22–24].
Egr2 was also shown to be increased in young animals subjected
to ischemic preconditioning [22]. De novo dominant mutations in
Egr2 have been shown to be a cause of very early onset
hereditary neuropathies [23]. Nevertheless, whether Egr2 con-
tributes to the differences in cognition observed between young
mice and early adult mice after general anesthesia remains to be
investigated.
The focus of the present study is to explore the distinct

vulnerability to cognitive deficits that occurs after sevoflurane
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administration. We use RNA-seq to screen the key gene regulation
in learning ability impairment in neonatal mice but not in early
adult mice. We determined that upregulation of Egr2 led to age-
dependent decline in cognitive function after sevoflurane
anesthesia. The present study provides the first evidence
indicating that Egr2 is a critical factor in age-sensitive vulnerability
to sevoflurane-induced learning ability impairment.

MATERIALS AND METHODS
Mice, anesthesia, and treatment
All experimental operations were in accordance with guidelines
for laboratory animal care and safety from NIH and approved
by the Animal Care and Use Committee of Zhejiang University
(No. ZJU20160074) and Ethical Review Committee for laboratory
animal welfare of Sir Run Run Shaw Hospital (No. SRRSH202102090).
All animals were housed with free access to water and chow
in appropriate environmental conditions (temperature: 22–25°C,
humidity: 45%–50%, and 12 h light/dark cycle). Efforts were made to
minimize the number of animals used in the studies.
The pups at 6–8 postnatal days were defined as neonatal mice.

The mice, at 42–44 postnatal days treated with sevoflurane or not,
were regarded as early adult mice. These neonatal mice after
sevoflurane treatment or not grew up to postnatal 65 days were
regarded as young mice according to previous studies [25, 26].
The male C57BL/6 mice (6 week) were purchased from Shanghai
Laboratory Animal Center (Chinese Academy of Sciences, Shang-
hai, China). Neonatal mice of both sexes at postnatal day 6
were obtained from our own breeding. The neonatal mice were
anesthetized on postnatal days 6, 7, and 8 with 3% sevoflurane
delivered in humidified 20% oxygen carrier gas for 2 h daily for 3
days. The neonatal mice in the control group only received 20%
oxygen at an identical flow rate in the same chambers. These
neonatal mice after sevoflurane treatment or not grew up to
postnatal 65 days were defined as young mice. The early adult
mice were anesthetized on postnatal days 42, 43, and 44. The early
adult mice in the control group only received 20% oxygen at an
identical flow rate in the same chambers. The protocol was based
on the previous study [27]. Skin temperature of the neonatal mice
in the control and sevoflurane groups at different time point were
detected (supplementary Table 1). Arterial carbon dioxide partial
pressure (PaCO2), arterial oxygen pressure (PaO2), and power of
hydrogen (pH) of young mice were evaluated by using a blood
gas analyzer (Kent Scientific Corp., Torrington, CT, USA) (supple-
mentary Table 2). There was no significant difference in pH, PaCO2
and PaO2 level between the groups of young mice. All mice were
used in the further studies.

Morris water maze test
After the sevoflurane exposure and other experiments, the spatial
memory was evaluated on postnatal days 60–65 by using the
Morris Water Maze (MWM) test as previously described [28].
A circular black pool (diameter: 120 cm; depth: 21 cm) was filled
with opaque water using white non-toxic ink to reach 1.0 cm
above the platform surface (diameter, 10 cm), and the water
temperature was kept at 22 °C. In the training phase, all animals
received four training trials per day for a total of four days. The
mice were placed into the pool at a special starting position and
allowed to discover the hidden platform for 60 s. Mice were
guided to the platform if they could not locate the platform
within 1 min. The latency time (the time to reach the hidden
platform) was recorded for assessing the spatial learning. After
each trial, the mice were wiped dry and a heat lamp was used
to faster temperature recovering before returning to home cages.
In the testing phase, the platform was removed, and each
mouse was allowed to swim freely in the pool for 2 min. The
platform crossing times and the quadrant time were recorded for
measuring memory function.

Viral packaging and stereotactic injection
The CMV-Egr2 shRNA and Egr2 overexpression adeno-associated
virus were constructed and packaged by Vigene Biosciences
(Shangdong, China). For Egr2 shRNA viral packaging, the shRNA
sequence of mouse Egr2 (5'-GATCCGGGCAGGACAAAGCAATATT
GTTCAAGAGACAATATTGCTTTGTCCTGCCCTTTTTTA-3') was synthe-
sized and cloned into pAV-U6-GFP plasmid to produce pAV-U6-
eGFP-Egr2 shRNA. Scramble adeno-associated virus was regard as
the control virus. Viral particles were purified by iodixanol step-
gradient ultracentrifugation. The genomic titer was 4.72 × 1013

TU/mL determined by quantitative PCR. For Egr2 overexpression,
the coding sequence of mouse Egr2 was synthesized and cloned
into PAG-CAG-eGFP plasmid to produce PAG-CAG-Egr2-P2A-eGFP.
The eGFP plasmid virus was produced as control virus. Viral
particles were purified by iodixanol step-gradient ultracentrifuga-
tion. The genomic titer was 4.68 × 1013 TU/mL determined by
quantitative PCR.
For viral injection, mice were anesthetized with ketamine

(100 mg/kg) and xylazine (8 mg/kg) by intraperitoneal injection
and placed in a stereotactic frame. Purified and concentrated
adenovirus was injected bilaterally into the dentate gyrus (100 nL,
coordinates from bregma, − 1.5 mm anterior/posterior, − 2.07 mm
medial/lateral, −1.8 mm dorsal/ventral) through glass micropipettes
at a slow rate (10 nL/min). In the animal experiments, the young
mice received virus injection (100 nL) on postnatal days 9 after being
anesthetized with sevoflurane, and the adult mice (100 nL) received
virus injection on postnatal days 45. The Morris water maze tests of
all mice were performed on postnatal days 65. The injection sites
were examined at the end of all the behavioral tests and only
data from animals with correct injections were collected. Sections
through the dentate gyrus were directly examined under a
fluorescence microscope.

Tissue harvest
The brain tissues of young and early adult mice were harvested on
postnatal days 65 after Morris Water Maze tests. The brain from
animals were anesthetized with 2% pentobarbital sodium (40 mg/
kg, i.p.). Then, the right atrium was incised and transcardiac
perfusion was performed with heparinized 0.9% saline followed by
4% formaldehyde. The brain tissue was extracted and rinsed using
0.9% sodium chloride at 4 °C. The brain was stripped and fixed in
4% formaldehyde for overnight, in 15% sucrose in 0.1 M
phosphate buffers (pH 7.4, 4 °C) for 24 h, and the in 30% sucrose
in 0.1 M phosphate buffers (pH 7.4, 4 °C) for 24–48 h. The
specimens were stored in a −80 °C freezer.

Next-generation sequencing
For the RNA-Seq analysis, the hippocampal tissues were obtained
from young and adult mice treated with sevoflurane both at 65
postnatal days. Total RNA was extracted from different groups
using RNAiso Plus Reagent (TaKaRa, Japan), and purified using an
RNasey Mini Kit (QIAGEN) based on the manufacturer’s protocol.
NanoDrop spectrophotometry (Thermo Scientific, Wilmington,
USA) was used to determine the RNA concentration, and the
integrity was confirmed through electrophoresis. Subsequently,
the cDNA synthesis and antisense RNA (aRNA) amplification
was performed using Amino Allyl MessageAmp II aRNA
Amplification Kit (Ambion, USA). The total RNA was stored at
−80 °C for future use.
A total of 1.5 μg of RNA was used as the input material. The

clustering of the index-coded samples was performed using a
TruSeq PE Cluster Kit v3-cBot-HS (Illumina) based on the
manufacturer’s instructions. The library was sequenced using an
Illumina HiSeq platform, and paired-end reads were generated
followed by cluster generation. Thereafter, raw reads in the fastq
format were processed by using in-house Perl scripts. Low-quality
data were discarded using Trim Galore. The GC-content and
sequence duplication level of the clean reads were calculated, and
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the clean reads were assembled with Trinity Software via the
default parameters. Then, the RNA-Seq data files were deposited
in the NCBI Sequence Read Archive (SRA) database (SRA accession:
PRJNA781082).
The differentially expressed genes (DEGs) acquired from the

RNA-seq-based expression profiling were analyzed through iDEP
(integrated Differential Expression and Pathway analysis) online
tools. Currently, iDEP seamlessly connects 63 R/Bioconductor
packages, 2 web services, and comprehensive annotation and
pathway databases for 220 plant and animal species [29].
Briefly, the expression matrix was filtered only for transcripts
with >5 reads per kilobase of transcript per million mapped
reads (RPKM). The pairwise comparison was employed using the
DESeq2 package with a threshold of false discovery rate FDR <
0.05 and |log2FC| > 1. Additionally, hierarchical clustering of
genes was done using Pearson correlation distance and average
linkage. Principal component analysis for the hippocampus
tissues was done using Log2(TPM+1) values for genes deter-
mined to be differentially expressed by one-way ANOVA. Genes
specifically upregulated for either cytokine were identified by
selecting those that had at least a |log2FC| > 1 and a false
discovery rate FDR < 0.05 in one condition compared with all of
the other three.

Golgi-Cox staining
The morphology of neuronal dendrites and dendritic spines was
investigated in the dentate gyrus by using the Hito Golgi-Cox
OptimStainTM PreKit (Hitobiotec Corp. Kingsport, TN, USA). The
brain tissues were obtained after sacrifice and rinsed with Milli Q
water. The equal volumes of Solutions A and B were used to
impregnate the brain tissues, and the impregnation solution was
replaced the following day and stored in darkness (Room
temperature, 2 weeks). Then, the brain tissues were transferred
to Solution C, which was replaced the following day. The brains
were stored at 4 °C for 72 h in the dark. The brain sections
(100 μm thickness) were generated using a cryotome with the
chamber temperature set at−19 °C. Each section was mounted
on gelatin-coated microscope slides using Solution C. The excess
solution on slide was removed using a Pasteur pipette and
absorbed with filter papers, then the sections were allowed to
dry naturally at room temperature for 3 days. The dried brain
sections were processed according to the manufacturer’s
instructions. Thereafter, the dendrites of dentate gyrus sub
region in the hippocampus were observed by using an Olympus
BX61 fluorescence microscope (Olympus, Japan).

Western blotting
The hippocampal tissues among different groups were homo-
genized using RIPA buffer (Beyotime, P0013B) with 1 × protease
inhibitor cocktail (Beyotime, P1010). The supernatant was
collected by centrifugation (12,000 × g, 20 min), and the protein
concentration was measured through a bicinchoninic acid protein
assay kit (Beyotime, P0012S). An aliquot of 50 µg protein was
separated via SDS-PAGE and transferred to a nitrocellulose
membrane, then blocked with 5% nonfat milk in phosphate-
buffered saline (PBS, pH 7.4). The membranes were incubated with
primary antibodies against Egr2 (1:1, 000; ABclonal, A15053), Egr1
(1:500; ABclonal, A2722), Egr4 (1:1000; ABclonal, A16369), Arc
(1:500; ABclonal, A9177), BDNF (1:1, 000; abcam, ab108319),
NFATC1 (1:1,000; ABclonal, A1539), NFATC2 (1:1000; ABclonal,
A3107), NFATC3 (1:1000; ABclonal, A6666), actin (1:5, 000;
ABclonal, AC026) at 4 °C overnight. Blots were incubated in
horseradish peroxidase-conjugated secondary antibodies against
rabbit IgG (1:5, 000, CST, 7071 and 7072) for 2 h at room
temperature, then subjected to chemiluminescent detection using
the SuperSignal West Pico Substrate (34077, Pierce) and exposed
to film. Digital images were quantified using densitometric
measurements obtained using Quantity One software (Bio-Rad).

Immunofluorescent staining
Serial coronal slices (20 μm thick) of hippocampus including
CA1, CA3 and DG regions were made by using a rotary microtome
(Leica, Germany). The sections were blocked using 10% bovine
serum albumin at room temperature for 1 h. The sections
were incubated with antibody diluent containing goat antibodies
against Egr2 (1:200; NOVUS biologicals, OTI1B12), Iba-1 (1:100;
abcam, ab178846) and NeuN (1:1000; abcam, ab104224) overnight
at 4 °C. Then sections were rinsed with PBS (3 × 10 min) followed
by incubation with Alexa Fluor™ 488 goat anti-mouse antibody
and Alexa Fluor™ 594 goat anti-rabbit antibody for 1 h at room
temperature. After rinsing with PBS (6 × 5 min), fluorescence
signals were visualized under an epifluorescence microscope.
Images were captured with the assistance of Image-Pro Plus 5.0
software, and all the parameters used were kept consistent during
capturing.

Statistical analysis
We present the data from biochemical studies, escape latency,
platform crossing times and quadrant time of Morris water maze
as means ± SD; we defined young mice as the reference group
and set values of variables in the reference group mice without
anesthesia for comparison in experiments comparing young and
adult mice. All data were quantified and expressed as ratio
(Western blot) or real numbers (number of dendritic spines) of the
reference group or baseline group. Interaction between time and
group factors was determined by using two-way ANOVA with
repeated measurements to analyze the difference in learning
curves (escape latency) between mice in the baseline and
sevoflurane anesthesia groups in the Morris water maze test.
The ordinary one-way ANOVA and Tukey’s multiple comparisons
test were used to determine the difference between the baseline
and sevoflurane anesthesia groups in terms of platform crossing
times and quadrant time. The ordinary one-way ANOVA and
Tukey’s multiple comparisons test were used to determine the
difference in FPKM between the baseline and sevoflurane
anesthesia groups. Two-way ANOVA and Student’s t test with
Bonferroni correction were used to determine the effect of age
(postnatal day 6 vs. postnatal week 6), treatment (baseline vs.
sevoflurane anesthesia), and the interaction of age and
treatment in terms of total amounts of Arc, Egr1, Egr2, Egr4,
BDNF, NFATC1, NFATC2 and NFATC3. Two-way ANOVA and the
Tukey’s multiple comparisons test were used to determine the
difference in the effect of Egr2 shRNA and treatment (baseline vs
sevoflurane anesthesia) in terms of the dendritic numbers.
P < 0.05 was considered statistically significant, and significance
testing was two-tailed. Statistical analysis was conducted using
GraphPad Prism software (version 8.0) and SPSS statistic software
(version 21.0).

RESULTS
Sevoflurane induces learning ability impairment in young mice
but not in early adult mice
We firstly compared the spatial memory of 6-day-old mice and 6-
week-old mice after exposure to sevoflurane. For neonatal mice,
exposure to sevoflurane (3%+ 20% oxygen) occurred on post-
natal day 6–8 (2 h daily). For early adult mice, sevoflurane
was administered at postnatal days 42–44. The mice in the
control group only received 20% oxygen. The impact of
sevoflurane on cognitive function across all male mice was
measured using the Morris water maze on postnatal days 60–65
(Fig. 1a). In young mice, the mice exposed to sevoflurane had
longer escape latency when locating the maze exist as compared
to the control mice (P < 0.0001). Mice that received sevoflurane
also demonstrated lower platform crossing times (Y-Ctrl: 4.625
(1.061) times (mean (SD)) vs Y-SEV: 2.375 (0.916) times, P= 0.0049)
and shorter quadrant time (E-Ctrl: 33.72 (3.669) % vs E-SEV: 27.20
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(4.949) %, P= 0.0094) compared to control mice. In early
adult mice, the escape latency, platform crossing times, and
quadrant time were not significantly altered by sevoflurane
treatment (Fig. 1b–e). These results suggest that sevoflurane
anesthesia induces learning ability impairment in young mice but
not in early adult mice, which demonstrates that age-sensitive
vulnerability to learning ability impairment is associated with the
use of sevoflurane.

Sevoflurane upregulates Egr2 expression in young mice but not in
early adult mice
To characterize a genome-wide expression profile corresponding
to sevoflurane use, we employed RNA-seq high-throughput
sequencing to determine gene expression changes in all mice
after exposure to sevoflurane at 65 postnatal days. We found
that differentially expressed genes (DEGs) mainly comprised 57
upregulated and 16 downregulated genes in young mice, and 21
upregulated genes and 37 downregulated genes in early adult
mice (Fig. 2a). In the RNA-sequencing data, the FPKM level of Egr1
(Y-Ctrl: 21.35 (3.305) vs Y-SEV:50.60 (4.428), P < 0.0001; E-Ctrl: 46.14
(3.068) vs E-SEV: 56.98 (2.501), P= 0.019) and Arc (Y-Ctrl:27.53
(4.013) vs Y-SEV: 81.57 (14.66), P= 0.003; E-Ctrl: 69.55 (15.54) vs
E-SEV: 91.91 (11.68), P= 0.038) were upregulated both in young
mice and in early adult mice after sevoflurane treatment.
The FPKM level of Egr2 (Y-Ctrl: 0.3719 (0.117) vs Y-SEV:2.390
(0.404), P= 0.0025) and Egr4 (Y-Ctrl:11.94 (1.826) vs Y-SEV:30.77

(2.256), P < 0.0001) were upregulated in young mice but not in
early adult mice (Fig. 2b). To further evaluate the protein
expression of Arc, Egr1, Egr2, and Egr4, we compared the amounts
of these proteins between young and early adult mice at control
baseline levels and after exposure to sevoflurane. Western blot
analysis revealed that the expression of Arc (Y-Ctrl: 1.024 (0.046) vs
Y-SEV:1.546 (0.129), P= 0.0001; E-Ctrl: 1.086 (0.099) vs E-SEV:
1.410 (0.049), P= 0.0215) and Egr1 (Y-Ctrl: 0.999 (0.103) vs Y-
SEV:2.948 (0.175), P < 0.0001; E-Ctrl: 0.882 (0.1125) vs E-SEV: 3.068
(0.233), P < 0.0001) increased in young mice and early adult mice
after exposure to sevoflurane as compared with baseline non-
anesthetized mice (Fig. 2c, d). The expression of Egr4 (Y-Ctrl:1.161
(0.060) vs Y-SEV: 1.842 (0.321), P < 0.0001) increased after sevoflur-
ane treatment in early adult mice but not in young mice, which was
inconsistent with the results of RNA-sequencing and MWM data.
These results suggest that sevoflurane may affect the expression of
Egr4 through a transcriptional mechanism. Interestingly, the
expression of Egr2 (Y-Ctrl: 1.031 (0.059) vs Y-SEV: 2.174 (0.068), P <
0.0001) increased after sevoflurane treatment in young mice but not
in early adult mice, which was supported by the Morris water maze
results (Fig. 2c, d). These data indicate that sevoflurane exerted a
significant influence on the transcriptome and Egr2 could be a
critical gene in the occurrence of age-sensitive vulnerability to
sevoflurane-induced learning ability impairment.
The RNA-seq data demonstrated that sevoflurane treatment

resulted in an upregulation in 57 genes and downregulation in 16

Fig. 1 Sevoflurane induced learning ability impairment in young mice but not in early adult mice. a Experimental design. The neonatal
mice received 3% sevoflurane for 2 h daily on postnatal days 6, 7, and 8. The early adult male mice at 6 weeks old were anesthetized in the
same way. The spatial memory of all the male mice were be measured by Morris water maze on postnatal days 60–65. b Representative path
patterns of Morris water maze in the test day of each group. c–e Escape latency (c), platform crossings (d) and quadrant time (e) of Morris
Water maze test after sevoflurane treatment (n= 8 mice/group). The data were presented as means ± SD. Two-way ANOVA was used for (c–e).
**P < 0.01, ***P < 0.001.
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Fig. 2 Sevoflurane upregulated Egr2 in young mice but not in early adult mice. a Hierarchical clustering and select representative genes
between the young mice and early adult mice after sevoflurane treatment. b Normalized expression (FPKM) of select representative genes in
the young mice and early adult mice after sevoflurane treatment. (n= 3 mice/group). FPKM Fragments Per Kilobase of exon model per Million
mapped fragments. c Amounts of Arc, Egr1, Egr2, and Egr4 in the dentate gyrus of the young mice and early adult mice in baseline and
sevoflurane anesthesia groups. d Summary of Arc, Egr1, Egr2, and Egr4. (n= 5 mice/group). The data were presented as means ± SD. Two-way
ANOVA was used. *P < 0.05, **P < 0.01, ***P < 0.001.
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genes in young mice. The differentially expressed genes were
frequently involved in transcriptional regulator activity, synapse
formation, developmental processes, and so on according to GO
function analysis (Supplementary Fig. 1).
We measured the expression of Egr2 by immunofluorescent

staining. The brain sectioning images revealed that sevoflurane
increased the expression of Egr2 mainly in the dentate gyrus
(Supplementary Fig. 2a) (F= 5.938; P < 0.0001). Extending this
analysis to Egr2-specific cell types, we observed Egr2 colocaliza-
tion with NeuN (neuronal marker) but not Iba-1 (microglia marker)
(Supplementary Fig. 2b). These data suggest that Egr2 is mainly
expressed in neurons of the dentate gyrus.

Egr2 is required for sevoflurane-induced cognitive deficits in
young mice
To determine the effect of Egr2 on sevoflurane-induced cognitive
function in young mice, we transfected an Egr2 shRNA recombi-
nant adeno-associated virus (AAV) into the dentate gyrus of mice
by intracerebroventricular injection. The mice received anesthesia
with 3% sevoflurane 2 h daily at P6-P8 and were injected with
Egr2 shRNA viruses at P9. The mice were sacrificed at P65 after
they completed a Morris water maze (Fig. 3a). The injection sites
were post-validated at the end of the Morris water maze (Fig. 3b).
We utilized Western blots to examine the efficiency of adeno-
associated virus infection. These results showed that Egr2 shRNA
abolished expression of Egr2 protein in mice (Fig. 3c) (scramble-
Ctrl:1.033 (0.056) vs Egr2 shRNA-Ctrl:0.385 (0.056), P= 0.028). In
young mice that received scramble virus, sevoflurane induced
learning ability impairment, as measured using a Morris water
maze to test for escape latency (P < 0.0001, scramble-Ctrl vs
scramble-SEV), platform crossing time (scramble-Ctrl: 6.833 (1.169)
times vs 2.833 (1.169) times, P < 0.0001) and quadrant time
(scramble-Ctrl: 34.26 (2.165) % vs scramble-SEV: 25.03 (6.071) %, P
= 0.0027), as compared with baseline non-anesthetized mice. In
the young mice with sevoflurane and Egr2 shRNA treatment,
escape latency was significantly shortened, (P= 0.0002, scramble-
SEV vs Egr2 shRNA-SEV) platform crossing times was increased,
(scramble-SEV:2.833 (1.169) times vs Egr2 shRNA-SEV: 5.833 times
(1.169) P= 0.001,) and quadrant time was longer (scramble-
SEV:25.03 (6.071) % vs Egr2 shRNA-SEV:31.67 (3.558) % P= 0.0347)
when compared to sevoflurane mice (Fig. 3e–h). These data
indicate that Egr2 shRNA alleviates sevoflurane-induced cognitive
deficits in young mice.
Dendritic spines serve as a storage site for synaptic strength

and help transmit electrical signals to the neuron’s cell body
[25]. The number of dendritic spines, as well as spine
morphology, has been regarded as a good way to measure
the activity of neurons [26]. We determined the number of
dendritic spines within the dentate gyrus after sevoflurane and
Egr2 shRNA treatment by Golgi staining. These results showed
that sevoflurane decreased the number of dendritic spines in
the dentate gyrus of mice injected compared with vehicle virus
(scramble-Ctrl: 10.53 (2.649) vs scramble-SEV: 5.33 (2.537), P <
0.0001). However, Egr2 shRNA rescued the reduced number of
dendritic spines induced by exposure to sevoflurane (Fig. 4a, b)
(scramble-SEV: 5.333 (2.537) vs Egr2 shRNA-SEV: 7.867 (2.980),
P= 0.0023). Brain-derived neurotrophic factor (BDNF) has been
shown to play a role in neuroplasticity, which allows nerve cells
in the brain to compensate for injury, new situations, or changes
in their environment [27]. In our study, BDNF expression
was found to decrease in mice after sevoflurane treatment
(scramble-Ctrl: 1.023 (0.048) vs scramble-SEV: 0.765 (0.151), P=
0.0052). However, Egr2 shRNA was able to alleviate decreased
expression of BDNF associated with sevoflurane treatment
(Fig. 4c, d) (scramble-SEV: 0.765 (0.151) vs Egr2 shRNA-SEV:
0.961 (0.082), P= 0.0047). Collectively, Egr2 shRNA rescued
dendritic spines loss and decreased BDNF expression induced by
sevoflurane in young mice.

We also explored the effect of upregulating BDNF in young
mice after sevoflurane treatment. Neonatal mice were treated with
sevoflurane on postnatal days 6, 7, and 8, and then injected with a
BDNF overexpression adeno-associated virus into their dentate
gyrus at postnatal day 9. Golgi staining was performed on P65. As
shown in Fig. 4e–g, upregulation of BDNF in the hippocampus
reversed sevoflurane-induced spine loss in young mice (scramble-
SEV: 6.900 (2.426) vs BDNF-OE: 9.582 (2.885), P= 0.0224).
Altogether, these data indicate that Egr2 is required for
sevoflurane-induced cognitive deficits in young mice.

Egr2 overexpression did not induce cognitive deficits in early adult
mice
To further verify that Egr2 was sufficient for cognitive function,
young mice were injected with a virus overexpressing Egr2 into
their dentate gyrus on postnatal day 9 following sevoflurane
anesthesia for 3 days. Early adult mice were injected with the Egr2
overexpression virus into their dentate gyrus on postnatal day 45
following sevoflurane treatment from P42 to P44. Morris water
maze tests were performed on all male mice at P60-P65 (Fig. 5a).
The memory behavior tests of young mice revealed that injection
with the Egr2 overexpression virus increased escape latency (P <
0.0001, GFP vs Egr2 OE) and decreased platform crossing
(GFP:8.833 (2.317) times vs Egr2 OE:4.500 (1.049) times, P=
0.0008) and quadrant time (GFP: 45.26 (32.34) % vs Egr2 OE 32.34
(7.911) %, P= 0.0214) as compared to mice that were adminis-
tered the vehicle virus (Fig. 5b–e). Moreover, after sevoflurane
treatment, treatment with the Egr2 overexpression virus was able
to decrease platform crossings times (GFP-SEV: 5.500 (1.643) times
vs Egr2 OE-SEV: 2.500 (1.049) times, P= 0.0196) and shorten
quadrant time (GFP-SEV: 31.78 (6.672) % vs Egr2 OE-SEV: 19.67
(3.034) %, P= 0.033) in young mice compared to mice in the
control virus group. These results suggest that the Egr2 over-
expression virus aggravates learning ability impairment after
sevoflurane treatment. In early adult mice, treatment with the Egr2
overexpression virus had no significant influence on escape
latency, platform crossings, and quadrant time with or without
sevoflurane treatment (Fig. 5b, f–h). These data indicate that
upregulated Egr2 expression was sufficient in causing cognitive
deficits induced by sevoflurane treatment in young mice, and Egr2
is a critical gene in the mediation of age-dependent learning
ability impairment induced by sevoflurane.
Based on the effects of the Egr2 overexpression virus on

cognitive function after sevoflurane treatment in young mice, we
next determined the number of dendritic spines in the dentate
gyrus using a Golgi staining assay, and we found that the Egr2
overexpression virus decreased the number of dendritic spines in
the dentate gyrus (Supplementary Fig. 3a, b) (GFP: 9.633 (2.918) vs
Egr2 OE 7.000 (2.197), P= 0.005). We also found that expression of
BDNF dropped significantly in mice administered the Egr2
overexpression virus (Supplementary Fig. 3c–d) (GFP:1.033
(0.012) vs Egr2 OE:1.812 (1.692), P= 0.0323).

Sevoflurane induces NFAT activation, which regulates Egr2
expression
We next explored how sevoflurane treatment regulates expres-
sion of Egr2. A previous study indicated that Egr2 was
transcriptionally regulated by NFAT [28]. In a protein-protein
interaction network (Fig. 6a), we found there were strong
connections between Egr2 and BDNF, and Egr2 and NFAT. The
network suggested that sevoflurane treatment upregulated NFAT,
which is involved in Egr2 regulation (Fig. 6a). The nuclear factor of
activated T-cells (NFAT) is a family of transcription factors
comprising four calcium-regulated members: NFATc1, NFATc2,
NFATc3, and NFATc4. NFATs translocate from the cytosol to the
nucleus and regulate their target genes, which are involved in
axon growth, synaptic plasticity, and neuronal survival in the
nervous system [29]. Western blotting revealed that sevoflurane
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upregulated expression of NFATC1 (Y-Ctrl:1.033 (0.090) vs
Y-SEV:2.939 (0.161), P < 0.0001) and NFATC2 (Y-Ctrl:1.045 (0.057)
vs Y-SEV:2.039 (0.113), P < 0.0001) in young mice but not in early
adult mice, and increased expression of NFATC3 in both young
mice and early adult mice (Fig. 6b, c) (Y-Ctrl:1.000 (0.098) vs Y-
SEV:2.944 (0.478), P < 0.0001; E-Ctrl:1.042 (0.082) vs E-SEV:2.020
(0.0091), P < 0.0001). These data suggest that sevoflurane treat-
ment can regulate Egr2 expression in young mice through the
activation of NFATC1 and NFATC2.

DISCUSSION
There is clear evidence demonstrating a link between early-life
anesthesia exposure and increased risk of subsequent sustained
neurobehavioral deficits [12]. However, the underlying mechanisms
driving age-dependent learning ability impairment induced by
sevoflurane remain unknown. In this study, we investigated
the discrepant vulnerability to cognitive deficits induced by
sevoflurane administration using transcriptomics. We found that
sevoflurane treatment resulted in an age-specific upregulation of

Fig. 3 Egr2 is required for sevoflurane-induced cognitive deficits in young mice a Experimental design. The neonatal mice were given 3%
sevoflurane for 2 h daily on postnatal days 6, 7, and 8, and injected Egr2 shRNA virus on postnatal days 9 in the following of Morris water maze
on postnatal days 60–65. b Representative images of the expression of Egr2 shRNA in the dentate gyrus of a naïve mouse. Scale bars, 1 mm.
c Amounts of Egr2 in the dentate gyrus of the mice on postnatal days 65 after sevoflurane treatment and Egr2 shRNA virus injection.
d Summary of Egr2. (n= 3 mice/group). e Representative path patterns of Morris water maze in the test day in each group. f–h Escape latency
(f), platform crossings (g) and quadrant time (h) of Morris Water maze test after sevoflurane treatment and Egr2 shRNA virus injection (n= 6
mice/group). The data were presented as means ± SD. Two-way ANOVA was used for (d, f, g, h). *P < 0.05, **P < 0.01, ***P < 0.001.
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Egr2 in infant mice that was associated with cognitive deficits.
Moreover, upregulated Egr2 was required for the cognition defects
observed in adulthood. Remarkably, ectopic expression of Egr2 in
the hippocampus of young, but not early adult, mice was sufficient

to reinforce sevoflurane-induced spatial learning impairment. For
the first time, these data demonstrated that Egr2 serves as a critical
factor for the occurrence of age-sensitive vulnerability to learning
ability impairment induced by sevoflurane.
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The present study found that upregulated Egr2 led to age-
dependent learning ability impairment induced by sevoflurane.
We profiled the transcriptome of young mice and early adult mice
after sevoflurane treatment. RNA-seq results confirmed that Arc,
whose expression is relative to neuronal synaptic plasticity [30],
was upregulated after sevoflurane treatment in both young mice
and early adult mice. This finding is supported by a previous study
that identified sevoflurane significantly increased Arc protein
expression in the hippocampus [31]. A previous study also
explored the transcriptomic profile in the hippocampus of young
mice after exposure to sevoflurane [32]. However, the effect of
sevoflurane on key proteins in an age-dependent manner
associated with cognitive deficits had not been explored in that
study. Interestingly, we found that the RNA level of Egr2 according
to the RNA-seq data and altered expression of Egr2 as determined
by Western blotting were all consistent with the impact of
sevoflurane based on Morris water maze performance (Fig. 2).
These results suggest a critical role for Egr2 in age-dependent
cognitive dysfunction induced by sevoflurane exposure. Egr2 has
also been shown to play an important role in the maintenance of
learning and memory by mediating synaptic plasticity [20, 33, 34].
Egr2-deficient mice had improved performance in motor learning
and recognition memory [21]. Here, we utilized Egr2 shRNA
viruses to alter the expression of Egr2 in the hippocampus. The
Egr2-silencing virus alleviated sevoflurane-induced spatial mem-
ory impairment in young mice (Fig. 3). Our current findings further
emphasize that Egr2 is required for age-sensitive vulnerability to
learning ability impairment induced by sevoflurane. Moreover,
overexpression of Egr2 was sufficient for sevoflurane-induced
spatial memory impairment in young mice, but not in early adult
mice (Fig. 5). Memory deficits induced by early-life stress have
been associated with Egr2 malfunction and aberrant activation of
its downstream signaling pathways [23, 24, 35]. These studies
further support the idea that Egr2, a transcription factor, is
sensitive to sevoflurane at early stages of life. A recent study
revealed lower concentrations of ATP in neonatal mice brains
compared with adult mice was a contributor to age-dependent
learning ability impairment after sevoflurane treatment [36]. In
acute myocardial infarction, silencing of Egr2 reduced cardiomyo-
cyte apoptosis and increased ATP content [37]. These findings
may explain the effect of Egr2 on age-dependent learning ability
impairment partly by regulating the concentrations of ATP in
young mice brain. Future studies are needed to determine the
underlying interactions between Egr2 and ATP concentrations.
The Egr family of genes, including Egr1, Egr2, Egr3, and Egr4,

regulates cognitive function. Egr1 is promptly expressed after
induction of long-term potentiation (LTP), which mediates
cognitive function in aged animals but not in young animals
[38–40]. In our RNA-sequencing data, Egr1 was upregulated after
sevoflurane treatment in both young mice and early adult mice. It
appears that Egr1 was not a key gene in the age-dependent
learning ability impairment induced by sevoflurane treatment.
Egr3 impairment has been associated with various neurodevelop-
mental dysfunctions [41–43]. However, sevoflurane had no effect
on the transcript levels of Egr3 in the present study. A previous
study suggests Egr4 expression plays a factor in schizophrenia

with a reduction of Egr4 gene expression having been observed in
male schizophrenia patients [44]. And the results in our research
clued that sevoflurane may decrease Egr4 production in young
mice through a posttranscriptional mechanism. Egr4 has Ser230 at
a phosphorylation site in Mus musculus and T534 and T536 in
Homo sapiens in the database of PhosphoSitePlus, v6.6.0.2. Egr4
had no glycosylation site in either Mus musculus nor in Homo
sapiens according to O-GlcNAC Database v1.2. As for SUMOylation
site (sumosp.biocuckoo.org) and we did not find any information
about Egr4 in database. It’s valuable to further research the effect
of Egr4 on sevoflurane-induced impairment of cognition through
the phosphorylation site Ser230 with available methods.
As opposed to Egr1 and Egr3, Egr2 acts as an inhibitory constraint

for cognitive function [45]. Egr2 mediates learning ability impairment
via regulating the expression of BDNF [46]. The Egr2 shRNA virus
rescued the decreased level of BDNF induced by sevoflurane
treatment (Fig. 4). The expression of BDNF in the brain may facilitate
protective and regenerative effects following brain injury [47].
Dendritic spine numbers have been shown to be affected by BDNF
expression [48, 49], which further explains the effect of Egr2 on
dendritic spines after sevoflurane treatment in the hippocampus.
Induction of BDNF regulated by Egr2 contributed to age-dependent
learning ability impairment induced by sevoflurane.
Nuclear factor of activated T-cells (NFAT) is a family of transcription

factors comprising four members: NFATc1, NFATc2, NFATc3, and
NFATc4. A high level of Egr2 is also induced following T cell
activation, possibly via NFAT-mediated signaling [50, 51]. NFATs
regulate a series of genes involved in axon growth, synaptic plasticity,
and neuronal survival [29, 52]. General anesthesia-induced learning
ability impairment has been shown to involve the activation of NFAT
[53]. Here, we utilized NMDC101 (N-(4-chloro-2-fluorophenyl)-2-
hydroxybenzamide) to downregulate the activation of NFATC1. In
our present study, neonatal mice received 3% sevoflurane for 2 h
daily on postnatal days 6, 7, and 8, and were then injected with
NDMC101 (62.5mg/kg, i.p.) on postnatal days 6–9. Golgi staining and
Western blot assay were then performed. As shown in the
supplementary figures, NDMC101 downregulated expression of
NFATC1. However, NDMC101 did not block sevoflurane upregulation
of Egr2, downregulation of BDNF, or spine loss in the hippocampus
(Supplementary Fig. 4). Sevoflurane could regulate Egr2 expression in
young mice by the activation of NFATC1 and NFATC2 (Fig. 6).
Sevoflurane may still activate the expression of NFATC2 when
NDMC101 administration. However, there is no current research
about the effect of NDMC101 on NFATC2, and no commercially
available NFATC2 inhibitors. It may help us to further explore the
action of NFATC2 in young mice after sevoflurane treatment if we
were to establish a special NFATC2 downregulation virus. Above all,
our results indicate that sevoflurane could regulate Egr2 expression
in young mice by the activation of both NFATC1 and NFATC2.
In clinical practice, there are no biochemical indicators for

evaluating learning ability impairment in children after general
anesthesia exposure. It is also not known whether increasing
levels of Egr2 could be detected in serum of children. The current
study provides a potential strategy to predict the risk of cognition
impairment by sevoflurane treatment in children. In addition,
BDNF regulation by Egr2 contributes to age-dependent learning

Fig. 4 Egr2 shRNA virus improved dendritic spines and the expression of BDNF after sevoflurane treatment in young mice.
a Representative images of Golgi staining in the dentate gyrus of the mice on postnatal days 65 after sevoflurane treatment and Egr2 shRNA
virus injection. Scale bars, 20 μm. b Amounts of Egr2 and BDNF in the dentate gyrus of the mice on postnatal days 65 after sevoflurane
treatment and Egr2 shRNA virus injection. c Analysis of the number of dendritic spines at the unit of 20 μm. More than 30 images were
counted for each group. d Relative protein level of Egr2 and BDNF. (n= 3 mice/group) (e) Experimental design. The neonatal mice were given
3% sevoflurane for 2 h daily on postnatal days 6, 7, and 8, and injected BDNF virus on postnatal days 9. f Representative images of Golgi
staining in the dentate gyrus of the mice on postnatal days 65 after sevoflurane treatment and BDNF virus injection. Scale bars, 20 μm.
g Analysis of the number of dendritic spines at the unit of 20 μm. More than 20 images were counted for each group. The data were presented
as means ± SD. Two-way ANOVA was used for (b, d). *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5 Egr2 overexpression did not induce cognitive deficits in early adult mice a Experimental design. The neonatal mice were given 3%
sevoflurane for 2 h daily on postnatal days 6, 7, and 8, and injected Egr2 overexpression virus on postnatal days 9 in the following of Morris
water maze on postnatal days 60–65. The early adult mice were given 3% sevoflurane for 2 h daily on postnatal days 42–44, and injected Egr2
overexpression virus on postnatal days 45 in the following of Morris water maze on postnatal days 60–65. b Representative path patterns of
Morris water maze in the test day in each group of young mice and early adult mice. c–e Escape latency (c), platform crossings (d) and
quadrant time (e) of Morris Water maze test after sevoflurane treatment in young mice (n= 6 mice/group). f–h Escape latency (f), platform
crossings (g) and quadrant time (h) of Morris Water maze test after sevoflurane treatment in early adult mice (n= 6 mice/group). The data
were presented as means ± SD. Two-way ANOVA was used for (c–h). *P < 0.05, **P < 0.01, ***P < 0.001.
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ability impairment induced by sevoflurane, and agonists of BDNF
could be a promising drug candidate for the treatment of children
presenting with learning ability impairment after general anesthe-
sia exposure.
There have been clinical trials assessing volatile anesthetic

effects on postoperative cognition [54]. However, several studies
have reported that aged mice suffered postoperative cognitive
dysfunction (POCD) after general anesthesia without any surgery
[55, 56]. As for neonatal mice, POCD has been similarly reported
when mice receive general anesthesia without any surgery
[16, 36, 57–59]. Nevertheless, the effects of anesthesia without
surgery may be different from how POCD presents in clinical
practice. In the present study, we only detected the learning
ability of young and early adult mice at P60-P65 days. Several
reports have suggested that mice continue to mature until the
end of the third postnatal month [60, 61]. The water maze test, or
other behavior tests, would be given at the different age period
before sevoflurane exposure and tests were performed in the
young and early adult.
Taken together, the current study explored the underlying

mechanisms of age-related susceptibility to learning ability
impairment induced by sevoflurane exposure. For the first time,
we have conclusively shown that Egr2 is a critical gene in the
regulation of age-dependent learning ability impairment after
sevoflurane treatment. The present study provides a novel
indicator to assist in the prediction of cognitive impairment in
clinical practice.
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