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Studies on rodents and nonhuman primates suggest that exposure to anesthetics, particularly in the young brain, is associated with
neuronal apoptosis as well as hippocampal-dependent cognitive dysfunction. Disruption of the development of dentate gyrus may
play an important role in anesthetics-induced neurotoxicity. However, the anesthetics triggered molecular events in the dentate gyrus
of the developing brain are poorly understood. By integrating two independent data sets obtained from miRNA-seq and mRNA-seq
respectively, this study aims to profile the network of miRNA and potential target genes, as well as relevant events occurring in the dentate
gyrus of isoflurane exposed 7-day-old mice. We found that a single four hours exposure to isoflurane yielded 1059 pairs of differently
expressed miRNAs/target genes in the dentate gyrus. Gene ontology and Kyoto Encyclopedia of Genes and Genomes enrichment
analysis further indicates that dysregulated miRNAs/target genes have far-reaching effects on the cellular pathophysiological events,
such as cell apoptosis, axon development, and synaptic transmission. Our results would greatly broaden our functional understanding
of the role of miRNA/target gene in the context of anesthetics-induced neurotoxicity.
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INTRODUCTION

Animal studies have shown that volatile anesthet-
ics such as isoflurane, sevoflurane, and desflurane can
cause neuronal apoptosis as well as mostly hippocam-
pal-dependent cognitive dysfunction in the develop-
ing brain (Loepke et al., 2009; Fang et al., 2012; Li et al.,
2015; Armstrong et al., 2017). Moreover, the possibility
of anesthetics-induced neurotoxicity in children has
led to concerns about the safety of pediatric anesthesia
(Armstrong et al., 2017; McCann et al., 2019). The den-
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tate gyrus, where the neuronal proliferation continues
postnatally, is responsible for the exceptional structur-
al plasticity of the hippocampus (Cameron and Glover,
2015). Initiation of intrinsic pathways of the apoptotic
cell death in the dentate gyrus was found to be partly re-
sponsible for the neurocognitive neurotoxicity after the
anesthetics exposure (Lee et al., 2014; Xiao et al., 2021).
However, the underlying anesthetics-triggered molecu-
lar events in the dentate gyrus are poorly understood.
miRNAs are small, non-coding, single-stranded nu-
cleic acids that play an important gene-regulatory role
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by binding to the mRNAs to induce their repression
(Bartel, 2004; 2018). miRNAs are loaded onto RNA-in-
duced silencing complex (RISC) by binding to the
3’-UTR of the protein-coding mRNA transcripts, leading
to reduced translational efficiency (Bartel, 2018; Bartel,
2004). A single miRNA can target multiple mRNAs, thus
having far-reaching effects on cellular pathophysiolog-
ical events (Bartel, 2004). Although miRNAs have been
reported to involve in anesthetics-induced neurotox-
icity and neurocognitive deficit (Sun et al., 2020; Bah-
mad et al., 2020), their specific functions in this context
are only beginning to be elucidated. A detailed profile
of dysregulated miRNAs and their target genes in the
dentate gyrus will definitely guide our understanding
of this issue.

By integrating two independent data sets obtained
from miRNA-seq and mRNA-seq, this study will explic-
itly profile the miRNAs as well as their target genes in
the dentate gyrus of 7-day-old mice following exposure
to isoflurane, one of the most popular anesthetics used
in the field of pediatrics. Gene ontology (GO) and Kyo-
to Encyclopedia of Genes and Genomes (KEGG) analy-
sis was performed to identify miRNA/target genes that
potentially mediate isoflurane-induced neurotoxicity,
with particular regard to cell apoptosis.

METHODS
Animals

Swiss male mice on postnatal day 7 (P7) were used
in this study. The animal protocol was approved by the
Experimental Animal Center of Xi’an Jiaotong Univer-
sity Health Science Center (certificate no. 22-9601018),
and all mice were treated in strict accordance with
APS/NIH guidelines. The experimental design was ac-
cepted by the Animal Care and Use Regulation of Xi’an
Jiaotong University Health Science Center. The mice
were housed with free access to food and water on
a 12-h light/dark cycle.

Isoflurane exposure

Eight of P7 mice were randomly divided into isoflu-
rane and control groups. The isoflurane-exposed group
received 1.5% isoflurane (Lunan Bert Pharmaceutical
Group Corporation, Shanghai, China) in 1 L per minute
of gas mixture (50% O, and 50% air) in a plastic chamber
for 4 h. The size of the anesthesia chamber, used in this
study, was 20 x 20 x 10 cm. The chamber was kept in a ho-
moeothermic incubator to maintain the experimental
temperature at 37°C. We observed responses of mice to
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tail clamping every 15 min under anesthesia. The con-
centrations of oxygen, carbon dioxide, and isoflurane in
the chamber were continuously monitored by using an
infrared gas analyzer (Drigerwerk AG, Germany). Mean-
while, respiratory rate, skin color, and body movements
were also observed. The control mice were placed in the
anesthesia chamber for 4 h without exposing them to the
anesthetic agent but all other conditions were identical
to those provided to the isoflurane group. After this, the
mice were placed along with their mother.

Tissue collection and RNA preparation

12 h after exposure, the micro-dissected dentate tis-
sues were prepared for RNA-seq or real-time PCR anal-
ysis. Following deep anesthesia with chloral hydrate
(0.4 g/kg), the brains were taken out and cut into 500 ym
thick coronal sections with a brain matrix (RWD Life
Science Co., Ltd, China) and bilaterally DG tissues were
rapidly micro-dissected on ice under a stereomicroscope.
Briefly, a transection along the hippocampal fissure on
the section was done to separate the dentate gyrus from
the rest of the hippocampus. Then, a cut was placed be-
tween the dentate gyrus and the ventricular surface on
one side and the CA3 region on the other side to free the
dentate gyrus tissue. The total RNA was extracted us-
ing the total RNA purification kit (LC Sciences, Houston,
USA) according to the manufacturer’s protocol. The total
RNA quantity and purity were analyzed by Bioanalyzer
2100 and RNA 6000 Nano LabChip Kit (Agilent, CA, USA).

miRNA library construction and sequencing

1 pg of total RNA from the micro-dissected dentate
gyrus was used to prepare the miRNA library according
to the protocol of TruSeq Small RNA Sample Prep Kits
(llumina, San Diego, USA). Then we performed the sin-
gle-end sequencing (1 x 50 bp) on an Illumina Hiseq2500
at the LC-BIO (Hangzhou, China) following the vendor’s
protocol. Raw reads were subjected to an in-house
program, ACGT101-miR (LC Sciences, Houston, Texas,
USA) to remove adapter dimmers, junk, low complexi-
ty, common RNA families and repeats. In the next step,
unique sequences with 18-26 nucleotides in length
were mapped to mouse precursors in miRBase 22.0 by
BLAST to identify known miRNAs and novel 3p- and 5p-
derived miRNAs. Length variation at both 3’ and 5” ends
and one mismatch inside the sequence were allowed
in the alignment. The unique sequences mapping to
mouse mature miRNAs in hairpin arms were identified
as known miRNAs, and the unique sequences mapping
to the other arm of known mouse precursor hairpin op-
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posite to the annotated mature miRNA-containing arm
were considered to be novel 5p- or 3p derived miRNA
candidates. The remaining sequences were mapped to
other selected species precursors in miRBase 22.0 by
BLAST search, and the mapped pre-miRNAs were fur-
ther BLASTed against the mouse genomes to determine
their genomic locations. The unmapped sequences
were BLASTed against the specific genomes, and the
hairpin RNA structures containing sequences were
predicated from the flank 80 nt sequences using RNA-
fold software. Differential expression of miRNAs based
on normalized deep-sequencing counts was analyzed
by selectively using Fisher exact test, Chi-squared 2 x
2 test, Chi-squared n x n test, Student t-test, or ANOVA
based on the design of experiments. The significance
threshold was set to be 0.01 and 0.05 in each test.

The prediction of target genes of differently
expressed miRNAs

To predict the genes targeted by differently ex-
pressed miRNAs, two computational target prediction
algorithms (TargetScan 50 and Miranda 3.3a) were used
to identify miRNA binding sites. To ensure the accura-
cy of miRNAs target prediction, the genes (p<0.05) pre-
dicted by both algorithms were selected.

mRNA library construction and sequencing

Poly(A) RNA was purified from 1ug total RNA us-
ing Dynabeads Oligo (dT) 25-61005 (Thermo Fisher, CA,
USA). Then the poly(A) RNA was fragmented into small
pieces using magnesium RNA fragmentation module
(NEB, USA). Then the cleaved RNA fragments were re-
verse-transcribed to create the cDNA by SuperScript™
I Reverse Transcriptase (Invitrogen, USA), which was
followed by synthesizing U-labeled second-stranded
DNAs with E. coli DNA polymerase I (NEB, USA), RNase
H (NEB, USA) and dUTP Solution (Thermo Fisher, USA).
A-base was then added to the blunt ends of each strand,
and was ligated to the indexed adapters. Each adapter
had a T-base overhang for ligating the adapter to the
A-tailed fragmented DNA, Single- or dual-index adapt-
ers were ligated to the fragments, and size selection
was performed with AMPureXP beads. The U-labeled
double-stranded DNAs were treated by heat-labile UDG
enzyme (NEB, USA), then the ligated products were am-
plified with PCR. The average insert size for the final
cDNA library was 300+50 bp. Finally, we performed the 2
x 150 bp paired-end sequencing (PE150) on an Illumina
Novaseq™ 6000 (LC-Bio Technology CO., Ltd., Hangzhou,
China) following the vendor’s recommended protocol.
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Cutadapt software was used to remove the reads that
contained adaptor contamination. After removal of the
low-quality and undetermined ones, we used HISAT2
software to map reads with mouse genome. The mapped
reads of each sample were assembled using StringTie
with default parameters. Then, all transcriptomes from
all samples were merged to reconstruct a comprehen-
sive transcriptome using GffCompare software. After
the final transcriptome was generated, StringTie and
Ballgown were used to estimate the expression levels
of all transcripts and genes by calculating FPKM. The
differentially expressed transcripts and genes were
selected with fold change > 2 or fold change < 0.5 and
p-value < 0.05 by R package edger or DESeq2.

Identify potential miRNAs/ target genes and GO/
KEGG enrichment analysis

To identify the target mRNA of altered miRNA
following isoflurane exposure, the predicted tar-
get genes of up-regulated miRNAs were intersected
with down-regulated mRNA while the predicted tar-
get genes of down-regulated miRNAs were intersect-
ed with up-regulated mRNA following isoflurane ex-
posure (Fig. 2A). The mRNAs inside the intersections
were selected as target genes. The selected genes were
then analyzed by GO and KEGG pathway enrichment.
GO enrichment analysis of the selected genes was per-
formed by functional annotation bioinformatics da-
tabase DAVID 6.8. GO terms (including BP, MF, and CC
categories) and KEGG pathways were identified based
on a hypergeometric distribution algorithm. The false
discovery rate (FDR) was employed for multiple testing
corrections using the Benjamini and Hochberg method.
The threshold was set as P<0.05.

Quantitative real-time PCR (q-PCR) analysis

g-PCR was conducted to validate the accuracy of
RNA-seq data. Three of up-regulated miRNAs, 3 of
down-regulated miRNAs, 2 of up-regulated mRNAs and
2 of down-regulated miRNAs were randomly selected
for q-PCR validation. U6 snRNA was used as an internal
control for quantification of the relative expression of
miRNAs. 1 pg of total RNA was reverse transcribed into
cDNA using the PrimeScript RT reagent Kit (Takara, Ja-
pan). q-PCR and data collection were performed in the
iQ™5 system (Bio-Rad, USA) using TB Green Premix Ex
Taq™ GC kit (Takara, Japan). Cycle threshold values were
obtained from the Bio-Rad iQ5 2.0 standard edition optical
system software (Bio-Rad, USA). The relative expression
of each gene was calculated using the 2DDCT method.



Acta Neurobiol Exp 2022, 82: 96-105

RESULTS

Differently expressed miRNAs in the dentate
gyrus following isoflurane exposure

We identified 61 differently expressed miRNAs
in the dentate gyrus between isoflurane and con-
trol groups through miRNA-seq analysis, including 37
down-regulated miRNA and 24 up-regulated miRNAs in
the isoflurane group when compared with the control
group (Fig. 1A, B) (Supplementary file 1: Differentially
Expressed miRNAs).

Prediction of target genes of differently
expressed miRNAs

A total of 10707 genes were selected by the two tar-
get prediction algorithms (TargetScan 50 and Miranda
3.3a) to be the potential target genes of down-regulated
miRNA following isoflurane exposure (Supplementa-
ry File 3: Predicted Target genes of Down-regulated
miRNAs), while 12780 genes were selected as the poten-
tial target genes of up-regulated miRNAs (Supplemen-
tary File 4: Predicted Target genes of Up-regulated miR-
NAs) (Fig. 2A). Because a single gene might be predicted
as the target of several miRNAs, the repeated genes have
not been re-numbered repeatedly. Therefore, the num-
ber of target genes mentioned above was fewer than
those in the excel lists of Supplementary File 3 and 4.

Differently expressed mRNAs in the dentate
gyrus following isoflurane exposure

mRNA-seq found 1084 differently expressed mRNAs
in the dentate gyrus between the isoflurane and control
groups, including 543 down-regulated and 541 up-reg-
ulated mRNAs in the isoflurane group when compared
with the control group (Fig. 1C, D) (Supplementary File
2: Differentially Expressed mRNAs).

Identification of potential target genes of
differentially expressed miRNA in the dentate
gyrus following isoflurane exposure

By intersecting the list of predicted target genes of
down-regulated miRNAs (or up-regulated) with that
of up-regulated mRNAs (or down-regulated) through
mRNA-seq, 199 of up-regulated mRNAs were identified as
potential target genes of down-regulated miRNAs (Sup-
plementary File 5: Identified Target Genes of Down-reg-
ulated miRNAs), and 159 of down-regulated mRNAs were
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identified as potential target genes of up-regulated miR-
NAs (Supplementary File 6: Identified Target Genes of
Up-regulated miRNAs) in the dentate gyrus following
the isoflurane exposure (Fig. 2A). As a single gene might
be predicted as the target of several miRNAs, the repeat-
ed genes have not been re-numbered.

GO and pathway enrichment of identified
target genes

To gain insight into the role of miRNA/target gene in
the neurotoxicity of dentate gyrus following isoflurane
exposure, the identified target genes of differently ex-
pressed miRNAs were further imported into DAVID tool
for GO enrichment analysis. GO terms of target genes,
have been separately listed regarding the down-regula-
tion (Fig. 2C) or up-regulation of miRNAs (Fig. 2B) fol-
lowing isoflurane exposure (Supplementary File 7: GO
Enrichment of Down-regulated miRNAs’s Target Genes;
Supplementary File 8: GO Enrichment of Up-regulated
miRNAs’s Target Genes). The detailed KEGG analysis
data of the target genes were also separately shown in
supplementary (Supplementary File 9: KEGG Enrich-
ment of Down-regulated miRNAs’s Target Genes; Sup-
plementary File 10: KEGG Enrichment of Up-regulated
miRNAs’s Target Genes) regarding the down-regulation
(Fig. 2E) or up-regulation of miRNAs (Fig. 2D).

In the dentate gyrus of P7 mice, isoflurane-induced
miRNAs/target genes were enriched to a spectrum of
cell functions and signal pathways involved in the anes-
thetic induced neurotoxicity such as apoptosis (Supple-
mentary File 11: miRNAs’s Target Genes Related to Apop-
totic Process), axon development or guidance (Supple-
mentary File 12: miRNAs’s Target Genes Related to Axon
Development), inflammatory process (Supplementary
File 13: miRNAs’s Target Genes Related to inflammatory
Response), synaptic transmission or synaptic plasticity
(Supplementary File 14: miRNAs’s Target Genes Related
to Synaptic Transmission or Synaptic Plasticity), and mi-
tochondrial function (Supplementary File 15: miRNAs’s
Target Genes Related to Mitochondrial Function).

g-PCR validation

Following isoflurane exposure to P7 mice, the
up-regulations of mmu-miR-152-3p, mmu-miR-300-3p
and mmu-miR-381-3p, and the down-regula-
tions of mmu-miR-129-1-3p, mmu-miR-423-5p and
mmu-miR-667-3p in the dentate gyrus were validated
by qPCR (Fig. 3A). The mRNA levels of Adam9, Gm6430,
Pricklel and Gm5540 were also consistent with those
obtained from mRNA-seq (Fig. 3B).
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Fig. 1. Volcano plot and Heatmap of differently expressed miRNAs and mRNAs in the dentate gyrus following isoflurane exposure to P7 mice. (A) and
(B) Volcano plot and Heatmap of differently expressed miRNA respectively. (C) Volcano plot of differently expressed mRNAs. (D) Heatmap of top 30
up-regulated and down-regulated mRNAs regarding fold changes.
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Fig. 2. GO and KEGG enrichment of dysregulated miRNAs-target genes in the dentate gyrus following isoflurane exposure to P7 mice. (A) The outline of
logic and results in this study. (B) and (D) GO and KEGG analysis of the target genes of up-regulated miRNAs respectively. (C) and (E) GO and KEGG analysis
of the target genes of down-regulated miRNAs respectively.
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Fig. 3. g-PCR validation. The dysregulations of mmu-miR-152-3p, mmu-miR-300-3p, mmu-miR-381-3p, mmu-miR-129-1-3p, mmu-miR-423-5p and
mmu-miR-667-3p are demonstrated (A). The up-regulated mRNAs of Adam9 and Gm6430, and the down-regulated mRNAs of Pricklel and Gm5540 are
also validated (B).
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DISCUSSION
Methodological considerations

Several cohort studies with P7 neonatal rodents
have demonstrated that administration of anesthetic
drugs was associated with consequent neurocogni-
tive deficits (Stratmann et al., 2009; Istaphanous et al.,
2011; Tao et al., 2016; Xia et al., 2017). For the rodents,
P7 is the peak developmental stage of the tertiary den-
tate matrix (prominent between days P3 and P10), from
where a great increase in the granule cell population
during the infantile and juvenile periods is principally
derived (Altman and Bayer, 1990). Given that the young
and adult rodent do not develop neurocognitive defi-
cits after anesthetics exposure, it is probable that the
rodents at the tertiary matrix stage may be more sus-
ceptible to anesthetics because the cell proliferation
might be disrupted by the exposure (Xiao et al., 2021).
In addition, laboratory findings in 7-day-old rodents
might provide evidence for human susceptibility to
anesthetics-induced neurotoxicity from the third tri-
mester of pregnancy up to the second year of life (Ol-
ney et al., 2004; Jevtovic-Todorovic, 2005). Therefore,
P7 mice were used in this study to explore miRNAs/
target genes mediated molecular events following the
isoflurane exposure.

Stratmann et al. (2009) found that the neurocog-
nitive deficit was not observed after 2 h of isoflurane
exposure, although noticeable cell death was observed
in mice brains, and intervention that caused both cell
death and neurocognitive dysfunction was 4 h of iso-
flurane exposure. Hence, the animals underwent 4 h of
isoflurane exposure in this study.

In addition, to ensure the accuracy of miRNAs target
prediction, only the genes that were positively predict-
ed by both predicting databases i.e. TargetScan 50 and
Miranda 3.3 were included in this study. To identify the
potential target genes of miRNAs, the lists of predicted
miRNA target genes were further intersected with an
independent mRNA database obtained from the den-
tate gyrus of P7 mice following the isoflurane exposure.

miRNA/target genes are extensively involved in
isoflurane-induced neurotoxicity

This is the first study that we are aware of explicit
analysis of miRNAs coupling with their target genes in
the dentate gyrus following the anesthetics exposure.
In the present study, 1059 pairs of differently expressed
miRNAs/target genes were identified (Supplementary
File 5; Supplementary File 6), suggesting an extensive
role of miRNA/target gene in the dentate gyrus of P7

Isoflurane-induced miRNA/target genes 103

mice following the isoflurane exposure. GO and KEGG
enrichment further indicates that isoflurane-induced
miRNAs/target genes have far-reaching effects on the
cell pathophysiological events such as cell apoptosis
(Supplementary File 11), axon development or guid-
ance (Supplementary File 12), inflammatory process
(Supplementary File 13), synaptic transmission (Sup-
plementary File 14) and mitochondrial morphogenesis
(Supplementary File 15), all of which are potentially
involved in developing neurotoxicity. Previous studies
have reported the existence of enhanced apoptotic neu-
rodegeneration (Levy, 2017), sustained neuroinflamma-
tion (Fodale et al., 2017) as well as disturbed axon de-
velopment and synaptic transmission (Xu et al., 2019;
Atluri et al., 2019) in the brains of anesthetics-exposed
animals. Hence, our results strongly support that miR-
NAs/target genes extensively mediate isoflurane-in-
duced neurotoxicity in the dentate gyrus of P7 mice.

GO and KEGG enrichment found 149 pairs of miRNA/
target genes that are involved in an apoptosis-related
process or signal pathway (Supplementary File 11), in
which a single miRNA always pairs to several genes. The
majority of these genes were also targeted by multiple
miRNAs. For example, when miR-667-3p pairs to BAK1,
Cacna2d2 and Erbb4, the pro-apoptotic protein BAK1 is
also potentially targeted by miR-125a-5p, miR-1982-3p,
miR-3095-3p, miR-702-3p and miR-7047-3p. This pattern
probably indicates an extensive and pivotal role of miR-
NA in isoflurane-induced cell apoptosis in the dentate
gyrus, and makes them promising target for developing
strategies for anti-apoptosis induced by anesthetics.

In the rodent hippocampus of the early postnatal
period, the granular cells in the dentate gyrus are made
up of a heterogeneous population of neurons regarding
their original sites, that is, primary dentate neuroep-
ithelium, secondary, and tertiary dentate matrix (Alt-
man and Bayer, 1990). For P7 mice, the new granular
cells are massively generated from the tertiary den-
tate matrix. Our previous study found that 4 h of iso-
flurane exposure with P7 mice significantly decreased
the numbers of nascent cells (1-day-old) originated
from the tertiary dentate matrix (Xiao et al., 2021). The
findings of apoptosis-related miRNAs/target genes in
this study would provide clues for detecting molecular
mechanisms underlying the effect mentioned above.

While isoflurane causes a neurotoxic effect in the
developing brain under normal condition, it may offer
neuroprotection in adult brain suffering with ischemia
or infarction through PI3K-Akt, TGF-f/Smad, ERK sig-
nal pathways and so on (Neag et al., 2020). Our study of
miRNAome investigations in the dentate gyrus may pro-
vide clues for understanding the mechanism underlying
isoflurane-induced reversed effects on the different brain
regions, as well as revealed some novel miRNAs-target
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genes involving in the activation/inactivation of these
signal pathways following the isoflurane exposure.

Study limitations

First, when we were identifying the target genes,
only miRNAs-mRNAs with negative correlation were
selected. Actually, both decreased translational ef-
ficiency and decreased mRNA level contribute to the
miRNA-mediated translational repression. Although
reduced mRNA levels in both ectopic and endogenous
miRNA regulatory interactions account for most (over
84%) of the decreased protein production (Guo et al.,
2010), there is still a small part of potential miRNA/
target genes that would be absent in this study. In addi-
tion, further investigations e.g., dual-luciferase report-
er assay are warranted to verify the direct targeting
relationship between miRNAs and mRNAs identified
by high throughput screening in this study. The exact
functional relevance of these miRNA-target genes in
the neurotoxicity as well as neurocognitive deficits fol-
lowing the anesthetics exposure also needs to be deci-
phered in future investigations.

CONCLUSION

In conclusion, this study conducted the first miRNAs
profiling coupled with their target genes identification
in the dentate gyrus following isoflurane exposure.
Our results indicate that a single 4 h exposure to iso-
flurane yields a large number of differently expressed
miRNA-target genes in the dentate gyrus of P7 mice,
and these miRNA/target genes may extensively medi-
ate isoflurane-induced neurotoxicity. We believe that
our results will offer novel insights into the cellular
events mediated by miRNA/target genes that contrib-
ute to anesthetics-induced neurotoxicity, particularly
through cell apoptosis.
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