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Abstract

Aim: Perioperative neurocognitive disorders (PND) occur frequently after surgery
and anesthesia, especially in aged patients. Previous studies have shown multiple
PND related mechanisms in the hippocampus; however, their relationships remain
unclear. Meanwhile, the perioperative neuropathological processes are sophisticated
and changeable, single period study could not reveal the accurate mechanisms. Thus,
multiperiod whole-transcriptome study is necessary to elucidate the gene expression
patterns during perioperative period.

Methods: Aged C57BL/6 mice were subjected to exploratory laparotomy under sevo-
flurane anesthesia. Whole-transcriptome sequencing (RNA-seq analysis) was per-
formed on the hippocampi from control condition (Con), 30 min (Day0), 2 days (Day2),
and 7days (Day7) after surgery. Gene Ontology/Kyoto Encyclopedia of Genes and
Genomes analyses, quantitative real-time PCR, immunofluorescence, and fear condi-
tioning test were also performed to elucidate the pathological processes and modula-
tion networks during the period.

Results: Through RNA-seq analysis, 328, 3597, and 4179 differentially expressed
genes (DEGs) were screened out in intraoperative period (DayO vs. Con), early postop-
erative period (Day2 vs. Day0), and late postoperative period (Day7 vs. Day2). The in-
volved GO biological processes were divided into 9 categories, and positive-regulated
processes were more than negative-regulated ones. Seventy-four transcription fac-
tors were highlighted. The potential synaptic and neuroinflammatory pathways were
constructed for Neurotransmitter, Synapse and Neuronal alteration categories with 9
genes (Htrla, Rims1, and Ezh2, etc.). The metabolic and mitochondrial pathways were
constructed for metabolism, oxidative stress, and biological rhythm categories with 9
genes (Gpld1, Sirt1, and Cry2, etc.). The blood-brain barrier and neurotoxicity related
pathways were constructed for blood-brain barrier, neurotoxicity, and cognitive func-
tion categories with 10 genes (Mmp2, Itpr1, and Nrf1, etc.).
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1 | INTRODUCTION

Sixty-six million patients over 65years old worldwide undergo
surgeries each year, including 8.5-million Alzheimer's disease (AD)
patients.! Up to 40% of these patients suffered from neurological
complications, termed as perioperative neurocognitive disorders
(PND). PND includes postoperative cognitive dysfunction (POCD),
postoperative delirium (POD), etc.? Central nervous system (CNS)
senescence and degeneration are the basis for PND,? multiple
perioperative factors including surgery and anesthesia are risk fac-
tors,* and patients suffered from PND are at risk for poor functional
recovery and increased mortality.’

Surgical trauma could trigger an acute systemic inflammation,
which leads to hippocampal neuroinflammation, synaptic dysfunc-
tion, and cognitive dysfunction.6 Perioperative CNS pathologi-
cal processes also included blood-brain barrier (BBB) damage,’
oxidative stress,® etc. These processes have interactions during
perioperative period, and their regulatory networks remain to be
elucidated. Furthermore, most of these studies focused on single
perioperative period to explore the surgery and anesthesia-related
pathological processes and could have different results due to dif-
ferent perioperative period. For example, the BBB lesion hallmark
MMP2 was significantly higher at 1 day after surgery, but not at
3days after surgery.”'° The biological rhythm was disturbed within
3days after surgery but fully realigned over 1 week.**2 Thus, it is
crucial to conduct multiperiod analysis for PND and related patho-
logical processes.

CNS gene expression is the essence of the abovementioned
pathological processes, and whole-transcriptome sequencing (RNA-
seq analysis) provides technical supports to understand the over-
all gene expressions and mechanisms during CNS diseases.’® In the
present study, overall gene expressions and involved pathological
processes were studied in the different perioperative periods. The
potential signaling pathways and gene modulation networks were
established, which included synapse and neuronal alteration, meta-
bolic disorder, oxidative stress, BBB damage, neurotoxicity, and cog-
nitive dysfunction. These results provide an insight into the overall
mechanisms of PND, as well as valuable therapeutic gene targets

during different periods.

Conclusion: The results revealed gene expression patterns and modulation net-
works in the aged hippocampus during perioperative period, which provide insights
into overall mechanisms and potential therapeutic targets for prevention and treat-

ment of perioperative central nervous system diseases, such as PND, from the ge-

aging, neuroinflammation, perioperative neurocognitive disorders, postoperative cognitive
dysfunction, surgery and anesthesia, whole-transcriptome sequencing

2 | METHODS

21 | Animals

The animal experiments were performed in accordance with the
guide for the care and use of laboratory animals and the proto-
col was approved by the local biomedical ethics committee (No.
LA2018085). Female C57BL/6 mice, 18-month-old, weighing be-
tween 23 and 34 g were used. The mice were housed in cages and
maintained on a standard housing condition with food and water
ad libitum for 2weeks. Since POD commonly occurs within post-
operative days 2-5% and postoperative day 2 is a typical time point
for POD or POCD study, it was selected as a study time point. As
POCD normally occurred within 1 postoperative week, and the
neuropsychological tests were normally carried out at postopera-
tive day 7,* it was selected as another study time point. Thus, 4
study time points were chosen: control condition (Con, preopera-
tive time point), 30 min after surgery (DayO, postoperative day O,
the time point between intraoperative period and postopera-
tive period), postoperative day 2 (Day2), and postoperative day 7
(Day7). The perioperative period was divided into intraoperative
period (between Con and DayO), early postoperative period (be-
tween DayO and Day2), and late postoperative period (between
Day2, and Day7). Mice was randomly assigned to Con, Day0, Day2,
and Day7 groups (n = 6).

2.2 | Surgery and anesthesia

Minimum alveolar concentration of sevoflurane for mice has been
reported as 2.4%-2.7%.%% In the present study, mice in Day0, Day2,
and Day7 groups received 2.5% sevoflurane in 50% oxygen for
30min through breathing masks, and the control group received
50% oxygen for 30min. The mice breathed spontaneously, and
the sevoflurane concentration was monitored continuously with
an anesthetic monitor (Datex, Tewksbury, MA, USA). The surgical
procedure (exploratory laparotomy) was modified from previous
studies®® and performed for the 3 groups. A longitudinal midline in-

cision was made from xiphoid to 0.5-cm proximal pubic symphysis



ﬂl_wl LEY_ CN'S Neuroscience & Therapeutics

SUO ET AL.

on the skin. The abdominal muscles and peritoneum, then approxi-
mately 10 cm of the intestine were exteriorized. The bowel loops
remained outside the abdominal cavity for 1 min and then replaced
into the abdominal cavity. The incision was finally sutured layer by
layer with 5-0 Vicryl thread. The entire procedure was completed
under sevoflurane anesthesia. The rectal temperature was main-
tained at 37+0.5°C, and this surgical protocol has been shown not
to significantly alter values of blood pressure and blood gas in the
preliminary studies. Then the mice were put into a chamber contain-
ing 50% oxygen until 10 min after the recovery of consciousness.
Mice in DayO, Day2, and Day7 groups were sacrificed by decapita-
tion 30min, 2days and 7 days after surgery, respectively. The brain
tissue was removed rapidly, and the hippocampus was dissected out

and frozen in liquid nitrogen.

2.3 | RNA-Seq library preparation and
sequencing analysis

Total RNAs were isolated from the hippocampus using TRIzol rea-
gent (Invitrogen, Carlsbad, CA, USA), then digested with RNase-Free
DNase to remove residual DNAs. The Quantity and purity were de-
tected with Nanodrop 2000 (Thermo Fisher, Wilmington, DE, USA)
and Qubit Fluorometer (Invitrogen, Carlsbad, CA, USA). Library con-
struction was performed according to the lllumina sample prepara-
tion for RNA-seq protocol. The mRNA was enriched by magnetic
beads with Oligo (dT) after the samples were qualified. When the
enrichment was complete, the mRNA was interrupted into short seg-
ments with the addition of a fragmentation buffer. Subsequently,
double-stranded cDNA was synthesized by reverse transcription
using 6-base random primers. The purified double-stranded cDNA
was subjected to terminal reparation, singe nucleotide A (Adenine)
addition and serial sequencing. The fragment size of double-stranded
cDNA was selected by an AMpure XP bead (Beckman coulter,
Shanghai, China), and the selected double-stranded cDNA was sub-
jected to PCR enrichment to construct a cDNA library. Constructing
and sequencing the RNA-seq library for each sample was conducted
(Compass Biotechnology, Beijing, China) based on the protocols of
Illumina HiSeqTM2500/MiSeq™ to generate paired-end reads (150 bp
in length). The quality of RNA-seq reads from all the brain tissues was
checked using FastQC (v0.11.5, Babraham institute, Cambridge, UK).

2.4 | DEGs identification and GO/KEGG analysis

The abundance of transcription was the direct indicator of gene ex-
pressions, and RPKM can compare expression level through RPKM
gene distribution. Differences in gene expressions among groups
were analyzed by HTSeq v0.5.4p3. Read count data were stand-
ardized with TMM, the significance (p <0.05) and fold change were
set, and the differences in expression were analyzed by DEGseq
(v1.34.0). The overall distribution of the differential genes was
shown by Volcano plot. Gene Ontology (GO) functional annotation

and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses were performed for DEGs using Database for
Annotation, Visualization, and Integrated Discovery (DAVID, https://
david.ncifcrf.gov). GO enrichment analysis contains 3 categories: bi-
ological process, molecular function and cellular component.

2.5 | Quantitative real-time PCR (qPCR)

The gPCR was performed on the CFX96 Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA). Amplification mixture con-
sisted of PowerUpTM SYBRr Green master mix (Thermo Fisher,
Wilmington, DE, USA), 10 pM forward and reverse primers
(Invitrogen, Carlsbad, CA, USA) and approximately 1.5 ul of cDNA
template. Primer sequences were obtained from the literature and
checked for their specificity through in silico PCR. The forward and
reverse primers are shown in Table 1. Amplification was carried out
with an initial denaturation step at 95°C for 2 min, followed by 45 cy-
cles of 95°C for 10 s, 55°C for 30s, and 60°C for 30s, then 65°C for
2 min in 10 pl reaction volume. All reactions were run in duplicate
and the results were averaged from 6 independent studies. qPCR
was quantified in 2 steps. First, f-actin levels were used to normalize

target gene-Ctﬁ—actin’
. Second, the target gene levels of the sevoflurane group were

target gene levels (ACt = Ct
ACt)

target gene level = 2

presented as the percentage of those of the control group, and 100%

of the target gene levels referred to the control levels.

2.6 | Immunofluorescence analysis

Immunofluorescence was performed to determine the gene ex-
pressions, as described in our previous studies.!” The hippocampus
was fixed with 4% paraformaldehyde for 24 h, cryoprotected with
30% sucrose for 48h, and sectioned using a cryostat (Cryotome E,
Thermo Fisher, Waltham, MA, USA). Coronal sections (10 pm thick-
ness) were incubated with ARFé antibody (1:100 dilution; Abcam,
Cambridge, UK), SIRT1 antibody (1:50 dilution; Abcam, Cambridge,
UK), or MMP2 antibody (1:200 dilution; Abcam, Cambridge, UK)
overnight at 4°C, followed by incubation with a goat anti-rabbit
conjugated CY3 antibody (1:300 dilution; Servicebio, Wuhan, China)
for 50min at room temperature. Nuclei were subsequently counter-
stained with DAPI (Servicebio, Wuhan, China) for 10 min at room
temperature. Images were captured using a Nikon Eclipse Ti con-
focal microscope. Hippocampal subregions CA1 and DG were ana-
lyzed for ARF6, SIRT1, and MMP2 expressions.

2.7 | Fear conditioning test (FCT) and Morris
water maze

The FCT (Xeye CPP, MacroAmbition S&T Development, Beijing,
China) was used to assess the cognitive function of mice after surgery
as described in previous studies.” FCT consisted of a training process
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TABLE 1 The forward and reverse primers for qPCR

Genes Primers Sequence (5'-3’')
Klif4 Forward primer AGCAGGTGCCCCGACTAA
Reverse primer TCCTGGTGGGTTAGCGAGTT
Ezh2 Forward primer CAACCCGAAAGGGCAACAAA
Reverse primer TTTCTCGTTCGATGCCCACA
Tsc2 Forward primer CAACTGCTTACCAGCCGAGA
Reverse primer CAGTGGGGCATCTTCCATGT
Mtor Forward primer CTCTCTGACCCAGTTCGTCC
Reverse primer GCCAAGACACAGTAGCGGA
Map1la Forward primer TGATCAGGACTTCTTCCGCC
Reverse primer AGGACCAGGACGTTCAGTTG
Rims1 Forward primer GTATTGGCGTAGTGCCTCCA
Reverse primer AGCGGTGATGTGTGGTTCTT
Arfé Forward primer CAATGACCGGGAGATGAGGG
Reverse primer GAGGGCTGCACATACCAGTT
DvI3 Forward primer GCGGCCCAGCTATAAGTTCT
Reverse primer GATACCAGCCAGGACACCAC
Celsr1 Forward primer AATGACGCCCTCAAGGTCAG
Reverse primer TTCAGGAGACACGCATCCAC
Htrla Forward primer TACTCCACTTTCGGCGCTTT
Reverse primer GGCTGACCATTCAGGCTCTT
Htrib Forward primer TCCCTGCCCCGTTTTGTATC
Reverse primer ACAGAGTTCTCCCCAGAGCA
Ppara Forward primer CTGGGCAAGAGAATCCACGA
Reverse primer CGTCTTCTCGGCCATACACA
Micul Forward primer TCGCGCTCTTTGACTGTGAT
Reverse primer TTTCCACATGGCCTGCATGA
Itprl Forward primer GAGCTTGAACCAAGTCCACCC
Reverse primer CTCACCCCTGCTTGTGGAAC
FbxI3 Forward primer TGTCGCAGCTTGTGAATTGC
Reverse primer GCTTGAGTGTGTCGCTGTTG
FbxI21 Forward primer GCGTTCGTCACGCAGAGTT
Reverse primer GGGGTAATCACCGACACCCA

CN'S Neuroscience & Therapeutics

—Wl LEYM

Genes Primers Sequence (5'-3')
Cry2 Forward primer TGACCTAGACAGAATCATCGAACT
Reverse primer CAAGTCCTTCCGTGGGGAAT
Sirt1 Forward primer TGACGCTGTGGCAGATTGTT
Reverse primer CCGCAAGGCGAGCATAGATA
Mylip Forward primer CAGGAGCAGACAAGGCATATC
Reverse primer GCTCCTTATGCTTCGCAACG
Gpld1 Forward primer AAGTGTGAGGTGAGGATATTGGAG
Reverse primer TCGGTGTGTTCCCTCTACAC
Ptpn23 Forward primer CATGATCTGGCTGGACCTGAA
Reverse primer GGCACCCGACTCTGTAGGTA
Mmp2 Forward primer CCCCATGAAGCCTTGTTTACC
Reverse primer AAGACACATGGGGCACCTTC
Plec Forward primer CTGGAAGGTGCTCAGTGGTT
Reverse primer AACGTGACTAGGGACCAGGA
Cldn5 Forward primer CAGTTAAGGCACGGGTAGCA
Reverse primer GGCACCGTCGGATCATAGAA
Lrp1 Forward primer GGCGGTGTGACAACGACAAT
Reverse primer GGCACTGGAACTCATCCGAG
Trim8 Forward primer AAGATCGGCCACCTGAACTC
Reverse primer TACGCTCTGTAGGAAGGGCA
Ncam1 Forward primer GCCAGACAGAGCATCGTGAA
Reverse primer CAGACGTATTCGGCCTCGTC
Nf1 Forward primer AGCTGTAGGCCAAACCAGTC
Reverse primer CATAGTCAGTCTCTGCCACTCT
Slc8a3 Forward primer CCATCGGGCTCAAGGATTCG
Reverse primer TTACTGCCTGTGACGTTGCC
Srf Forward primer CGGCGCTACACGACCTT
Reverse primer TGGCACTCATTCTCTGGTCTG
Gapdh Forward primer ACTCTTCCACCTTCGATGCC
Reverse primer TGGGATAGGGCCTCTCTTGC

at 3 h after surgery and evaluations at 2 and 7days after surgery.
In the training process, mice were placed in the context chamber to
acclimate for 180s, then they received a 2 Hz pulsating tone (80dB,
3600Hz) for 60s co-terminated with a mild foot shock (0.8 mA, a
0.5 s). In the evaluations, the hippocampus-dependent memory was
assessed by the freezing time during exposure to a novel context test
(the test was performed in the same chamber but with no cues or
shock), while the hippocampus-independent memory was assessed
by the freezing time during exposure to the tone stimulus (the test
was performed in an alternative context and with no shock).

The Morris water maze test (Sunny Instruments Co. Ltd., Beijing,
China) was used to assess the spatial learning and memory of mice
after surgery. Morris water maze test consisted of a circular tank
(120cm in diameter and 50 cm high) containing water (23 +1°C) that

is divided into four quadrants and a platform (10 cm in diameter)
located 1 cm below the water in the target quadrant. In the place
navigation test, the mice were placed in one quadrant facing the wall
of the maze and allowed to explore for the hidden platform for 90s
in each trial (four trials per day with an intertrial interval of 5 min).
The time to locate the submerged plat form was recorded (defined
as the escape latency). If the platform was not found within 90s, the
mice were guided to the platform, where they stayed for 15s. Mice
underwent daily testing in the water maze from day 1 to day 5 after
surgery. On postoperative day 6, the submerged platform was re-
moved from the water maze and a spatial probe test was performed
for 90s. The swimming speed, escape latency, times of platform
crossing, and the time spent in target quadrant were recorded by a

video camera.
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2.8 | Statistical analysis

Statistical analysis was performed with GraphPad Prism 7.0 soft-
ware. Quantitative data are presented as the mean+SD. D'Agostino
& Pearson omnibus normality test were used to assess normality of
data, and test results exhibited a normal/Gaussian distribution. Non-
paired two-tailed Student's t-test was used to identify significant dif-
ferences between the 2 groups. One-way ANOVA with Bonferroni's
multiple comparison test was utilized to analyze significant differ-
ences between multiple groups. p<0.05 was considered signifi-
cant. The p-value was adjusted with the FDR method (Benjamini
Hochberg procedure). The significance of GO and KEGG enrichment
was calculated by the hypergeometric distribution and Fisher exact
test, and the specific term was more significantly enriched with a

lower p-value.

3 | RESULTS

3.1 |
periods

Gene expression patterns in 3 perioperative

The hippocampi of aged mice were obtained from Con, DayO, Day2,
and Day7 groups (n = 6). Then DEGs in intraoperative period (DayO
vs. Con), early postoperative period (Day2 vs. Day0), and late post-
operative period (Day7 vs. Day2) were collected and analyzed. The
volcano plot and heatmap were firstly generated. In Figure 1A-C,
highlighted red dots were genes with significantly upregulated ex-
pression (p <0.05), highlighted blue dots were genes with significant
downregulated expression (p<0.05). In intraoperative period, there
were 328 DEGs (p<0.05), 125 of which were downregulated and
203 were upregulated (Figure 1A). In early postoperative period,
there were 3597 DEGs (p<0.05), 2006 of which were downregu-
lated and 1591 were upregulated (Figure 1B). In late postoperative
period, there were 4179 DEGs (p <0.05), 2031 of which were down-
regulated, and 2148 were upregulated (Figure 1C). There are more
DEGs in postoperative periods, which may attribute to the length of
the periods.

Heatmap showed the expression patterns of DEGs (p<0.05)
in 3 periods, and each column indicated 1 hippocampus sample.
Red rectangles were upregulated genes and blue ones were down-
regulated genes, and deep color referred to significant difference
(Figure 1D-F). The means of log2 fold change of top 10% and 20%
DEGs of intraoperative period were higher than those of postoper-
ative periods, which indicated that the differences of DEGs of intra-
operative period were more significant than postoperative periods.
Based on GO database, the percentages of DEG cellular locations in
3 periods were displayed with pie charts. In intraoperative period,
the DEGs mainly located at Nuclear, Cytosol, Endoplasmic retic-
ulum (43%, 21%, and 14%, respectively, Figure 1G). In early post-
operative period, the DEGs mainly located at Membrane, Nuclear,
Mitochondrial (30%, 18%, and 14%, respectively, Figure 1H). In
late postoperative period, the DEGs mainly located at Membrane,

Vesicle, Cytosol (22%, 15%, and 14%, respectively, Figure 1l). These
results indicated that nuclear, cytosol and endoplasmic reticulum
were involved firstly. After surgery, more cellular organelles and
structures were involved, which included membrane, mitochondria,

vesicle, and cytosol.

3.2 | DEG analysis revealed 9 main
neuropathological processes in 3
perioperative periods

Biological process (BP) terms were identified based on GO database.
Considering the perioperative pathological features, processes with
top count were divided into 9 categories. They were Neuronal al-
teration, Synapse alteration, Neurotransmitter, Biological rhythm,
Oxidative stress, Metabolism, Neurotoxicity, Blood-brain barrier,
and Cognitive function. The number of BP terms in 3 periods of 9
categories was shown as the circle area. In intraoperative period, the
categories with top term numbers were Blood-brain barrier, neu-
ronal alteration, oxidative stress, and metabolism. In postoperative
periods, the categories with top term numbers were metabolism,
blood-brain barrier, synapse alteration, neuronal alteration, oxida-
tive stress, and neurotoxicity. For most categories, there were more
BP terms in postoperative periods, however, for Biological rhythm,
there were more BP terms in intraoperative period (Figure 2A).

Figure 2B-D showed negative regulation terms (blue) and
positive regulation terms (purple) in abovementioned categories.
Negative and positive regulation terms were categorized based on
their effects. For example, negative terms of Blood-brain barrier
in late postoperative period contained negative regulation of en-
dothelial cell proliferation, negative regulation of epithelial to mes-
enchymal transition, negative regulation of angiogenesis, negative
regulation of sprouting angiogenesis, negative regulation of cell
junction assembly, epithelial cell apoptotic process, etc. Positive
terms contained prostate gland epithelium morphogenesis, posi-
tive regulation of blood vessel endothelial cell migration, vascular
endothelial cell proliferation, etc. The percentages of negative and
positive terms were 41.9% and 58.1%, respectively. In intraoperative
period, positive regulations were the main directions for Neuronal
alteration, Neurotoxicity, and Blood-brain barrier, and negative reg-
ulations were the main direction for Oxidative stress. In postopera-
tive periods, positive regulations were the main directions for most
categories including oxidative stress; however, negative regulations
also existed, such as negative regulation of cell development and
neurogenesis, negative regulation of neurotransmitter transport.
The results indicated the roles of these categories during periop-
erative pathological processes in the hippocampus. There were no
obvious negative or positive regulation terms in Biological rhythm
and Cognitive function.

To be specific, the top 8 BP terms in each category were listed
in Figures 3A-F and 4A-C, ranked by p-value. The enriched terms of
Neuronal alteration, Synapse alteration, and Neurotransmitter were
mainly in postoperative periods. For Neuronal alteration, the top
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FIGURE 1 (A-C)The differentially expressed genes (DEGs, p <0.05) in intraoperative period (DayO group vs. Control group), early
postoperative period (Day2 group vs. DayO group) and late postoperative period (Day7 group vs. Day2 group). Red dots are upregulated
genes and blue ones are downregulated genes. (D-F) Heatmaps show the expression patterns of DEGs in 3 periods. Red rectangles

are upregulated genes and blue ones are downregulated genes. The deep color means significant difference. (G-I) Pie charts show the

percentages of DEG cellular locations in 3 periods

terms in early postoperative period were negative regulation of cell
development and neurogenesis, however, in late postoperative pe-
riod were positive regulation of neuron projection development and
differentiation. For Synapse alteration, the top terms in postopera-
tive periods were synapse organization and dendrite development.
For Neurotransmitter, the top terms in early postoperative period
were neurotransmitter transport and regulation of neurotransmit-
ter levels, and in late postoperative period were regulation of neu-
rotransmitter receptor localization to postsynaptic specialization
membrane and neurotransmitter transport (Figure 3A-C).

For Biological rhythm, the enriched terms were mainly in intra-
operative period, and the top terms were entrainment of circadian
clock by photoperiod and photoperiodism. For Oxidative stress, the
top terms in intraoperative period were positive regulation of reac-
tive oxygen species metabolic process and cellular response to ste-
roid hormone stimulus, in early postoperative period were response

to hypoxia and decreased oxygen levels, and in late postoperative
period were mitochondrion organization and cellular response to
oxidative stress. For Metabolism, the top terms in intraoperative
period were positive regulation of cholesterol efflux and negative
regulation of lipid localization, in early postoperative period included
both positive and negative regulation of catabolic process, and in
late postoperative period included only positive regulation of cata-
bolic process (Figure 3D-F).

For Neurotoxicity, the top terms in intraoperative period were
intrinsic apoptotic signaling pathway in response to DNA damage,
in early postoperative period were neuron death and autophagy,
and in late postoperative period were neuron death and negative
regulation of neuron death. For Blood-brain barrier, the top terms
in intraoperative period were regulation of epithelial and epidermal
cell differentiation, in early postoperative period were cell junction
organization and assembly, and in late postoperative period were
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FIGURE 2 Gene Ontology (GO) enrichment analysis of DEGs. (A) The number of BP terms of 9 categories in 3 periods are shown as the
circle area. (B-D) The counts and percentages of negative regulation terms (blue) and positive regulation terms (purple) of all categories in 3

periods

cell-substrate adhesion and cell-cell signaling by Wnt. For Cognitive
function, the top terms in 3 periods included memory, long-term
memory, regulation of long-term neuronal synaptic plasticity, etc.
(Figure 4A-C).

KEGG pathway analysis revealed the enriched signaling path-
ways. Top enriched signaling pathways in early postoperative pe-
riod included ubiquitin mediated proteolysis, herpes simplex virus 1
infection, thyroid hormone signaling pathway, etc. (Figure 4D). Top
enriched signaling pathways in late postoperative period included
focal adhesion, human papillomavirus infection, Alzheimer disease,
etc. (Figure 4E). However, there were no significant enriched signal-
ing pathways in intraoperative period, which may attribute to the
short time interval and limited DEGs in the period.

3.3 | DEG intersections and TF regulations in 9
perioperative neuropathological processes

Figure 5A showed the intersections of DEGs among Neuronal al-
teration, Synapse alteration and Neurotransmitter. The categories
with top DEG numbers were Neuronal alteration in early and late
postoperative periods, and Synapse alteration in late postoperative
period (n = 195, 160, and 101, respectively). The DEG intersections
with largest size were between Neuronal alteration and Synapse al-
teration, and between Neurotransmitter and Synapse alteration in
postoperative periods. Figure 5B showed the intersections of DEGs
among Biological rhythm, Oxidative stress and Metabolism. The
categories with top DEG numbers were Metabolism and Oxidative
stress in late and early postoperative periods (n = 545, 146, 95, and
39, respectively), which accounted for 93.8% of all DEGs. The DEG

intersections with largest size were between Oxidative stress and
Metabolism in postoperative periods. The DEG intersections with
other biological processes were relatively rare. Figure 5C showed
the intersections of DEGs among Neurotoxicity, Blood-brain bar-
rier and Cognitive function. The categories with top DEG numbers
were Neurotoxicity, Blood-brain barrier and Cognitive function in
late postoperative period, as well as Neurotoxicity and Blood-brain
barrier in early postoperative period (n = 270, 239, 95, 163 and 65,
respectively). The DEG intersections with largest size were between
Neurotoxicity and Blood-brain barrier in postoperative periods. For
Cognitive function, the DEG intersections were relatively rare and
mainly in late postoperative period.

To better manifest the role of DEGs in perioperative period, as
well as the relationship among different categories, we used 3 ta-
bles to show the top DEGs involved most periods of different cat-
egories (Tables 2-4). The numbers below categories refer to the
involved periods of each DEGs, and the numbers below ‘Count’
refer to the total number of involved periods. As shown in Table 2,
KIf4 was differentially expressed in 8 periods of Neuronal alter-
ation, Synapse alteration and Neurotransmitter. It could regulate
ApoE, promote inflammation through NF-xB pathway, and trigger
the cellular response to DNA damage.18 Fifteen genes were differ-
entially expressed in 6 periods, including Shank1, Rims1, Shank2,
etc., which involved in multiple neuron related processes. Four
genes were differentially expressed in 4 or 5 periods. As shown in
Table 3, Cry2 was differentially expressed in 7 periods of Biological
rhythm, Oxidative stress and Metabolism, and it has been re-
ported to be involved in circadian rhythm and metabolism regula-
tions.'? KIf4 and Khsrp were differentially expressed in 6 periods.
Eight genes were differentially expressed in 5 periods, including
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(A)

Enriched GO terms P adjust
Notch signaling pathway 0.016458
Wnt signaling pathway 0.028263
establishment of cell polarity 0.034587
cell proliferation in forebrain 0.034587
Dayo vs Con neuroepithelial cell differentiation 0.045588
spindle localization 0.045588
g negative regulation of ERK1 and ERK2 cascade 0.045588
= establishment or maintenance of cell polarity 0.048985
S negative regulation of cell development 4.06E-07
(0] negative regulation of neurogenesis 5.09E-07
% negative regulation of neuron differentiation 5.09E-07
negative regulation of neuron projection development 1.07E-06
< Dav2vsDayd i pichmentof cell polarity 1.62E-06
c negative regulation of nervous system development 3.08E-06
e establishment or maintenance of cell polarity 8.30E-06
> Wnt signaling pathway 3.99E-05
% regulation of cell morphogenesis involved in differentiation 1.06E-12
positive regulation of neuron projection development 4.21E-10
positive regulation of neuron differentiation 6.80E-10
negative regulation of nervous system development 1.77E-08
Whnt signaling pathway 2.03E-08
negative regulation of neuron differentiation 5.59E-08
negative regulation of neurogenesis 8.49E-08
establishment or maintenance of cell polarity 1.52E-07
(B) . )
Enriched GO terms P adjust
Day0 vs Con  none
synapse organization 1.21E-12
c dendrite development 1.08E-09
[e) axon part 4.52E-08
= axonogenesis 4.62E-08
© Day2 vs Day0  neuron to neuron synapse 4.73E-08
[0) regulation of axonogenesis 7.86E-08
= axon development 8.50E-08
@© asymmetric synapse 1.02E-07
8 synapse organization 3.23E-13
Q dendrite development 4.98E-12
g axon development 4.98E-12
= neuron to neuron synapse 3.22E-11
()] axonogenesis 4.04E-11
asymmetric synapse 4.31E-10
dendrite morphogenesis 3.44E-09
axon part 8.88E-09
Enriched GO terms P adjust
regulation of nitric oxide biosynthetic process 0.037999
Day0 vs Con nitric oxide biosynthetic process 0.045588
nitric oxide metabolic process 0.048985
neurotransmitter transport 1.21E-12
regulation of neurotransmitter levels 1.08E-09
6 neurotransmitter secretion 4.52E-08
o= regulation of neurotransmitter secretion 4.62E-08
5= Day2 vs DayO regulation of neurotransmitter transport 4.73E-08
E neurotransmitter receptor transport 7.86E-08
(2] neurotransmitter receptor complex 8.50E-08
% negative regulation of neurotransmitter transport 1.02E-07
s regulation of neurotransmitter receptor localization to 0.002392
9 postsynaptic specialization membrane
= neurotransmitter transport 0.002808
[0} neurotransmitter secretion 0.002948
Z neurotransmitter uptake 0.003153
regulation of postsynaptic membrane neurotransmitter receptor 0.004241
levels
regulation of neurotransmitter levels 0.008655
neurotransmitter-gated ion channel clustering 0.014764
regulation of neurotransmitter secretion 0.017898
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Cl

Enriched GO terms P adjust
entrainment of circadian clock by photoperiod 0.016458
1S Day0 vs Con  photoperiodism 0.016458
_'-C_, entrainment of circadian clock 0.020688
E’ entrainment of circadian clock by photoperiod 0.007322
— entrainment of circadian clock 0.006930
(_U DayZ Vs DayO photoperiodism 0.012270
(&) rhythmic process 0.015673
6-, circadian regulation of gene expression 0.020640
Q entrainment of circadian clock by photoperiod 0.007322
9 photoperiodism 0.010176
[a0] entrainment of circadian clock 0.017339
(E) . _
Enriched GO terms P adjust
positive regulation of reactive oxygen species metabolic process 0.043312
cellular response to steroid hormone stimulus 0.028263
Day0vs Con regulation of reactive oxygen species metabolic process 0.043363
stress granule assembly 0.045588
8 response to hypoxia 3.46E-06
) response to decreased oxygen levels 3.71E-06
= energy derivation by oxidation of organic compounds 3.90E-06
(2] reactive oxygen species metabolic process 4.55E-05
(0] Day2 vs DayO response to oxygen levels 5.86E-05
= regulation of reactive oxygen species metabolic process 0.006524
'E; cellular response to hypoxia 0.009088
he} negative regulation of reactive oxygen species biosynthetic process 0.038658
x mitochondrion organization 2.64E-13
o cellular response to oxidative stress 2.82E-06
mitochondrial respiratory chain complex assembly 6.15E-06
response to oxidative stress 1.27E-05
mitochondrial respiratory chain complex | assembly 0.000136
oxidative phosphorylation 0.000294
mitochondrial ATP synthesis coupled electron transport 0.000301
mitochondrial transport 0.000313
(F) . )
Enriched GO terms P adjust
actin-dependent ATPase activity 0.016670
ADP binding 0.022558
Day0 vs Con regulation of nitric oxide biosynthetic process 0.037999
positive regulation of cholesterol efflux 0.037999
negative regulation of lipid localization 0.043363
regulation of protein catabolic process 1.52E-05
E proteasomal protein catabolic process 2.17E-05
K] proteasome-mediated ubiquitin-dependent protein catabolic process 6.04E-05
B positive regulation of catabolic process 0.000204
o) Day2 vs Day0 pegative regulation of catabolic process 0.000330
© phospholipid metabolic process 0.000429
'E; insulin secretion 0.001177
2 positive regulation of cellular catabolic process 0.001546
regulation of protein catabolic process 1.22E-08
regulation of cellular amide metabolic process 1.71E-07
generation of precursor metabolites and energy 1.40E-06
positive regulation of catabolic process 5.45E-06

proteasome-mediated ubiquitin-dependent protein catabolic process 7.86E-06

proteasomal protein catabolic process 8.48E-06
regulation of cellular protein catabolic process 1.00E-05
purine nucleotide metabolic process 1.80E-05

FIGURE 3 The lists of top enriched GO terms of 6 categories in 3 periods (ranked by P adjust)

Per1, Sik1, lcam1, etc. Nine genes were differentially expressed in
4 periods. As shown in Table 4, Ptprz1 was differentially expressed
in 6 postoperative periods of Neurotoxicity, Blood-brain barrier
and Cognitive function, and it could negatively regulate oligoden-
drocyte precursor proliferation.20 Eight genes were differentially
expressed in 5 periods including Itpr3, Slc7all, Icam1, etc., and
they were involved in multiple processes of neurotoxicity and cog-
nitive dysfunction.?! Nine genes were differentially expressed in
4 periods.

Transcription factors (TFs) could regulate gene expressions
and play roles in neurodegenerative diseases.?? We analyzed
TF expressions, and 74 differentially expressed TFs were found
during perioperative period (E value <0.00001, Figure 6). The TFs

were ranked by their period participation counts of all categories.
The top 10 TFs were Kif4, Hbp1, Srf, Zeb2, Egrl, Mycn, KIf2, Sox2,
Hes5 and Hicl. KIf4-related terms were involved in 3 periods of
Neuronal alteration, Neurotransmitter and Blood-brain barrier, in
2 periods of Synapse alteration and Oxidative stress, as well asin 1
period of Metabolism. Hbp1-related terms were involved in 2 peri-
ods of Neuronal alteration, Oxidative stress and Blood-brain bar-
rier, and in 1 period of Metabolism and Neurotoxicity. Srf-related
terms were involved in 2 periods of Synapse alteration, Blood-
brain barrier and Cognitive function, and in 1 period of Neuronal
alteration. Overall, the GO terms of these TFs were most distrib-
uted in Neuronal alteration, Blood-brain barrier and Oxidative
stress. Harmonizome database indicated that Hbpl, Zeb2 and
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(A) Enriched GO terms P adjust
DayO vs Con intrinsic apoptotic signaling pathway in response to DNAdamage  0.045587
neuron death 0.000408
autophagy 0.000647
> process utilizing autophagic mechanism 0.000647
= regulation of autophagy 0.000874
O Day2 vs Day0 regulation of macroautophagy 0.001435
x regulation of neuron death 0.002998
..9 negative regulation of macroautophagy 0.006524
o macroautophagy 0.010487
3 neuron death 8.10E-05
zZ negative regulation of neuron death 6.32E-05
regulation of stress-activated MAPK cascade 0.000269
regulation of neuron death 0.000278
neuron apoptotic process 0.000580
autophagy 0.000587
process utilizing autophagic mechanism 0.000587
regulation of neuron apoptotic process 0.001443
(B) .
Enriched GO terms P adjust
regulation of epithelial cell differentiation 0.001172
regulation of epidermal cell differentiation 0.006682
epidermal cell differentiation 0.014262
endothelial cell differentiation 0.016458
Dayo vs Con regulation of epidermis development 0.022841
o endothelium development 0.025072
() epithelial cell proliferation 0.027652
E epidermis development 0.034587
© cell junction organization 1.79E-07
Q cell junction assembly 7.83E-07
< epithelial cell migration 2.13E-06
(] epithelium migration 2.66E-06
_E Day2 vs Day0 cell-substrate adhesion 3.22E-06
] cell-substrate junction assembly 1.19E-05
-8 cell-cell signaling by wnt 2.72E-05
o adherens junction 3.69E-05
E cell-substrate adhesion 7.91E-10
cell-cell signaling by wnt 1.40E-08
focal adhesion 9.88E-08
cell-substrate junction 2.50E-07
cell-substrate adherens junction 3.60E-07
regulation of cell-substrate adhesion 2.19E-06
adherens junction 2.85E-06
substrate adhesion-dependent cell spreading 5.23E-06
© '
Enriched GO terms P adjust
memory 0.016458
c Dayo vs Con long-term memory 0.037999
9 learning or memory 1.21E-05
6 cognition 3.67E-05
c memory 0.000486
= Day2 VS DayO learning 0.001867
= visual learning 0.027939
g long-term memory 0.032612
o= regulation of long-term neuronal synaptic plasticity 0.030714
c learning or memory 2.08E-07
8’ cognition 2.08E-07
O memory 0.000569
regulation of neuronal synaptic plasticity 0.005888
learning 0.010579
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(D) KEGG Pathway Enrichment (Day2 vs Day0)
Ubiquitin mediated proteolysis o
Herpes simplex virus 1 infection ®| Padjust

Gene Ratio
L]
[ J
o

Thyroid hormone signaling pathway

Notch signaling pathway

Spliceosome °

Circadian rhythm

0.02 0.04 0.06

Gene Ratio

(E) KEGG Pathway Enrichment (Day7 vs Day2)

Focal adhesion ()
Human papillomavirus infection O
Alzheimer disease [ J
Endocytosis [ ]
Thermogenesis [ ]
ECM-receptor interaction [
Parkinson disease (]

P adjust
Oxidative phosphorylation [ ] [
Huntington disease [
Ubiquitin mediated proteolysis [ ] I
Human T-cell leukemia virus 1 infection [ ]

Non-alcoholic fatty liver disease ° Gene Ratio

Notch signaling pathway . ;
Insulin signaling pathway o [ ]
PI3K-Akt signaling pathway o
Long-term potentiation °
Protein digestion and absorption °
Regulation of actin cytoskeleton o

AGE-RAGE signaling pathway
Citrate cycle (TCA cycle)

0.02 0.04 0.06

Gene Ratio

FIGURE 4 (A-C)The lists of top enriched GO terms of 3 categories in 3 periods (ranked by P adjust). (D-E) Bubble charts show KEGG
pathway enrichment analysis of DEGs in early postoperative period (Day2 vs. Day0) and late postoperative period (Day7 vs. Day2). Color in

red means low P adjust and the area of bubbles means the gene count

Egrl could target Kif4. KIf4 could regulate target genes through
phosphorylation, acetylation, methylation and ubiquitination, and

show a context-dependent function.

3.4 | Potential modulation network construction of
PND related neuropathological processes

Based on GO functional annotation and enrichment analysis,
Neuronal alteration, Synapse alteration, Neurotransmitter, Biological
rhythm, Oxidative stress, Metabolism, Neurotoxicity, Blood-brain
barrier and Cognitive function were classified into 3 modules, then
30 DEGs and related genes were selected based on these categories.

The first module included 4 genes in Neuronal alteration (Ezh2,
KlIf4, Tsc2, Mtor), 3 in Synapse alteration (Rims1, Arfé6, Mapla) and
4 in Neurotransmitter (Htrla, Htr1b, DvI3, Celsr1; Figures 7 and 8).
The second module included 3 genes in Biological rhythm (Cry2,
FbxI3, FbxI21), 3 in Oxidative stress (Itprl, Micul, Ppara) and 3 in
Metabolism (Mylip, Gpld1, Sirt1; Figures 9 and 10). The third module
included 3 genes in Neurotoxicity (Itprl, Trim8, Lrp1), 4 in Blood-
brain barrier (Ptpn23, Claudin5, Plectin, Mmp2) and 4 in Cognitive
function (SIc8a3, Srf, Nf1, Ncam1; Figures 11 and 12). gPCR verifi-
cations were performed for the abovementioned 30 genes (n = 6).
Considered their functions and the results, 27 genes, except for 3
genes (Tsc2, Dvi3, Plectin), have been used to construct the potential
modulation network.
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FIGURE 5 UpSet plots show the (A)
intersections of DEGs among neuronal
alteration, synapse alteration and
neurotransmitter (A), among biological
rhythm, oxidative stress and metabolism
(B), and among neurotoxicity, blood-brain
barrier and cognitive function (C). The

left bar chart indicates total number of
DEGs for each category, the bottom dark
connected dots indicate substrates for
each intersection, and the top bar chart
indicates intersection sizes between DEGs
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Figures 7 and 8 showed Neuronal alteration, Synapse alteration
and Neurotransmitter related genes and mechanisms/signaling
pathways. gPCR verification showed that Rims1, Htrla, Htr1b and
Arfé6 were downregulated in intraoperative period, and maintained
this level in early and late postoperative periods. Celsr1 and Mtor
were downregulated in intraoperative period, and went up in early
and late postoperative periods, respectively. Mapla was downreg-
ulated in early postoperative period and went up in late postop-
erative period. KIf4 was upregulated in intraoperative period and

Day7 vs Day2

downregulated in early and late postoperative periods (Figure 8A).
The fluctuant Htrla/b expression of synapse leads to neurotrans-
mitter dysregulation. Celsrl plays vital role in synaptic assembly
and neurotransmitter release through Wnt pathway.?® These genes
and mechanisms lead to abnormal neurotransmitter release. Rims1
and presynaptic cytoskeleton guide synaptic vesicles to active zone
and accelerate vesicle fusion. Arfé is related to dynamic vesicle re-
cycling to maintain the structural and functional integrity of pre-
synaptic terminals.?* Mapla participates in synaptic plasticity and
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TABLE 2 Top 20 DEGs involved in neuronal alteration, synapse alteration and neurotransmitter related function terms at different

periods

DEGs Count

Kif4
Shank1
Rims1
Shank2
Raplb
Synj2p
Celsr1l
Dig4
Dag1
Brsk1

o o 0 0 060 0 0 8 O

Neuronal
alteration

1,2,3
2,3
2,3
2,3
2,3
2,3
2,3
2,3
2,3
2,3

Synapse
alteration
2,3

2,3

2,3

2,3

2,3

2,3

2,3

2,3

2,3

2,3

Neuro-transmitter
1,2,3
2,3
2,3
2,3
2,3
2,3
2,3
2,3
2,3
2,3

DEGs

Scrib
Rab5a
Vamp7
Slc7a11
Hsp90aal
Ppp3r1
Chrna3
Grin2c
Kcnj10
Slc1a3

Count

A b 0 N 0 0 6 O O

Neuronal
alteration

2,3
2,3
2,3
2,3
2,3
2,3
3

2

2,3
2,3

Synapse
alteration
2,3

2,3

2,3

2,3

2,3

2,3

2,3

2,3

/

/

Neuro-transmitter
2,3
2,3
2,3
2,3
2,3
2,3
2,3
2,3
2,3
2,3

Notes: Count: the number of terms that the DEGs are involved in, 1 means intraoperative period, 2 means early postoperative period, 3 means late

postoperative period.

TABLE 3 Top 20 DEGs involved in biological rhythm, oxidative stress and metabolism related function terms at different periods

DEGs
Cry2 7
Kif4 6
Khsrp 6
Per1 5
Sik1 5
lcam1 5
Per2 5
Foxo3 5
Ptprn 5
Egfr 5

Biological
rhythm
1,2,3

/

/

1,2,3
1,2,3

/

2,3

2

2,3

2,3

Oxidative

stress Meta-bolism
1 1,23
1,2,3 1,2,3
1,23 1,2,3
1 3

/ 2,3
1,2,3 1,3
2 2,3
2,3 2,3
2,3 3
2,3 2,3

DEGs
Ppara
Srebf1
Ep300
Hdac2
FbxI3
Mtor
Dynll1
Usp19
Cyb5r4
Rela

Count

R - T T S N S S ) |

Biological
rhythm

2

N

~ N~ N N - N NN
w

Oxidative

stress Meta-bolism
2,3 2,3
3 2,3
2,3 3
2,3 3
/ 2,3
1,2 1,2
2,3 2,3
2,3 2,3
2,3 2,3
2,3 2,3

Notes: Count: the number of terms that the DEGs are involved in, 1 means intraoperative period, 2 means early postoperative period, 3 means late

postoperative period.

TABLE 4 Top 20 DEGs involved in neurotoxicity, blood-brain barrier and cognitive function related function terms at different periods

DEGs Count

Ptprz1 6
Itpr3 5
Slc7a11 5
lcam1 5
Chd8 5
Mtor 5
Igf2 5
Egfr 5
Rag1 5
Srf 5

Neuro-toxicity

2,3
3
2,3
2,3
/

2
3
3
3
3

Blood-

brain Cognitive
barrier function
2,3 2,3

3 1,2,3

2 2,3
1,2,3 /

2,3 1,2,3
1,2 1,2

2,3 2,3

2,3 2,3

2,3 2,3

2,3 2,3

DEGs

Ep300
Rap1b
Rab5a
Kif4
Epha2
Syngap1
Ntf3
Creb1
Bhlhb9

Ncam1

Count

4
4
4
4
4
4
4
4
4
4

Neuro-toxicity

2,3
3
3
3
1,2
2,3
2,3
2,3
2,3
/

Blood-

brain Cognitive
barrier function
4 3

2,3 3

2,3 3
1,2,3 /

1,2 /

/ 2,3

/ 2,3

/ 2,3

/ 2,3

2,3 2,3

Notes: Count: the number of terms that the DEGs are involved in, 1 means intraoperative period, 2 means early postoperative period, 3 means late

postoperative period.
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FIGURE 6 Differentially expressed transcription factors (TFs) and the counts of their related GO terms of all categories in 3 periods (E
value <0.00001). The TFs are ranked by their period participation counts of all categories (left to right)

FIGURE 7 Genes (red)and
hypothetical mechanisms/signaling G surgery | Anesthesia
pathways related to Neurotransmitter
(blue), Synapse alteration (brown) and
Neuronal alteration (green) during
perioperative period

Kif4
e ) £ X
o 3 &8
oZ =1
£ o T
2 =
= 2 Mtor
=
c
| Htr1a/b Celsr1 Arf6 NF-kB activation TCV';%
| oL
| Active zone I FE
| Synaptic | €
> l plasticity
£z ) ) Neural network
;§ Vesicles Vesicles Neurainfiammation remodeling
fusion recycling V4 \ /
Abnormal , Synapse Neuronal
neurotransmitter alteration alteration
contributes to the formation of neural circuits.?> These genes/mech- further investigated through immunofluorescence. Considered the
anisms and abovementioned neurotransmitter dysregulation affect role of ARF6 (encoded by Arfé) in synaptic and neuronal alteration, it
perioperative synapse alteration. EZH2 (encoded by Ezh2), a func- was selected for verification with immunofluorescence. Due to pre-
tional enzymatic component of PRC2 complex, affects H3K27me3 vious studies, the hippocampal CA1 region is related to long-term
and SOCS3 level, then causes TLR-induced NF-kB activation and potentiation and encoding of synaptic memory,?® and dentate gyrus
inflammatory gene expressions. KIf4 acts as a binding partner of (DG) serves as an important role in engram maintenance and remote
pNF-xB, and co-operatively upregulates inflammatory cytokines memory generalization.?” Thus, these 2 regions were chosen as the

and neuroinflammation. Dysregulated PI3K/AKT pathway and Mtor investigation targets. The results showed that ARF6 mainly existed
affect the neural network remodeling through axonal myelination. in the cytoplasm of pyramidal cells in CA1 and granular cells in DG,
These genes/mechanisms and synapse alteration lead to perioper- and perioperative expression of ARF6 in both regions were showed
ative neuronal alteration (Figure 7). Typical DEG expressions were in Figure 8B,C.
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FIGURE 8 (A)gPCR verification for genes in Figure 7. The columns show gene expressions of Con, Day0, Day2, and Day7 groups
(Means + SD, *p<0.05, **p<0.01 and ***p <0.001). (B and C) Immunofluorescence images show ARF6 (CY3, red) in CA1 region and DG
of hippocampus. DAPI shows the nucleus in blue. Arrows point to the typical ARF6 distribution, which are provided as high magnification
images on the right. Magnification 200x and 400x, scale bar 100 and 25 pm

Figures 9 and 10 showed Biological rhythm, Oxidative stress
and Metabolism related genes and mechanisms/signaling pathways.
gPCR verification showed that Gpld1, Ppara and FbxI3 were down-
regulated in intraoperative period, and maintained this level in early
and late postoperative periods. Cry2 and FbxI21 were downregulated
in early postoperative period and went up instantly in late postoper-
ative period. Mylip was downregulated in intraoperative period and
went up in early postoperative period. Sirt1 was downregulated inin-
traoperative period, maintained this level in early postoperative pe-
riod and recovered to baseline in late postoperative period. Itpr1 was
upregulated in both intraoperative and early postoperative periods.
Micul was downregulated in intraoperative and late postoperative
periods, and there was no significant change in early postoperative
period (Figure 10A). GPLD1 (encoded by Gpld1) is a glycosylphos-
phatidylinositol (GPI) degrading enzyme that hydrolyzes the inositol

phosphate linkage and releases GPIl-anchored proteins. Mylip ubi-
quinates and degrades low-density lipoprotein (LDL) receptor, which
causes LDL accumulation in plasma. Sirt1 affects the function of in-
sulin receptor substrate 1 (IRS1), then alters insulin sensitivity and
causes resistance. These genes / mechanisms lead to metabolic dis-
order. Sirt1 facilitates the deacetylation of FOXO1a and PGC1a,%®
then affects catalase level, mitochondrial biogenesis and oxidative
stress. Sirtl and PISK/AKT pathway also activate Itprl and medi-
ate endoplasmic reticulum (ER) calcium release. Micul promotes
the calcium flow into mitochondria, which causes ROS generation,
as well as mitochondrial membrane potential (MMP) and ATP de-
Ppara mediates autophagy related processes in neurons>°
conse-

crease.?”’
and promotes the neurotrophic factor (BDNF) production,31
quently reduces the Ap deposition. These genes/mechanisms lead
to oxidative stress, which further leads to metabolic disorder. Cry2
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exerts influence on biological rhythm, and its expression is affected
by CLOCK-BMAL1-E-box feedback loop. FbxI21 stabilizes CRY2 and
FbxI3 degrades CRY2, respectively. The decreased ATP supply also
affects CRY2 through ubiquitination process.32 These mechanisms
and metabolic disorders lead to perioperative fluctuation of biologi-
cal rhythm (Figure 9). The immunofluorescence verification showed
that SIRT1 existed in both nucleus and cytoplasm of pyramidal cells
in CA1 and granular cells in DG, and perioperative expression of
SIRT1 in both regions were showed in Figure 10B,C.

Figures 11 and 12 showed Neurotoxicity, Blood-brain barrier
and Cognitive function related genes and mechanisms / signaling
pathways. qPCR verification showed that Cldn5, Ncam1, Nf1, Srf and
Slc8a3 were downregulated in intraoperative period, and maintained
this level in early and late postoperative periods. Trim8 and Mmp2
were upregulated in early postoperative period and went down in
late postoperative period, while Ptpn23 was downregulated in early
postoperative period and went up in late postoperative period. Lrpl
was downregulated in intraoperative period, maintained this level in
early postoperative period and recovered to baseline in late post-
operative period (Figure 12A). Itprl mediates autophagy under cel-
lular stress. Trim8 facilitates apoptosis through Bcl-2 inhibition,®
and Lrp1 attenuates apoptosis through AKT survival pathway. These
genes / mechanisms lead to neurotoxicity. Claudin-5 (encoded by
Cldn5), Occludin and ZO-1 play vital roles in tight junction forma-
tion. Ptpn23 dephosphorylates Occludin and increases its affinity
with ZO-1.2* Lrp1 promotes Mmp2 expression through ERK path-
way, then the high expressed Mmp2 degrades type IV collagen and
affects tight junction as well as basal lamina. These genes / mecha-
nisms lead to BBB damage, and there are interactions between neu-
rotoxicity and BBB damage. Nf1 is a Ras/ERK pathway suppressor

ROS -
Ybiquti. ! Oxidative
Ation MMP | “stress Micu1
ATP |

and neuroprotective factor. Ncam1 is important for long-term mem-
ory formation. Srf and Slc8a3 affect the encoding of sodium-calcium
exchanger NCX3, and regulate calcium outflow. These genes /
mechanisms and abovementioned mechanisms lead to cognitive
dysfunction. The immunofluorescence verification showed that
MMP2 mainly existed in cytoplasm of pyramidal cells in CA1 and
granular cells in DG, and perioperative expression of SIRT1 in both
regions were showed in Figure 12B,C.

Behavior tests proved the occurrence of hippocampus-
dependent cognitive dysfunction during perioperative period. 24
aged mice were subjected to FCT and divided into control and sur-
gery groups (n = 12). In the context test, the freezing time decreased
significantly at 2days after surgery (48.17 +17.88 vs. 28.61 +11.26,
p = 0.0041, Figure 13A) and 7days after surgery (35.14+12.74
vs. 21.45+9.461, p = 0.0068, Figure 13C) in the surgery group.
In the tone test, there was no significant between two groups at
2days after surgery (61.27+25.22 vs. 45.21+19.29, p = 0.0938,
Figure 13B) or 7 days after surgery (45.90+17.72 vs. 34.33+13.44,
p = 0.0852, Figure 13D). Another 24 mice were subjected to Morris
water maze test and divided into control and surgery groups
(n = 12). The place navigation test began at 1 day after surgery, and
during 5 training days, the swimming speed maintained constant and
showed no significance between two groups (Figure 13E), the es-
cape latency decreased significantly as the training went on and this
trend appeared less pronounced in surgery group (Figure 13F). In
the probe test (1 day after last training), the times of platform cross-
ing and the time spent in target quadrant decreased significantly in
surgery group (6.08+0.79 vs. 3.75+0.72, p = 0.0402, 48.52+5.41
vs. 27.59+4.13, p = 0.0055, Figure 13G,H). These results suggested
the occurrence of POCD in aged mice. The cognitive dysfunction
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(Means + SD, *p<0.05, **p<0.01 and ***p <0.001). (B and C) Immunofluorescence images show SIRT1 (CY3, red) in CA1 region and DG
of hippocampus. DAPI shows the nucleus in blue. Arrows point to the typical SIRT1 distribution, which are provided as high magnification
images on the right. Magnification 200x and 400x, scale bar 100 and 25um

is hippocampus-dependent, and the perioperative gene expression
changes and related mechanisms / modulation networks in the hip-

pocampus could be its foundation.

4 | DISCUSSION

In the present study, we analyzed the perioperative gene expres-
sions in aged hippocampus and figured out their patterns in 3 peri-
ods. These periods could cover the major perioperative pathological
changes. For example, inflammatory factors could be detectable in
the circulation within 30 min after surgery which influences neuro-
immune circuits,” disrupted neuroglial metabolic coupling occurs
in 1-3days after surgery,35 and hippocampal lipid peroxidation oc-

curs 7days after surgery.8 Here, 328, 3597 and 4179 DEGs were

screened out in intraoperative period, early and late postoperative
period. Upregulated genes accounted for 61.9%, 44.2% and 51.4%
of all DEGs in these periods. The major BP terms were divided into 9
categories including Neurotransmitter, Synapse alteration, Neuronal
alteration, Metabolism, Oxidative stress, Biological rhythm, Blood-
brain barrier, Neurotoxicity and Cognitive function. The negative
and positive regulation terms, top DEGs and TFs involved in these
categories were summarized. To better analyze the involved mecha-
nisms and pathways, we divided the categories into 3 modules, the
DEG intersections, signaling pathways and modulation networks of
these modules were summarized and constructed, respectively.
Previous studies have indicated perioperative alterations in
neuronal survival (neuroapoptosis) and structures (altered dendritic
and glial morphology),36 our results further revealed the possible al-
teration directions. In intraoperative period, the major pathological
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FIGURE 11 Genes (red)and
hypothetical mechanisms/signaling
pathways related to neurotoxicity (blue),
blood-brain barrier (brown) and cognitive
function (green) during perioperative
period
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processes were BBB and neuronal alteration. Their directions were
both positive alterations, which bring early influences for the oc-
currence of PND. In postoperative periods, the major pathological
processes were synapse and neuronal alterations, metabolic disor-
der, oxidative stress, BBB damage and neurotoxicity. Negative alter-
ations existed in neurotransmitter, synapse and neuronal alterations
in early postoperative period. They shifted from negative to positive
alterations in late postoperative period, which indicated partial im-
provements. Positive alterations were the major directions for other
processes, and for metabolic process, the alterations were more
obvious in late postoperative period. The results also showed the
involvement of TFs during perioperative period, and the top 10 TFs
were Kif4, Hbp1, Srf, Zeb2, Egrl, etc. As previous studies revealed,

KlIf4 could regulate cell survival progress.37 Hbp1 contributes to

the pro-inflammatory macrophage/microglia-mediated response.38
Srf mediates the synaptic activity, and controls the neuronal out-
growth.? Zeb2 is a key developmental regulator of CNS,*° and Egr1
is necessary for long-term potentiation and memory consolidation.**
Therefore, these TFs could play important roles in the occurrence
of PND.

As the results indicated, abnormal neurotransmitter release,
neuronal and synapse alterations emerged in the hippocampus
during perioperative period. Neuroinflammation occurring in neu-
rons and microglia is a key feature of PND. In these cells, NF-xB
is activated via toll-like receptors and promotes the production of
inflammatory cytokines including IL-16, IL-6 and TNF-o.*? Kif4 and
Ezh2 exert vital roles in this inflammatory signaling pathway.“"44
Our previous study indicated that altered intestinal microbiota after
surgery-induced intestinal inflammation, affected the integrity of
intestinal barrier and BBB,'® which could be an important cause of
neuroinflammation. PISK/AKT/mTOR pathway affects axonal my-
elination,* and influence neural networks. During perioperative
period, mitochondrial fission and fusion dynamics are disturbed,*®

which leads to the decrease of mitochondrial transmembrane
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potential and ATP production, and then affects synaptic plasticity
through dendritic remodeling. Vesicle transmission and trafficking in
terminals influence synaptic function, and the interaction of Rims1
and Rab3a is necessary for the process.’ Some vesicle recycling-
associated proteins (such as ARF6) are responsible for several neuro-
logic and psychiatric diseases including Schizophrenia.*® Therefore,
surgery-related abnormal neurotransmitter and synapse alteration
influence the information flow between neurons, which are crucial
mechanisms for PND and other perioperative diseases.

Metabolic disorder, oxidative stress and biological rhythm al-
teration emerged in the hippocampus during perioperative period.
Surgery and anesthesia-related metabolic disorder occurring in
neurons and glia involves multiple aspects including lipid, protein,
carbohydrate, etc. Our study showed that perioperative lipid met-
abolic disorder in aged hippocampus was related to transcription
factor SREBP1c.Y” The present results indicated differential expres-
sion of cholesterol regulator Mylip. Mylip affected cholesterol level
via LXR/MYLIP/LDLR pathway,*’
was a fundamental cause for PND.%C Sirt1 affects insulin reactivity

caused hypercholesterolemia, and

via PTPN1, IRS and AKT pathways.28 Insulin resistance is implicated
in AD,%! and could also be the mechanism for PND. Surgery-related
Ca?* overload in mitochondria is due to mitochondrial calcium uni-
porter (MCU, encoded by Micul). Itpr1 could provide flow source by
releasing calcium from ER, and Sirt1 could change acetylation lev-
els of MCU and affect the calcium flow.>? Previous study showed
that both Ca®* efflux via Itprl and Ca?* influx via MCU promoted
oxidative stress,>® and led to membrane permeability increase, cy-
tochrome c release, respiratory inhibition in neurons.>* Ppara also
affects the process through regulating Ap deposition.*° Biological
rhythm disorder is the hallmark for aging and neurodegenerative dis-
eases.> Our results revealed expression changes of rhythm-related
genes, such as Cry2, FbxI3 and Fbxl21,19’56 which indicate biological
rhythm alteration during perioperative period, and could be another

mechanism for PND.
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(A) gPCR verification for genes in Figure 11. The columns show gene expressions of Con, Day0, Day2, and Day7 groups

(Means + SD, *p<0.05, **p<0.01 and ***p <0.001). (B and C) Immunofluorescence images show MMP2 (CY3, red) in CA1 region and DG
of hippocampus. DAPI shows the nucleus in blue. Arrows point to the typical MMP2 distribution, which are provided as high magnification
images on the right. Magnification 200x and 400x, scale bar 100 and 25um

Neurotoxicity, BBB damage and cognitive dysfunction also
emerged in the hippocampus during perioperative period. Surgery
and anesthesia-related neurotoxicity includes apoptosis and auto-
phagy, which affect the function of neurovascular unit and neurons.
Apoptosis could be triggered by DNA damage, including DNA double-
strand breaks and oxidative DNA adducts. P53-mediated pathway
and PISK/AKT pathway are involved in the process.57'58 Autophagy
could be activated in a perioperative mTOR/IP3R-dependent man-
ner.> Sustained autophagy induced neuron death through protein
recycling process impairment and critical cellular constituent deple-
tion.© Surgery-induced BBB damage is also an important perioper-
ative pathological characteristic. BBB damage allows the entry of
neurotoxic debris, cells and pathogens, which is critical for CNS in-

flammation and immune responses.” The disruptions of tight junction

and basement membrane are the key mechanisms for this process,
which involves Claudin 5, ZO-1 and MMPs.®! Fluid flow also plays
roles in BBB regulation and endothelial glycocalyx-related gene ex-
pressions.®? Platelet-derived growth factor B is critical for pericyte
coverage and BBB function,®® while cerebral hypoperfusion, BBB
disruption and CSF A decrease are related to long-term neurological
deficits.®* Just as modulation networks hint, POCD is caused by joint
action of multiple CNS cell types under surgical stress. The symp-
toms of POCD include impairments of memory, attention, action and
perception, and several DEGs found in the present study (Ncam1, Srf,
etc.) were related with cognitive function.®® The present GO analysis
revealed changes of learning and long-term memory, and KEGG anal-
ysis revealed pathways related to neurodegenerative diseases includ-

ing AD, Parkinson disease and Huntington disease.
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FIGURE 13 Fear conditioning test showed that in the context test, compared with control group, the freezing time decreased
significantly at 2days (A) and 7 days (C) in surgery group. In the tone test, the freezing time did not decrease significantly at 2days (B) or
7days (D) in surgery group (n = 12 for both groups). Morris water maze test showed that in the place navigation test, the swimming speed
did not change significantly in both groups (E), but the escape latency increased significantly after surgery (F). In the probe test, both the
times of platform crossing (G) and the time spent in target quadrant (H) decreased significantly after surgery. **p<0.01, *p <0.05, ns: not

significant

5 | CONCLUSION

In the present study, we identified gene expression patterns
in the aged hippocampus during different perioperative pe-
riods, and summarized the major involved processes includ-
ing Neurotransmitter, Synapse alteration, Neuronal alteration,
Metabolism, Oxidative stress, Biological rhythm, Blood-brain bar-
rier, Neurotoxicity and Cognitive function. Then we constructed
potential signaling pathways and modulation networks in these
pathological processes. The results provide insights into overall
mechanisms during perioperative period for PND and reveal the
potential therapeutic gene targets, which are valuable for the pre-
vention and treatment of perioperative CNS disorders from ge-
netic level in the future.

AUTHOR CONTRIBUTIONS

ZS performed the experiments, analyzed the data and wrote the
manuscript. JY contributed to experiments, data analysis and manu-
script revision. BZ and ML contributed to data analysis and manu-
script revision. YQ contributed to animal experiments and data
analysis. WX contributed to data analysis. TX and HZ contributed
to the project supervision and manuscript revision. CN designed
the project, supervised the experiments, drafted and revised the
manuscript.

ACKNOWLEDGMENT

This work was supported by the National Natural Science Foundation
of China (Nos. 81771146, 82171195, 81971012), Beijing Hope Run
Special Fund of Cancer Foundation of China (No. LC2020A01), and

Talent Project of National Cancer Center/Cancer Hospital Chinese
Academy of Medical Sciences (For Dr. Cheng Ni).

CONFLICT OF INTEREST
The authors declare no financial or commercial conflict of interest.

DATA AVAILABILITY STATEMENT
The datasets generated for this study can be found in the Dryad
Digital Repository (https://doi.org/10.5061/dryad.jsxksnQc;j).

ORCID
Zizheng Suo
Cheng Ni

https://orcid.org/0000-0002-8398-6420
https://orcid.org/0000-0002-6104-423X

REFERENCES

1. Xie Z, Xu Z. General anesthetics and p-amyloid protein. Prog
Neuropsychopharmacol Biol Psychiatry. 2013 Dec 2;47:140-146.
doi:10.1016/j.pnpbp.2012.08.002

2. Evered L, Silbert B, Knopman DS, et al. Recommendations for
the nomenclature of cognitive change associated with anaesthe-
sia and surgery-2018. Br J Anaesth. 2018 Nov;121(5):1005-1012.
doi:10.1016/j.bja.2017.11.087

3. Steinmetz J, Rasmussen LS. Peri-operative cognitive dysfunc-
tion and protection. Anaesthesia. 2016 Jan;71(Suppl 1):58-63.
doi:10.1111/anae.13308

4. Jin Z, Hu J, Ma D. Postoperative delirium: perioperative as-
sessment, risk reduction, and management. Br J Anaesth. 2020
Oct;125(4):492-504. doi:10.1016/j.bja.2020.06.063

5. Skvarc DR, Berk M, Byrne LK, et al. Post-operative cognitive
dysfunction: an exploration of the inflammatory hypothesis and
novel therapies. Neurosci Biobehav Rev. 2018 Jan;84:116-133.
doi:10.1016/j.neubiorev.2017.11.011


https://doi.org/10.5061/dryad.jsxksn0cj
https://orcid.org/0000-0002-8398-6420
https://orcid.org/0000-0002-8398-6420
https://orcid.org/0000-0002-6104-423X
https://orcid.org/0000-0002-6104-423X
https://doi.org/10.1016/j.pnpbp.2012.08.002
https://doi.org/10.1016/j.bja.2017.11.087
https://doi.org/10.1111/anae.13308
https://doi.org/10.1016/j.bja.2020.06.063
https://doi.org/10.1016/j.neubiorev.2017.11.011

1594
_I_WI LEY_ CN'S Neuroscience & Therapeutics

6.

10.

11.

12.

13.

14.
15.
16.
17.
18.
19.
20.
21.

22.

23.

SUO ET AL.

Terrando N, Monaco C, Ma D, Foxwell BM, Feldmann M, Maze M.
Tumor necrosis factor-alpha triggers a cytokine cascade yielding
postoperative cognitive decline. Proc Natl Acad Sci USA. 2010 Nov
23;107(47):20518-20522. doi:10.1073/pnas.1014557107

Yang T, Velagapudi R, Terrando N. Neuroinflammation after sur-
gery: from mechanisms to therapeutic targets. Nat Immunol. 2020
Nov;21(11):1319-1326. d0i:10.1038/s41590-020-00812-1

Netto MB, de Oliveira Junior AN, Goldim M, et al. Oxidative
stress and mitochondrial dysfunction contributes to postopera-
tive cognitive dysfunction in elderly rats. Brain Behav Immun. 2018
Oct;73:661-669. doi:10.1016/j.bbi.2018.07.016

Ni P, Dong H, Wang Y, et al. IL-17A contributes to perioperative
neurocognitive disorders through blood-brain barrier disrup-
tion in aged mice. J Neuroinflammation. 2018 Nov 30;15(1):332.
doi:10.1186/s12974-018-1374-3

Zhang Y, Liu H, Chen Z, et al. TLR4-mediated hippocampal MMP/
TIMP imbalance contributes to the aggravation of periopera-
tive neurocognitive disorder in db/db mice. Neurochem Int. 2020
Nov;140:104818. doi:10.1016/j.neuint.2020.104818

Gogenur |, Wildschigtz G, Rosenberg J. Circadian distribution of
sleep phases after major abdominal surgery. Br J Anaesth. 2008
Jan;100(1):45-49. doi:10.1093/bja/aem340

Kovoor JG, Maddern GJ. Seeing the light: surgical circadian rhythm.
BrJ Surg. 2021 Nov 11;108(11):1263-1264. doi:10.1093/bjs/znab315
van Dijk EL, Auger H, Jaszczyszyn Y, Thermes C. Ten years of
next-generation sequencing technology. Trends Genet. 2014
Sep;30(9):418-426. doi:10.1016/j.tig.2014.07.001

Zhang Y, Shan GJ, Zhang YX, et al. Propofol compared with sevo-
flurane general anaesthesia is associated with decreased de-
layed neurocognitive recovery in older adults. Br J Anaesth. 2018
Sep;121(3):595-604. doi:10.1016/j.bja.2018.05.059

Li XQ, Cao XZ, Wang J, Fang B, Tan WF, Ma H. Sevoflurane pre-
conditioning ameliorates neuronal deficits by inhibiting microglial
MMP-9 expression after spinal cord ischemia/reperfusion in rats.
Mol Brain. 2014 Sep 4;7:69. doi:10.1186/s13041-014-0069-7

Han D, LiZ, Liu T, et al. Prebiotics regulation of intestinal microbiota
attenuates cognitive dysfunction induced by surgery stimulation in
APP/PS1 mice. Aging Dis. 2020 Oct;11(5):1029-1045. d0i:10.14336/
AD.2020.0106

Wang Y, Qian M, QuY, et al. Genome-wide screen of the hippocam-
pus in aged rats identifies mitochondria, metabolism and aging pro-
cesses implicated in sevoflurane anesthesia. Front Aging Neurosci.
2020;12:122. doi:10.3389/fnagi.2020.00122

Sharma N, Lu Y, Zhou G, et al. Myeloid Krippel-like factor 4 de-
ficiency augments atherogenesis in ApoE-/- mice—brief re-
port. Arterioscler Thromb Vasc Biol. 2012 Dec;32(12):2836-2838.
doi:10.1161/atvbaha.112.300471

Eckel-Mahan K, Sassone-Corsi P. Metabolism and the circadian
clock converge. Physiol Rev. 2013 Jan;93(1):107-135. doi:10.1152/
physrev.00016.2012

Lamprianou S, Chatzopoulou E, Thomas JL, Bouyain S, Harroch S.
A complex between contactin-1 and the protein tyrosine phospha-
tase PTPRZ controls the development of oligodendrocyte precur-
sor cells. Proc Natl Acad Sci USA. 2011 Oct 18;108(42):17498-17503.
doi:10.1073/pnas.1108774108

Cao X, Chen J, Li D, et al. ORP4L couples IP(3) to ITPR1 in control of
endoplasmic reticulum calcium release. FASEB J. 2019 Dec;33(12):1
3852-13865. doi:10.1096/fj.201900933RR

Jin W, Qazi TJ, Quan Z, Li N, Qing H. Dysregulation of tran-
scription factors: a key culprit behind neurodegenera-
tive disorders.  Neuroscientist. 2019  Dec;25(6):548-565.
doi:10.1177/1073858418811787

Ahmad-Annuar A, Ciani L, Simeonidis |, et al. Signaling across the
synapse: a role for Wnt and Dishevelled in presynaptic assembly
and neurotransmitter release. J Cell Biol. 2006 Jul 3;174(1):127-139.
doi:10.1083/jcbh.200511054

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Tagliatti E, Fadda M, Falace A, Benfenati F, Fassio A. Arfé regulates
the cycling and the readily releasable pool of synaptic vesicles at
hippocampal synapse. elLife. 2016 Jan 5;5:e10116. doi:10.7554/
elife.10116

Takei Y, Kikkawa YS, Atapour N, Hensch TK, Hirokawa N.
Defects in synaptic plasticity, reduced NMDA-receptor trans-
port, and instability of postsynaptic density proteins in mice
lacking microtubule-associated protein 1A. J Neurosci. 2015 Nov
25;35(47):15539-15554. doi:10.1523/JNEUROSCI.2671-15.2015
Nicoll RA. A brief history of long-term potentiation. Neuron. 2017
Jan 18;93(2):281-290. doi:10.1016/j.neuron.2016.12.015
Hainmueller T, Bartos M. Dentate gyrus circuits for encoding, re-
trieval and discrimination of episodic memories. Nat Rev Neurosci.
2020 Mar;21(3):153-168. d0i:10.1038/s41583-019-0260-z

Liang F, Kume S, Koya D. SIRT1 and insulin resistance. Nat Rev
Endocrinol.2009 Jul01;5(7):367-373.d0i:10.1038/nrendo.2009.101
Mallilankaraman K, Doonan P, Cardenas C, et al. MICU1 is an es-
sential gatekeeper for MCU-mediated mitochondrial ca(2+) up-
take that regulates cell survival. Cell. 2012 Oct 26;151(3):630-644.
doi:10.1016/j.cell.2012.10.011

Luo R, Su LY, Li G, et al. Activation of PPARA-mediated autophagy
reduces Alzheimer disease-like pathology and cognitive declinein a
murine model. Autophagy. 2020 Jan;16(1):52-69. doi:10.1080/1554
8627.2019.1596488

Patel D,Roy A, Raha S, Kundu M, Gonzalez FJ, Pahan K. Upregulation
of BDNF and hippocampal functions by a hippocampal ligand of
PPAR«. JCI Insight. 2020 May 21;5(10):e136654. doi:10.1172/jci.
insight.136654

Butterfield DA, Halliwell B. Oxidative stress, dysfunctional glu-
cose metabolism and Alzheimer disease. Nat Rev Neurosci. 2019
Mar;20(3):148-160. doi:10.1038/s41583-019-0132-6

Bhaduri U, Merla G. Rise of TRIM8: a molecule of duality. Mol
Ther Nucleic Acids. 2020 Dec 4;22:434-444. doi:10.1016/j.
omtn.2020.08.034

Siddiqui MR, Mayanil CS, Kim KS, Tomita T. Angiopoietin-1 regulates
brain endothelial permeability through PTPN-2 mediated tyrosine
dephosphorylation of occludin. PloS One. 2015;10(6):e0130857.
doi:10.1371/journal.pone.0130857

Femenia T, Giménez-Cassina A, Codeluppi S, et al. Disrupted neu-
roglial metabolic coupling after peripheral surgery. J Neurosci. 2018
Jan 10;38(2):452-464. doi:10.1523/jneurosci.1797-17.2017

Colon E, Bittner EA, Kussman B, McCann ME, Soriano S, Borsook D.
Anesthesia, brain changes, and behavior: insights from neural sys-
tems biology. Prog Neurobiol. 2017 Jun;153:121-160. doi:10.1016/j.
pneurobio.2017.01.005

Whitlock NC, Bahn JH, Lee SH, Eling TE, Baek SJ. Resveratrol-
induced apoptosis is mediated by early growth response-1,
Krippel-like factor 4, and activating transcription factor 3. Cancer
Prev Res (Phila). 2011 Jan;4(1):116-127. doi:10.1158/1940-6207.
Capr-10-0218

Fan H, Tang HB, Chen Z, et al. Inhibiting HMGB1-RAGE axis
prevents pro-inflammatory macrophages/microglia  polar-
ization and affords neuroprotection after spinal cord injury.
J Neuroinflammation. 2020 Oct 9;17(1):295. doi:10.1186/
s12974-020-01973-4

Knoll B, Nordheim A. Functional versatility of transcription factors
in the nervous system: the SRF paradigm. Trends Neurosci. 2009
Aug;32(8):432-442. doi:10.1016/j.tins.2009.05.004

Bar Yaacov R, Eshel R, Farhi E, Shemuluvich F, Kaplan T, Birnbaum
RY. Functional characterization of the ZEB2 regulatory landscape.
Hum Mol Genet. 2019 May 1;28(9):1487-1497. doi:10.1093/hmg/
ddy440

Penner MR, Parrish RR, Hoang LT, Roth TL, Lubin FD, Barnes CA.
Age-related changes in Egrl transcription and DNA methylation
within the hippocampus. Hippocampus. 2016 Aug;26(8):1008-1020.
doi:10.1002/hip0.22583


https://doi.org/10.1073/pnas.1014557107
https://doi.org/10.1038/s41590-020-00812-1
https://doi.org/10.1016/j.bbi.2018.07.016
https://doi.org/10.1186/s12974-018-1374-3
https://doi.org/10.1016/j.neuint.2020.104818
https://doi.org/10.1093/bja
https://doi.org/10.1093/bjs
https://doi.org/10.1016/j.tig.2014.07.001
https://doi.org/10.1016/j.bja.2018.05.059
https://doi.org/10.1186/s13041-014-0069-7
https://doi.org/10.14336/AD.2020.0106
https://doi.org/10.14336/AD.2020.0106
https://doi.org/10.3389/fnagi.2020.00122
https://doi.org/10.1161/atvbaha.112.300471
https://doi.org/10.1152/physrev.00016.2012
https://doi.org/10.1152/physrev.00016.2012
https://doi.org/10.1073/pnas.1108774108
https://doi.org/10.1096/fj.201900933RR
https://doi.org/10.1177/1073858418811787
https://doi.org/10.1083/jcb.200511054
https://doi.org/10.7554/eLife.10116
https://doi.org/10.7554/eLife.10116
https://doi.org/10.1523/JNEUROSCI.2671-15.2015
https://doi.org/10.1016/j.neuron.2016.12.015
https://doi.org/10.1038/s41583-019-0260-z
https://doi.org/10.1038/nrendo.2009.101
https://doi.org/10.1016/j.cell.2012.10.011
https://doi.org/10.1080/15548627.2019.1596488
https://doi.org/10.1080/15548627.2019.1596488
https://doi.org/10.1172/jci.insight.136654
https://doi.org/10.1172/jci.insight.136654
https://doi.org/10.1038/s41583-019-0132-6
https://doi.org/10.1016/j.omtn.2020.08.034
https://doi.org/10.1016/j.omtn.2020.08.034
https://doi.org/10.1371/journal.pone.0130857
https://doi.org/10.1523/jneurosci.1797-17.2017
https://doi.org/10.1016/j.pneurobio.2017.01.005
https://doi.org/10.1016/j.pneurobio.2017.01.005
https://doi.org/10.1158/1940-6207.Capr-10-0218
https://doi.org/10.1158/1940-6207.Capr-10-0218
https://doi.org/10.1186/s12974-020-01973-4
https://doi.org/10.1186/s12974-020-01973-4
https://doi.org/10.1016/j.tins.2009.05.004
https://doi.org/10.1093/hmg
https://doi.org/10.1093/hmg
https://doi.org/10.1002/hipo.22583

SUO ET AL

CN'S Neuroscience & Therapeutics

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

583.

54.

55.

Rahimifard M, Magbool F, Moeini-Nodeh S, et al. Targeting the
TLR4 signaling pathway by polyphenols: a novel therapeutic strat-
egy for neuroinflammation. Ageing Res Rev. 2017 Jul;36:11-19.
doi:10.1016/j.arr.2017.02.004

Kaushik DK, Gupta M, Das S, Basu A. Kriippel-like factor 4, a novel
transcription factor regulates microglial activation and subse-
quent neuroinflammation. J Neuroinflammation. 2010 Oct 15;7:68.
doi:10.1186/1742-2094-7-68

Zhang X, Wang Y, Yuan J, et al. Macrophage/microglial Ezh2 facili-
tates autoimmune inflammation through inhibition of Socs3. J Exp
Med. 2018 May 7;215(5):1365-1382. doi:10.1084/jem.20171417
Flores Al, Narayanan SP, Morse EN, et al. Constitutively active
Akt induces enhanced myelination in the CNS. J Neurosci. 2008 Jul
9,28(28):7174-7183. doi:10.1523/jneurosci.0150-08.2008

LuY, Chen L, Ye J, et al. Surgery/anesthesia disturbs mitochondrial
fission/fusion dynamics in the brain of aged mice with postoper-
ative delirium. Aging. 2020 Jan 12;12(1):844-865. doi:10.18632/
aging.102659

Betz A, Thakur P, Junge HJ, et al. Functional interaction of the active
zone proteins Munc13-1 and RIM1 in synaptic vesicle priming. Neuron.
2001 Apr;30(1):183-196. doi:10.1016/s0896-6273(01)00272-0

Li YC, Kavalali ET. Synaptic vesicle-recycling machinery com-
ponents as potential therapeutic targets. Pharmacol Rev. 2017
Apr;69(2):141-160. doi:10.1124/pr.116.013342

Zelcer N, Hong C, Boyadjian R, Tontonoz P. LXR regulates cho-
lesterol uptake through idol-dependent ubiquitination of the LDL
receptor. Science (New York, NY). 2009 Jul 3;325(5936):100-104.
doi:10.1126/science.1168974

Zhao G, Deng J, Shen Y, et al. Hyperhomocysteinemia is key for
increased susceptibility to PND in aged mice. Ann Clin Transl Neurol.
2019 Aug;6(8):1435-1444. doi:10.1002/acn3.50838

Le Douce J, Maugard M, Veran J, et al. Impairment of glycolysis-
derived I|-serine production in astrocytes contributes to cognitive
deficits in Alzheimer's disease. Cell Metab. 2020 Mar 3;31(3):503-
517.e8. d0i:10.1016/j.cmet.2020.02.004

Sun Y, Yang YM, Hu YY, et al. Inhibition of nuclear deacetylase
Sirtuin-1 induces mitochondrial acetylation and calcium overload
leading to cell death. Redox Biology. 2022 May 19;53:102334.
doi:10.1016/j.redox.2022.102334

Rharass T, Lemcke H, Lantow M, Kuznetsov SA, Weiss DG, Pandkova
D. Ca2+-mediated mitochondrial reactive oxygen species metabo-
lism augments Wnt/B-catenin pathway activation to facilitate cell
differentiation. J Biol Chem. 2014 Oct 3;289(40):27937-27951.
doi:10.1074/jbc.M114.573519

Starkov AA, Chinopoulos C, Fiskum G. Mitochondrial calcium and
oxidative stress as mediators of ischemic brain injury. Cell Calcium.
2004 Sep-Oct;36(3-4):257-264. doi:10.1016/j.ceca.2004.02.012
Uddin MS, Tewari D, Mamun AA, et al. Circadian and sleep dysfunc-
tion in Alzheimer's disease. Ageing Res Rev. 2020 Jul;60:101046.
doi:10.1016/j.arr.2020.101046

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

—Wl LEYE

Hirano A, Yumimoto K, Tsunematsu R, et al. FBXL21 regulates
oscillation of the circadian clock through ubiquitination and sta-
bilization of cryptochromes. Cell. 2013 Feb 28;152(5):1106-1118.
doi:10.1016/j.cell.2013.01.054

Shi T, Dansen TB. Reactive oxygen species induced p53 activation:
DNA damage, redox signaling, or both? Antioxid Redox Signal. 2020
Oct 20;33(12):839-859. d0i:10.1089/ars.2020.8074

Fuentealba RA, Liu Q, Kanekiyo T, Zhang J, Bu G. Low density lipo-
protein receptor-related protein 1 promotes anti-apoptotic signal-
ing in neurons by activating Akt survival pathway. J Biol Chem. 2009
Dec 4;284(49):34045-34053. doi:10.1074/jbc.M109.021030

Ren G, Zhou Y, Liang G, et al. General anesthetics regulate auto-
phagy via modulating the inositol 1,4,5-trisphosphate receptor:
implications for dual effects of cytoprotection and cytotox-
icity. Scientific Reports. 2017 Sep 28;7(1):12378. doi:10.1038/
s41598-017-11607-0

Liang C. Negative regulation of autophagy. Cell Death Differ. 2010
Dec;17(12):1807-1815. d0i:10.1038/cdd.2010.115

Haseloff RF, Dithmer S, Winkler L, Wolburg H, Blasig IE.
Transmembrane proteins of the tight junctions at the blood-brain
barrier: structural and functional aspects. Semin Cell Dev Biol. 2015
Feb;38:16-25. d0i:10.1016/j.semcdb.2014.11.004

Santa-Maria AR, Walter FR, Figueiredo R, et al. Flow induces bar-
rier and glycocalyx-related genes and negative surface charge in
a lab-on-a-chip human blood-brain barrier model. J Cereb Blood
Flow Metab. 2021 Sep;41(9):2201-2215. doi:10.1177/02716
78x21992638

Vazquez-Liebanas E, Nahar K, Bertuzzi G, Keller A, Betsholtz C,
Made MA. Adult-induced genetic ablation distinguishes PDGFB
roles in blood-brain barrier maintenance and development. J Cereb
Blood Flow Metab. 2022 Feb;42(2):264-279. doi:10.1177/02716
78x211056395

Zhang Y, Zhao B, Lai Q, et al. Chronic cerebral hypoperfusion and
blood-brain barrier disruption in uninjured brain areas of rhesus
monkeys subjected to transient ischemic stroke. J Cereb Blood
Flow Metab. 2022 Feb 9;42(7):1335-1346. doi:10.1177/02716
78x221078065

Vukojevic V, Mastrandreas P, Arnold A, et al. Evolutionary con-
served role of neural cell adhesion molecule-1 in memory. Trans|
Psychiatry. 2020 Jul 6;10(1):217. doi:10.1038/541398-020-00899-y

How to cite this article: Suo Z, Yang J, Zhou B, et al.

Whole-transcriptome sequencing identifies

neuroinflammation, metabolism and blood-brain barrier
related processes in the hippocampus of aged mice during
perioperative period. CNS Neurosci Ther. 2022;28:1576-1595.
doi: 10.1111/cns.13901


https://doi.org/10.1016/j.arr.2017.02.004
https://doi.org/10.1186/1742-2094-7-68
https://doi.org/10.1084/jem.20171417
https://doi.org/10.1523/jneurosci.0150-08.2008
https://doi.org/10.18632/aging.102659
https://doi.org/10.18632/aging.102659
https://doi.org/10.1016/s0896-6273(01)00272-0
https://doi.org/10.1124/pr.116.013342
https://doi.org/10.1126/science.1168974
https://doi.org/10.1002/acn3.50838
https://doi.org/10.1016/j.cmet.2020.02.004
https://doi.org/10.1016/j.redox.2022.102334
https://doi.org/10.1074/jbc.M114.573519
https://doi.org/10.1016/j.ceca.2004.02.012
https://doi.org/10.1016/j.arr.2020.101046
https://doi.org/10.1016/j.cell.2013.01.054
https://doi.org/10.1089/ars.2020.8074
https://doi.org/10.1074/jbc.M109.021030
https://doi.org/10.1038/s41598-017-11607-0
https://doi.org/10.1038/s41598-017-11607-0
https://doi.org/10.1038/cdd.2010.115
https://doi.org/10.1016/j.semcdb.2014.11.004
https://doi.org/10.1177/0271678x21992638
https://doi.org/10.1177/0271678x21992638
https://doi.org/10.1177/0271678x211056395
https://doi.org/10.1177/0271678x211056395
https://doi.org/10.1177/0271678x221078065
https://doi.org/10.1177/0271678x221078065
https://doi.org/10.1038/s41398-020-00899-y
https://doi.org/10.1111/cns.13901

	Whole-­transcriptome sequencing identifies neuroinflammation, metabolism and blood–­brain barrier related processes in the hippocampus of aged mice during perioperative period
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Animals
	2.2|Surgery and anesthesia
	2.3|RNA-­Seq library preparation and sequencing analysis
	2.4|DEGs identification and GO/KEGG analysis
	2.5|Quantitative real-­time PCR (qPCR)
	2.6|Immunofluorescence analysis
	2.7|Fear conditioning test (FCT) and Morris water maze
	2.8|Statistical analysis

	3|RESULTS
	3.1|Gene expression patterns in 3 perioperative periods
	3.2|DEG analysis revealed 9 main neuropathological processes in 3 perioperative periods
	3.3|DEG intersections and TF regulations in 9 perioperative neuropathological processes
	3.4|Potential modulation network construction of PND related neuropathological processes

	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENT
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


