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A B S T R A C T

Background: Postoperative cognitive dysfunction (POCD) is a common complication after surgery and its oc-
currence is associated with increased morbidity and mortality. However, the pathophysiology of this compli-
cation remains largely unknown. Efforts to identify causes of POCD have focused on the hippocampal neu-
roinflammation. Recently, accumulated evidence indicates that NeurimmiRs, a subset of microRNAs (miRNAs),
which modulate both neuronal and immune processes, play an important role in neuroinflammation. However,
the impact of NeurimmiRs on POCD has not been investigated. We hypothesized that NeurimmiRs is involved in
surgery-induced cognitive impairment in adult mice via mediating hippocampal neuroinflammation.
Methods: MicroRNA(miR)-181b-5p was found to be downregulated in the hippocampi of mice with POCD using
microRNA array, which was also verified in vivo in the mouse model of POCD by Quantitative real-time poly-
merase chain reaction (qPCR). Subsequently, the expression of miR-181b-5p was measured in lipopolysaccharide
(LPS) stimulated BV-2 microglial cells and hippocampal tissues of the mice with POCD. Then, loss of function
and overexpression studies were performed by transfection with miR-181b-5p mimic/ inhibitor in cultured BV-2
cell lines and intrahippocampal injection of miR-181b-5p agomir before Surgery/Anesthesia, to identify the role
of miR-181b-5p in neuroinflammation and cognitive impairments. QPCR, western blot and ELISA were used to
determine the expression of proinflammatory mediators. Immunofluorescence staining was applied to evaluate
the activation of microglia. Furthermore, we used bioinformatics analysis and dual-luciferase assay to predict
and verify the potential target of miR-181b-5p.
Results: The results indicated that miR-181b-5p mimic could repress the mRNA and protein expression of
proinflammatory mediators, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and monocyte che-
moattractant protein (MCP)-1 in LPS-stimulated BV-2 microglial cells, while the miR-181b-5p inhibitor induced
upregulation of the above-mentioned proinflammatory factors. Further bioinformatics analysis showed that miR-
181b-5p was predicted to potentially target the 3′-untranslated region (UTR) of TNF-α, and binding sites of miR-
181b-5p in the 3′-UTR of TNF-α were identified by dual-luciferase assay. Importantly, injecting miR-181b-5p
agomir into the hippocampus of mice before surgery, ameliorated the hippocampus-dependent memory, and was
accompanied by downregulation of proinflammatory factors expression and reduced microglial activation in the
hippocampus of POCD mice.
Conclusions: Collectively, these findings suggest that miR-181b-5p attenuates early POCD by suppressing hip-
pocampal neuroinflammation in mice. They also highlight the importance of studying miRNAs in the context of
POCD and identify miR-181b-5p as a novel potential therapeutic target for improving POCD.
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1. Introduction

Postoperative cognitive dysfunction (POCD), a common post-
operative complication [1–3], involves a wide range of cognitive
functions including working memory, long term memory, information
processing, attention and cognitive flexibility [4], adversely affecting
quality of life, social dependence, and mortality [5]. However, the
neuropathogenesis and targeted intervention(s) for POCD remain lar-
gely to be determined.

Evidence is accumulating for a key role of neuroinflammation,
which is secondary to innate immune response to the aseptic trauma of
surgery, in the development of POCD [6,7]. Surgical trauma engages
the innate immune system to release proinflammatory cytokines, such
as tumor necrosis factor (TNF)-α and interleukin (IL)-1β. These cyto-
kines signals can be transmitted to the brain and lead to neuroin-
flammation through the impaired blood-brain barrier (BBB), direct
neural pathways (via primary autonomic afferents), or transport across
the BBB [8]. Increased brain proinflammatory cytokines can over-
activate microglia, which induces further proinflammatory factors, such
as TNF-α, IL-1β, and monocyte chemoattractant protein (MCP)-1 re-
lease, in cerebral tissue and fuels a vicious cycle of neuroinflammation
[9,10]. Furthermore, overactivated microglia creates a neurotoxic re-
sponse, causes neuronal injury, and affects neuronal functions essential
for learning and memory, leading to cognitive impairment [11].

The hippocampus has considerable importance for cognition and
mood, particularly for the formation of new memory [12,13]. In addi-
tion, hippocampus-dependent learning and memory is especially vul-
nerable to inflammatory insults [14]. Accordingly, efforts to identify
causes and pathogenesis for POCD have focused on the postoperative
hippocampal neuroinflammation. Rodent models suggest that hippo-
campal neuroinflammation contributes to POCD [15–19]. Our previous
study has also suggested that the orthopedic surgery may induce neu-
roinflammation in the hippocampus and may lead to hippocampus-
dependent learning and memory impairment in mice [20].

MicroRNAs (miRNAs) are small non-coding RNAs of 19–25 nu-
cleotides in length, which play a significant role in post-transcriptional
gene regulation by binding with their target mRNAs [21,22]. Recent
findings have demonstrated their important roles in neuroinflamma-
tion. A subset of miRNAs have been demonstrated to modulate both
neuronal and immune processes (here termed NeurimmiRs [23]). An
accumulating body of evidence suggests a pivotal role of NeurimmiRs in
neuroinflammation. For instance, in Alzheimer’s disease (AD), in which
neuroinflammation is a central component, upregulation of miR-125b
was found in the hippocampus and medial frontal gyrus of AD patient
[24]. In addition, miR-125b has also been shown to repress the ex-
pressions of interferon regulatory factor 4 (IRF4) and complement
factor-H protein (CFH), which are factors involved in the proin-
flammatory response, in human primary astrocytes [25]. Moreover,
miR-132 has been demonstrated to negatively regulate the release of IL-
1β and interleukin (IL)-6 induced by myeloid-related protein-8 (MRP8),
which is an endogenous ligand of Toll like receptor 4 (TLR4), in as-
trocytes by targeting interleukin-1 receptor- associated kinase 4
(IRAK4) [26]. Furthermore, in prion disease, a uniquely infectious
neurodegenerative condition, miR-146a overexpression has been re-
ported in the brain of prion infected mice concurrent with the onset of
prion deposition and appearance of activated microglia [27]. Ad-
ditionally, miR-146a has also been reported to be induced in response
to inflammatory cues, such as IL-1β, as a negative-feedback regulator of
the human astrocyte-mediated inflammatory response [28]. However,
the role of miRNAs in surgery-induced hippocampal neuroinflammation
and cognitive decline, has yet to be determined.

Therefore, the aim of the current study was to investigate the role of
miRNAs in hippocampal inflammation and POCD. In the present study,
we applied microarray analysis to detect the miRNA profile in the
hippocampus of the mouse model with POCD. A total of 22 miRNAs
were found to be differentially expressed, and among these altered

miRNAs, miR-181b-5p had the greatest decrease. Moreover, miR-181b-
5p is highly conserved both in humans and in mice, and present at a
high level in the mammalian brain [29]. More importantly, miR-181b-
5p has been widely reported to participate in the pathogenesis of in-
flammation and neurological diseases [30–35]. Accordingly, in the
current study, we chose miR-181b-5p as the candidate miRNA. We
hypothesized that miR-181b-5p would be associated with the hippo-
campal inflammation and cognitive impairment in mice with POCD.
The findings of this investigation may be helpful to promote more
studies to investigate the role of NeurimmiRs in the neuropathogenesis
of POCD and identify miR-181b-5p as a novel potential therapeutic
target for improving POCD.

2. Materials and methods

2.1. Animals

All procedures were approved by the Animal Ethics Committee of
Zhongnan Hospital of Wuhan University, Hubei, China, and all ex-
periments were performed in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals. Efforts
were made to minimize the number of animals used. C57BL/6 male
mice (The Experimental Animal Center of Hubei province, Wuhan,
China) (4-month-old, weighing 20–30 g) were used in this study. All
animals were housed five per cage with free access to food and water.
The temperature, humidity, and day-night cycle were maintained ac-
cording to the standards established by the experimental animal la-
boratory at Zhongnan Hospital of Wuhan University. The mice were
acclimatized to the laboratory environment for 1 week before experi-
ments.

2.2. Experimental protocol

The first experiment was designed to determine the effects of
Surgery/ Anesthesia on cognitive function and hippocampal miRNA
expression profiles in mice. Mice were randomly divided into 2 groups:
control group and surgery group. The mice in the surgery group were
subjected to an intramedullary fixation surgery for tibial fracture under
isoflurane anesthesia, while the mice in the control group received
100% oxygen for 20min without surgery. The mice were trained for
fear conditioning 24 h prior to surgery treatments. Fear conditioning
test (FCT) was performed on 1, 3, and 7 days after surgery. The open-
field test (OFT) was carried out 15min before the training phase and
each test phase of FCT. Within each group, separate cohorts were
subjected to assessment at each time point (n=10 per cohort). The
animals were sacrificed immediately after the behavioral assessment on
postoperative days 1, 3, and 7. Brains were rapidly harvested and the
hippocampus was dissected and stored in RNAlater at −80 °C until
assaying for miRNA microarray. Three mice with the most obvious
shortening in the freezing time of the context test were chosen from
surgery group and their hippocampus were used for microarray analysis
to detect the miRNA profile, and three mice were chosen randomly
from control group as the control. Quantitative real-time polymerase
chain reaction (qPCR) was used for validation of the microarray results.

A subsequent study was conducted to determine the effects of miR-
181b-5p on hippocampal neuroinflammation and cognitive behavior in
mice. Mice were randomly divided into 4 experimental groups: control
group, surgery group, surgery+ agomir group, and surgery+ agomir
control group. Mice in surgery group received surgery under isoflurane
anesthesia to determine the contribution of surgical and anesthetics
stress to the level of proinflammatory factors in hippocampus. Mice in
surgery+ agomir group were injected with miR-181b-5p agomir into
the hippocampus 48 h prior to Surgery/Anesthesia, and mice in sur-
gery+ agomir control group received the treatment of preoperative
negative control (mismatched-miR-181b-5p agomir), thus allowing us
to investigate the impact of miR-181b-5p agomir on hippocampal
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inflammation and cognitive function in mice. Mice were sacrificed at 6,
12, 24 h after surgery and hippocampus were collected for qPCR and
ELISA assay (n=6 per cohort). On postoperative days 1, and 3, mice
were anesthetized and transcardially perfused with ice-cold phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde, and then,
hippocampal tissues were collected for immunostaining (n=3 per
cohort). Behavioral tests were conducted on 1 day before and 1, 3,
7 days after surgery (n=10 per cohort).

2.3. Surgical model

Mice received open tibial fracture with intramedullary fixation
under isoflurane anesthesia as described in a previous study with
modifications [19,36,37]. Specifically, anesthesia was induced with
3.0% isoflurane followed by maintenance with 1.5% isoflurane carried
by 100% oxygen. After shaving the mouse, an incision was made lateral
to the tibia, and the bone was exposed, after that, a small hole was
drilled at the level of the tibial tuberosity, then a 0.38-mm in-
tramedullary fixation pin was introduced into the medullary canal. An
osteotomy was created at the junction of the middle and distal thirds of
the tibia, and the incision was sutured with 6/0 Vicryl thread. The
entire procedure from the induction of anesthesia to the end of surgery
lasted about 20min. A heat pad was used to keep the mouse body
temperature between 36 °C and 37˚C during the surgery. Following
surgery, all mice were recovered in a suitable environment and then
returned to home cage. To treat the pain associated with the skin in-
cision, a 2% lidocaine solution was applied locally before the incision,
and 1% tetracaine hydrochloride mucilage was applied to the wound
twice daily until 3 days after surgery.

2.4. Stereotaxic surgery and intrahippocampal microinjection

For overexpression of miR-181b-5p, mice in surgery+ agomir
group had the treatments of miR-181b-5p agomir (Guangzhou RiboBio
Co., Ltd., Guangzhou, China) hippocampal injection 48 h before
Surgery/Anesthesia. And mice in surgery+ agomir control group re-
ceived the same dosage of the negative control (agomir-NC; Guangzhou
RiboBio Co., Ltd., Guangzhou, China) preoperatively as a control. Mice
were anesthetized with 2% isoflurane in 70% N2O balance O2 by fa-
cemask and placed in a stereotaxic apparatus. A tiny hole (0.05 mm in
diameter) was drilled on the skull surface just above hippocampus.
Mice were injected with 2 μl of miR-181b-5p agomir or agomir-NC per
side at 0.25 μl/minute, corresponding to a total dose of 1 nmol of miR-
181b-5p agomir or agomir-NC, into bilateral hippocampus 48 h prior to
Surgery/Anesthesia. Stereotaxic coordinates used for intrahippocampal
injections were as follows (from bregma): anteroposterior (AP),
−1.9mm; mediolateral (ML),± 1.5mm; dorsoventral (DV), −1.4 mm
[38].

2.5. Behavioral tests

The behavioral changes were detected by OFT and FCT before and
after surgery. Mice were trained for fear conditioning on 1 day prior to
surgery and FCT were performed on 1, 3, and 7 days after surgery [39].
In addition, OFT was carried out 15min before FCT to evaluate the
locomotor activity of the mice. In all tests each apparatus was cleaned
with 75% ethanol after each mouse to remove odors.

2.5.1. OFT
The OFT was carried out to assess the locomotor activity of mice.

Each mouse was placed individually into the center of an open-field
chamber under dim light and it was recorded for a total period of un-
interrupted 5min. The activities were automatically recorded by a
video camera connected to the Any-Maze animal tracking system soft-
ware (Xinruan Information Technology Co. Ltd., Shanghai, China), and
movement parameters were calculated by the software. The total

distance traveled was used to determine the locomotor activity of the
mice.

2.5.2. FCT
FCT can test associative learning and memory [16,17,40,41]. One

day prior to the operation, mice were trained for fear conditioning to
establish long-term memory. Each mouse was placed in the con-
ditioning chamber and allowed to explore it for 120 s. Mice were then
exposed to an auditory cue (70 dB, conditional stimulus) for 20 s, and a
contextual interval of 25 s, and finally a 2-seconds electrical foot shock
(0.70-mA, unconditional stimulus). The tone and foot-shock pairing
was repeated for six times and there was a random interval from 45 to
60 s between two pairs of stimuli.

The test phase of the FCT consists of a context test and a tone test to
assess hippocampus-dependent or hippocampus-independent memory
respectively [42–45]. During the contextual test, mice were placed back
to the same conditioning chamber without any tone or electric shock for
5min. The tone test was performed 2 h after the contextual test. Mice
were placed in a chamber different from the pre-operation training for
5min. During that period, mice were given sound stimuli (70 dB, 3min)
without any shock stimuli. The Any-Maze animal tracking system
software was utilized to record the freezing times.

2.6. Microarray analysis

MiRNA microarray analysis was conducted to explore the differen-
tially expressed miRNAs in hippocampus. The expression of miRNAs
contained in the miRBase version 19 was analyzed by microarray using
the μParaflo®Microfluidic Biochip Technology of LC Sciences (TX,
USA). A total of 4–8 μg of miRNA- enriched RNA was used for miRNA
microarray. All microarray reagents and detailed steps used for la-
beling, hybridization, image acquisition, normalization and data ana-
lysis were identical to those reported previously [46]. The signal data
was derived by subtracting the background and by normalizing and
analyzing the signals employing a locally weighted regression filter.
Signal intensities were normalized and transformed by log2. The t-test
was performed between control and surgery groups, and p-values were
calculated. Hierarchical clustering was performed by average linkage
and Euclidean distance metric. Finally, the graphic displays were vi-
sualized as heat map results of hierarchical clustering.

2.7. RNA extraction, reverse transcription, and qPCR assay

Total RNA was extracted from hippocampal tissues using TRIzol
(Invitrogen, CA, USA) in accordance with manufacturer’s protocol.
Total RNA concentration and purity were detected by a NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington, USA). The
M−MLV Reverse Transcriptase kit (Invitrogen, CA, USA) was used to
synthesize cDNA. According to the manufacturer’s instructions, qPCR
analysis was performed with SYBR Premix Ex Taq (TaKaRa, Dalian,
China) on the StepOne real-time PCR system (Life technologies, CA,
USA). The primers are listed in Table 1. Relative gene expression was
calculated using the 2-ΔΔCt method. U6 and GAPDH were used as re-
ferences.

2.8. ELISA assay

The mice were sacrificed and the hippocampal tissues were har-
vested for protein content quantification. Levels of TNF-α, IL-1β, and
MCP-1 were measured using ELISA Kits (eBioscience, CA, USA) ac-
cording to the manufacturer's instructions. The concentrations of the
cytokines were quantified with reference to the standard curve.

2.9. Immunofluorescence for Iba-1

Morphological changes of microglia were studied by
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immunofluorescence staining for ionized calcium binding adaptor mo-
lecule(Iba)-1. On postoperative days 1 and 3, mice were anesthetized
with isoflurane and transcardially perfused with PBS followed by 4%
paraformaldehyde. Brains were harvested, postfixed in 4% paraf-
ormaldehyde overnight, and transferred to 30% sucrose in PBS at 4 °C,
then the hippocampus were cut into 25 μm-thick coronal sections. Iba-1
staining was performed as previously described [47,48]. Briefly, sec-
tions were incubated with rabbit anti-Iba-1 (cat. no. 019–19741; 1:200;
Wako Pure Chemical Industries, Ltd., Osaka, Japan) primary antibodies
overnight at 4 °C, and subsequently incubated with biotinylated goat
anti-mouse immunoglobulin (Ig)-G (cat. no. BA-9200; 1:100; Vector
Laboratories, Inc., Burlingame, CA, USA) secondary antibodies at room
temperature for 2 h in the dark. Lastly, after washing, the fluorescent
images were captured by a fluorescence microscope (Olympus Corp.,
Tokyo, Japan).

2.10. Cell culture, transfection and LPS-treatment

The mouse microglial cell line BV-2 was obtained from China Center
for Type Culture Collection, Wuhan, China. These cells were cultured in
Alpha Minimal Essential Medium (α-MEM medium; Hyclone, UT, USA)
supplemented with 10% fetal bovine serum (FBS; Zhejiang tianhang
Biotechnology Co., Ltd., Hangzhou, China) and 1% penicillin/strepto-
mycin (P/S; Beyotime, Shanghai, China) at 37˚C in a humidified at-
mosphere of 5% CO2. Then the cells were sub-cultured into 24-well
plates and maintained until subconfluence.

BV-2 cells were sub-cultured to the confluence of 30–50% in 24-well
plates prior to use in the experiments. MiR-181b-5p mimics, miR-181b-
5p mimic-negative control (NC), miR-181b-5p inhibitor, or miR-181b-
5p inhibitor-NC (Shanghai GenePharma Co., Ltd., Shanghai, China)
were mixed with Lipofectamine 2000 Transfection Reagent (Invitrogen,
CA, USA), and then added into the culture medium. After transfection
for 48 h, transfection efficiency was assessed by detection of Cy3-la-
beled miRNA. The Cy3 fluorescence signal was observed using an
Olympus IX51 inverted microscope (Olympus Corp., Tokyo, Japan),
and the cellular uptake efficiency was calculated as the percentage of
Cy3-positive cells. All oligonucleotides were transfected at a final
concentration of 25 nM.

In our previous study, we used that concentrations of 1 μg/ml of LPS
to induce NO and TNF-α production in primary microglia cultures [49].
In the preliminary experiments, we found that LPS at the concentration
of 1 μg/ml could also lead to increased mRNA and protein expressions
of proinflammatory mediators, such as TNF-α, IL-1β, and MCP-1, in BV-
2 cells (Supplemental information Fig. 1B and Supplemental informa-
tion Fig. 1C). Thus, we stimulated BV-2 cells with 1 μg/ml of LPS.
Medium from microglia cultures was collected 48 h after transfection,
and then the LPS (1 μg/ml) was added to the wells for 6 h after which
the cells were harvested for RNA or protein isolation. In the preliminary
experiments, we found that the expression of miR-181b-5p was

downregulated significantly by LPS when compared with control con-
ditions (Supplemental information Fig. 1A).

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bro-
mide] (Sigma-Aldrich, MO, USA) was used to examine the effect of
transfection and LPS treatments on cell viability, according to the
manufacturer’s protocol. Reactions were quantified using a Bio-Rad
(Hercules, CA, USA) microplate reader with a 540 nm excitation wa-
velength filter. We found that the viability of BV-2 cells in culture was
not influenced by the combined treatments of transfection and LPS
(Supplemental information Fig. 2).

2.11. Western blot analysis

The BV-2 cells were homogenized using ice-cold lysis buffer sup-
plemented with protease inhibitors to extract total proteins. The protein
content was quantitated using a BCA assay kit (ASPEN biological,
Wuhan, China). Proteins were then electrophoresed on SDS-PAGE and
transferred onto PVDF membrane (Millipore, MA, USA). The mem-
branes were blocked using 5% skimmed milk for 1 h at room tem-
perature. After that, the membranes were incubated at 4˚C overnight
with rabbit anti-human primary antibodies. The membranes were then
washed three times (5min each) with PBST and incubated with anti-
rabbit horseradish peroxidase (HRP) conjugated secondary antibody for
30min at room temperature. After four washes (5 min each) of the
membrane with PBST the western blots were developed using chemi-
luminescence reagents. Finally, the membranes were developed by ECL
kits (ASPEN biological, Wuhan, China). GAPDH was used as an internal
control.

2.12. Target prediction

Conventional online programs, including TargetScan, miRanda, and
PicTar were used to predict targets of miR-181b-5p.

2.13. Dual-luciferase reporter gene assay

According to the results of the bioinformatics prediction, a con-
servative hsa-miR-181 binding sequence of the 3′untranslated region
(UTR) of TNF-α mRNA (wild-type; 5′-UUAUUUAUUUACAGAUGAAU
GUA-3′) or a mutant sequence (mutant; 5′-UUAUUUAUUUACAGACA
CGAAAU-3′) was cloned. Luciferase reporter plasmids were generated
by insertion of the wild-type or mutant TNF-α sequences into the
multiple cloning site (Mlu I and Hind III) of a pMIR-REPORT Luciferase
plasmid (Obio Technology Co., Ltd., Shanghai, China) downstream of
the luciferase reporter gene. 293 T cells were transfected with dual
luciferase-expressing vectors. The cells were harvested 48 h after the
transfection and assayed for luciferase activity using the Dual-
Luciferase Reporter Assay System (Promega, WI, USA). Each transfec-
tion was repeated twice in triplicate.

Table 1
Primers sequence.

Category Sequences

miR-181b-5p RT:5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACCCACCG-3′
Forward:5′ -ATTCATTGCTGTCGGTGGGT-3′
Reverse:5′- CTCAACTGGTGTCGTGGAGTC-3′

TNF-α Forward:5′- TCCCCAAAGGGATGAGAAGTT-3′
Reverse:5′- GAGGAGGTTGACTTTCTCCTGG-3′

IL-1β Forward:5′- GGGCCTCAAAGGAAAGAATCT-3′
Reverse:5′- GAGGTGCTGATGTACCAGTTGG-3′

MCP-1 Forward:5′- CCCTACTATTCCTGATGGCACT-3′
Reverse:5′- CTATGAGAAACCCACCACATCTG-3′

U6 Forward:5′-CTCGCTTCGGCAGCACAT-3′
Reverse:5′-AACGCTTCACGAATTTGCGT-3′

GAPDH Forward:5′- TGAAGGGTGGAGCCAAAAG-3′
Reverse:5′- AGTCTTCTGGGTGGCAGTGAT-3′
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Fig. 1. Effects of Surgery/Anesthesia on hippocampal miRNA expression profiles in mice. (A) Heat map for differentially-expressed miRNAs analysis. Each column
represents samples and each row represents miRNAs. Red represents upregulated miRNAs and green stands for downregulated miRNAs. The first three columns
represent the expression of miRNAs in the control group, while the last three columns represent the expression of the corresponding miRNAs expression in the surgery
group. The heat map for 22/506 detected miRNAs (4.35%) that were differentially expressed. (B) miRNAs differentially-expressed in the hippocampus between the
control and surgery group as analyzed by microarray. (C) Comparison of qPCR observations to microarray results by fold-change of 6-selected miRNAs. The fold
changes of these miRNAs measured by qPCR were in concordance with the microarray analysis data. The data are plotted as the mean ± standard error of the mean
for each group (n= 3 per group). qPCR, Quantitative real-time polymerase chain reaction.

Fig. 2. MiR-181b-5p regulates LPS-in-
duced expression of proinflammatory
mediators at the mRNA levels in BV-2
microglial cells. (A) After transfection
with miR-181b-5p mimic, inhibitor,
mimic negative control, and inhibitor
negative control, the LPS was added to
stimulate BV-2 microglial cells, and
then the expression of miR-181b-5p was
measured by qPCR. The expression of
miR-181b-5p was significantly en-
hanced following transfection with
mimic, while expression of miR-181b-
5p was decreased following transfection
with inhibitor. (B-D) Transfection with
miR-181b-5p mimic or miR-181b-5p
inhibitor changed LPS-induced mRNA
expression of proinflammatory factors,
such as TNF-α, IL-1β and MCP-1 in BV-
2 cells. The mRNA expressions of these
proinflammatory factors were down-
regulated by miR-181b-5p mimic, while
miR-181b-5p inhibitor upregulated the
mRNA expression of proinflammatory
factors. The data are plotted as the
mean ± standard error of the mean for
each group (n= 6). **p < 0.01, com-
pared to LPS+mimic NC; ##p < 0.01,
compared to LPS+ inhibitor NC.
NC=negative control.
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2.14. Statistical analysis

The statistical analysis was performed using SPSS 19.0 statistical
software (IBM, Co., Armonk, NY, USA) or GraphPad Prism 6 software
for Windows (GraphPad Software, Inc., La Jolla, CA, USA). The nor-
mality of data was analyzed by the Shapiro-Wilk test, and the data was
found to be normally distributed. The quantitative data are expressed as
the mean ± standard error of the mean (SEM), and the error bars in-
dicate the standard error of the mean. Different groups were compared
using Student’s t-test (for two groups) or one-way analysis of variance
(for more than two groups), followed by a Student-Newman-Keuls
multiple range test for post hoc comparisons. A value of p < 0.05 was
considered statistically significant.

3. Results

3.1. Altered hippocampal miRNA expression profiles in mice with POCD

The behavior changes of mice were assessed by OFT and FCT and
the results indicated that intramedullary fixation surgery for tibial
fracture under isoflurane anesthesia could impair the hippocampus-
dependent learning and memory (Supplemental information Fig. 3B
and C, Supplemental information Fig. 4A), but not the locomotor ac-
tivity of mice (Supplemental information Fig. 3A), suggesting successful
establishment of a mouse model of POCD.

Comparison of differential expression profiles of miRNAs from
POCD and control mice revealed 22 miRNAs, of which 15 were upre-
gulated and 7 downregulated (Fig. 1A and Fig. 1B). Among the altered
miRNAs, miR-181b-5p had the greatest decrease (fold
change=−1.284).

To confirm the accuracy of the microarray analysis, six differen-
tially- expressed miRNAs were selected and qPCR analysis was used to
validate the results. From the results of the qPCR, the expression levels
of miR-669f-3p, miR-574-3p, miR-466 h-3p and miR-483-5p were
identified to be upregulated in the surgery group, while miR-181b-5p
and miR-98-3p were downregulated. These data indicated that the fold
change of these miRNAs measured by qPCR were in concordance with

the microarray analysis data (Fig. 1C).
Given the findings that the miR-181b-5p expression was sig-

nificantly decreased in the hippocampus of mice with POCD, next, we
chose miR-181b-5p as the candidate miRNA, and investigate the role of
miR-181b-5p in hippocampal inflammation and cognitive impairment
in the setting of surgery.

3.2. MiR-181b-5p regulates LPS-induced expression of proinflammatory
mediators in BV-2 microglial cells

The BV-2 microglial cells were successfully transfected with miRNA-
cy3 using Lipofectamine 2000 and observed under a fluorescence mi-
croscope. The transfection efficiency was found to be around 90% (data
not shown, Supplemental information Fig. 5A and B). At the same time,
the expression of miR-181b-5p in BV-2 microglial cells was measured
by qPCR (Supplemental information Fig. 5C). After transfection with
miR-181b-5p mimic, LPS was added to stimulate BV-2 cells, qPCR re-
vealed significant overexpression of miR-181b-5p in LPS+mimic
group when compared with LPS group (p < 0.01, Fig. 2A). On the
other hand, transfection with miR-181b-5p inhibitor before LPS sti-
mulation significantly reduced the expression of miR-181b-5p in BV-2
cell line when compared with LPS group (p < 0.01, Fig. 2A).

Transfection with miR-181b-5p mimic or miR-181b-5p inhibitor
changed LPS-induced mRNA and protein levels of proinflammatory
factors, such as TNF-α, IL-1β and MCP-1 in BV-2 cells. The relative
mRNA expressions of these proinflammatory cytokines (TNF-α, IL-1β)
and chemokine (MCP-1) were downregulated by miR-181b-5p mimic
(p < 0.01, Fig. 2B-D), while miR-181b-5p inhibitor upregulated the
mRNA expression of proinflammatory cytokines and chemokine
(p < 0.01, Fig. 2 B-D). The western blot results demonstrated that miR-
181b-5p mimic restrained the protein level of the above proin-
flammatory factors compared to mimic NC group (p < 0.01, Fig. 3A-F),
whereas miR-181b-5p inhibitor increased the protein expression of
these proinflammatory factors compared to inhibitor NC group
(p < 0.01, Fig. 3A-F). Our finding suggested that miR-181b-5p could
regulate LPS-induced expression of proinflammatory mediators in BV-2
microglial cells.

Fig. 3. MiR-181b-5p regulates LPS-induced expression of proinflammatory mediators at the protein levels in BV-2 microglial cells. The protein level of TNF-α (A,D),
IL-1β (B,E) and MCP-1 (C,F) were restrained by miR-181b-5p mimic, as compared to mimic NC group, while miR-181b-5p inhibitor increased the protein expression
of these proinflammatory factors, as compared to inhibitor NC group. The data are plotted as the mean ± standard error of the mean for each group (n=6).
**p < 0.01, compared to LPS+mimic NC; ##p < 0.01, compared to LPS+ inhibitor NC. NC=negative control.
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3.3. MiR-181b-5p can direct regulate the expression of TNF-α via binding to
its 3′UTR

Target prediction algorithms such as miRanda, TargetScan and
Pictar predicted that miR-181b-5p is a putative regulator of proin-
flammatory cytokine TNF-α. To investigate the potential interaction
between miR-181b-5p and TNF-α, we constructed a pMIR-Report lu-
ciferase reporter vector containing the 3′UTR of TNF-α mRNA (pMir-
TNF-α 3′UTR-WT) and a mutant pMIR-Report luciferase reporter vector
by mutating the miR-181b-5p binding sites within the 3′UTR of TNF-α
mRNA (pMir-TNF-α 3′UTR-MUT) (Fig. 4A). pMir-TNF-α 3′UTR-WT and
pMir-TNF-α 3′UTR-MUT were transfected into 293 T cells , along with a
miR-181b-5p mimic or scrambled mimic (mimic negative control). The
dual-luciferase analysis demonstrated that overexpression of miR-181b-
5p significantly decreased the luciferase activity of pMir-TNF-α 3′UTR-
WT in 293 T cells at 48 h, compared to cells transfected with the wild-
type TNF-α 3′UTR and scrambled miR-181b-5p mimic (p < 0.01,
Fig. 4B). However, the miR-181b-5p mimic did not have a significant
effect on the luciferase activity of pMir-TNF-α 3′UTR-MUT (p > 0.05,
Fig. 4B). These data directly supported the notion that miR-181b-5p can
direct regulate the expression of TNF-α via binding to its 3′UTR.

3.4. Effects of miR-181b-5p overexpression on hippocampal inflammation
in mice with POCD

To further assess the effects of miR-181b-5p overexpression on
hippocampal inflammation in a mouse model of POCD, we enhanced
miR-181b-5p expression in vivo by intrahippocampal microinjection of
miR-181b-5p agomir before Surgery/ Anesthesia. Given the previous
findings that TNF-α and IL-1β levels in the hippocampus increase
progressively within 24 h following surgery [17,19], in the current
study, the hippocampal tissues were collected at 6, 12, and 24 h after
surgery.

As can be seen in Fig. 5A-5C, the expression of miR-181b-5p in the
hippocampus of mice in surgery group decreased at 6, 12 and 24 h after
surgery, as compared to the control condition in mice (p < 0.05,
Fig. 5A-C). While compared to the surgery+ agomir control group, the
hippocampal expression of miR-181b-5p of the mice in sur-
gery+ agomir group increased at 6, 12 and 24 h after surgery
(p < 0.05, Fig. 5A-C).

We also detected the protein expressions of TNF-α, IL-1β and MCP-1
in the hippocampus of the mice at 6, 12 and 24 h after surgery by
ELISA, and found that Surgery/Anesthesia increased the levels of TNF-
α, IL-1β and MCP-1 in the hippocampus of mice, as compared to the
control condition in mice at 6, 12 and 24 h after surgery (p < 0.05,
Fig. 5D-L). Moreover, pretreatment of miR-181b-5p agomir before

Surgery/Anesthesia decreased the TNF-α, IL-1β and MCP-1 levels in the
hippocampus of mice at 6, 12 and 24 h after surgery, as compared to the
preoperative agomir control treatment (p < 0.05, Fig. 5D-L).

Microglial activation is the key for the hippocampal neuroin-
flammation in POCD [50]. Compared to the mice in the control group,
the hippocampal expression of Iba-1 (marker of activated microglia/
macrophages [51]) in the mice of the surgery group was increased at 24
and 72 h after surgery (p < 0.05, Fig. 6). Additionally, pretreatment of
miR-181b-5p agomir before Surgery/Anesthesia reduced Iba-1 expres-
sion at 24 and 72 h after surgery, as compared to the preoperative
agomir control treatment (p < 0.05, Fig. 6). Collectively, these find-
ings demonstrated that miR-181b-5p overexpression suppressed the
hippocampal inflammation in mice with POCD.

3.5. Effects of miR-181b-5p overexpression on cognitive behavior in the
OFT and FCT in mice with POCD

In the OFT, there were no significant differences in total distance
traveled by the mice between surgery+ agomir control group and
surgery+ agomir group at all the postoperative time points (p > 0.05,
Supplemental information Fig. 6A- D). These data suggested that the
locomotor activity of mice was not affected by preoperative miR-181b-
5p agomir treatment.

In the FCT, the freezing time in the training phase of fear con-
ditioning showed no significant differences between the groups
(Supplemental information Fig. 4B), indicating that the baseline
learning and memory abilities of the groups were equal. Then, in the
context test of FCT, we found that Surgery/ Anesthesia decreased the
freezing time on postoperative days 1, 3 and 7, as compared to the
control condition in mice (p < 0.05, Fig. 7A-C). Importantly, pre-
operative miR-181b-5p agomir treatment increased the freezing time in
the context test on postoperative days 1, 3 and 7, as compared to miR-
181b-5p agomir control pretreatment (p < 0.05, Fig. 7A-C), indicating
that overexpression of miR-181b-5p may attenuate the impairment of
hippocampus-dependent learning and memory in mice with POCD. In
the tone test of FCT, there was no significant difference in the freezing
time among four groups (p > 0.05, Fig. 7D-F), which suggested that
hippocampus-independent memory was not damaged in the current
model.

4. Discussion

The goal of the current study was to assess the role of miR-181b-5p
in Surgery/ Anesthesia-induced hippocampal neuroinflammation and
cognitive impairment in mice. We demonstrated that miR-181b-5p
expression was significantly decreased in the hippocampus of mice with

Fig. 4. MiR-181b-5p can direct regulate
the expression of TNF-α via binding to
its 3′UTR. (A) Mutation of the putative
miR-181b-5p binding sites in the 3′UTR
of TNF-α mRNA. (B) The dual-luciferase
assay showed that miR-181b-5p sig-
nificantly reduced the luciferase activity
of plasmids containing the wildtype
3′UTR region of TNF-α mRNA. The data
are plotted as the mean ± standard
error of the mean for each group
(n= 6). **p < 0.01, compared to TNF-α
mRNA 3′UTR-WT+NC group.
WT=wildtype, NC=negative control.
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POCD. Moreover, miR-181b-5p could regulate LPS-induced expression
of proinflammatory mediators in BV-2 microglial cells, and directly
target TNF-α via binding to its 3′UTR. Importantly, miR-181b-5p
overexpression in the hippocampus attenuates early postoperative

cognitive impairment by suppressing hippocampal neuroinflammation
in a mouse model of POCD. These findings suggested that miR-181b-5p
might be associated with the Surgery/Anesthesia- induced hippocampal
neuroinflammation and early cognitive impairment in mice. To our

(caption on next page)
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knowledge, this is the first evaluation of the influence of miR-181b-5p
on neuroinflammation and cognitive decline in the setting of surgery.

The miR-181 family of miRNAs, including four isoforms, such as
miR-181a, miR-181b, miR-181c and miR-181d, with their mature se-
quences named miR-181a-5p, miR-181b-5p, miR-181c-5p and miR-
181d-5p [52], are present at high levels in the mature brain of mam-
malian [31,53]. As reported earlier [54], in normal brain miR-181a was
present at the highest level, with miR-181b about 10%, miR-181c about
34%, and miR-181d about 8% of miR-181a levels. MiR-181 was clas-
sified as a “NeurimmiR” that functions in the cross-talk between neu-
ronal and immune systems [23]. Currently, most studies are focused on
its functions, such as the regulation of hematopoietic stem cells dif-
ferentiation [53,55], glioma cells proliferation [56–58], and axon re-
generation [35]. However, the immune functions of this miRNA in the
CNS have not been completely illustrated. Recently, miR-181b-5p has
been widely reported to control excessive inflammation, especially in
neurological tissue [30,31]. For instance, in 2013, Hutchison and
coworkers [31] found that the inflammatory stimulus, the TLR4 re-
ceptor ligand LPS, decreased the levels of the miR-181b, miR-181c and
miR-181d in the cerebral cortex of mice in vivo and in cultured astro-
cytes. In addition, miR-181 knockdown significantly enhanced the LPS
induced production of multiple proinflammatory cytokines, such as
TNF-α, IL-1β and IL-6, as well as high mobility group box-1 protein
(HMGB-1) in LPS stimulated astrocytes. Furthermore, Sun and collea-
gues [32,33] reported that the miR-181 family plays an essential role in
endothelial inflammation via regulating critical signaling pathways, for
example, miR-181b could target the critical protein of NF-κB nuclear
translocation— importin-α3, in in vitro and in vivo models of vascular
endothelium. Of note, miR-181b was also reported to be associated
with many neurological diseases. For example, miR-181b was observed
to be downregulated in glioblastoma cells [34]. Additionally, miR-181b
expression was decreased in the ischemic penumbra in the rat model of
focal cerebral ischemic [35]. In the current study, overexpression of
miR-181b-5p decreased the production of proinflammatory factors,
TNF-α, IL-1β and MCP-1 in the hippocampus of mice with POCD in vivo
and in cultured microglial cells with LPS treatment. These findings are
consistent with the results of Hutchison et al. In the light of the im-
portant role of miR-181b in the pathogenesis of inflammation and
neurological diseases, we chose miR-181b-5p as the candidate miRNA,
and investigate the role of miR-181b-5p in hippocampal inflammation
and cognitive impairment in the setting of surgery.

Neuroinflammation has been associated with cognitive impairment
and stands out among the mechanisms underlying POCD [20]. Pre-
clinical investigations have shown that hippocampal neuroinflamma-
tion contributes to postoperative memory dysfunction because (1)
hippocampal areas are known to be involved in memory tasks [59]; (2)
hippocampal neuroinflammation profile correlates with the level of
memory dysfunction [16,17]; and (3) hippocampal neuroinflammation
leads to long-term potentiation disruption [60,61]. Recent years, there
is a growing appreciation of the key role of the TNF-α in the hippo-
campal inflammation and cognitive decline, resulting from surgical
trauma. For instance, Ma and colleagues have reported the crucial role
of TNF-α mediated signaling pathway in the development of POCD and
neuroinflammation. They found that the laparotomy could result in
cognitive impairment in aged rats, accompany with significant

upregulation of proinflammatory cytokines, including TNF-α, IL-1β, IL-
4 and IL-6 in the hippocampus of rats, while intracisternal adminis-
tration of R-7050, the TNF-α receptor antagonist, significantly atte-
nuated the laparotomy-induced cognitive decline of the aged rats, and
inhibited the activation of the downstream NF-κB and MAPK signaling
pathways, with a resulting decrease in the production of above men-
tioned proinflammatory cytokines in the hippocampal tissue of the aged
rats following laparotomy [62]. Additionally, TNF-α also exerts neu-
romodulatory functions, in particular in regulating microglia and as-
trocytes activation in the brain [63]. For example, TNF-α have been
demonstrated to mediate the induction of IL-6 release from rat brain
pericytes and astrocyte primary cultures, and then facilitate activation
of BV-2 microglia [64]. Importantly, the pivotal role of TNF-α in in-
ducing postoperative hippocampal inflammation and cognitive decline,
have been demonstrated by Terrando et al, using a mouse model of
orthopedic surgery, which has been adopted to establish the mouse
model of POCD in our current study. They found that TNF-α acts up-
stream of IL-1β and initiates the peripheral cytokine cascade leading to
cognitive decline. Moreover, preoperative administration of anti-TNF-α
antibody attenuated the surgery-induced upregulation of hippocampal
IL-1β, significantly reduced microgliosis after surgery and ameliorated
hippocampal-dependent memory impairment [17]. Additionally, TNF-
α could induce MCP-1 expression in spinal cord astrocytes [65]. In the
present study, TNF-αwas predicted to be a direct target of miR-181b-5p
by bioinformatics methods, and was validated by dual-luciferase assay.
Considering the validation results and the important role of TNF-α in
mediating neuroinflammation and POCD, miR-181b-5p-mediated con-
trol of TNF-α might play an important role in the reduction of neu-
roinflammation.

However, the contribution of miR-181b-mediated control of TNF-α
in protecting from neuroinflammation might not be crucial. MiR-181b
has been shown to target also other important proinflammatory factors.
For example, Sun and colleagues have reported that miR-181b could
inhibit importin-α3 expression, thereby inhibit downstream NF-κB nu-
clear translocation [33]. NF-κB is widely known as one of the tran-
scription factors critical for LPS-induced TNF-α expression [66,67] and
is involved in IL-1β-induced MCP-1 expression [68]. Moreover, miR-
181b could suppress the expression of PTEN, which was reported as the
negative regulator of the PI3K-Akt pathway [69,70]. Activation of the
PI3K-Akt pathway limits LPS-induced TNF-α gene expression [71]. In
addition, the PI3K-Akt pathway could also inhibit the MAPK signaling
pathway activated by LPS [71,72]. MAPKs could regulate not only TNF-
α expression [73], but also LPS-induced expression of MCP-1 and IL-1β
[74,75]. Collectively, miR-181b could impact proinflammatory sig-
naling upstream of TNF-α, IL-1β and MCP-1 on multiple steps. There-
fore, although the downregulation of TNF-α expression induced by
miR-181b-5p plays an important role in the reduction of neuroin-
flammation, it could be more likely that the global impact of miR-181b-
5p on proinflammatory factors, not only TNF-α, but also IL-1β and
MCP-1, alleviated early cognitive impairment in mice. However, whe-
ther the regulation role of miR-181b-5p on the expression of IL-1β and
MCP-1 is direct or indirect remains unclear, future investigations
should look into the specific mechanisms.

There were some potential limitations of our study. First, in the
present study, we only employed 4-month-old male mice, but not the

Fig. 5. Effects of miR-181b-5p overexpression on hippocampal inflammation in mice with POCD. Surgery resulted in an increase in the expression of proin-
flammatory factors in the hippocampus, while miR-181b-5p agomir pretreatment alleviated the surgery-induced upregulation of proinflammatory factors in the
hippocampus. (A-C) The expression of miR-181b-5p in the hippocampus of mice was detected by qPCR. MiR-181b-5p expression in the hippocampus of mice in
surgery group decreased at 6, 12 and 24 h after surgery, as compared to the control condition in mice. While compared to the surgery+ agomir control group, the
hippocampal expression of miR-181b-5p of the mice in surgery+ agomir group increased at 6, 12 and 24 h after surgery. (D-L) The protein expression of TNF-α, IL-
1β and MCP-1 in the hippocampus of the mice at 6, 12 and 24 h after surgery was measured by ELISA. Surgery/Anesthesia increased the levels of TNF-α, IL-1β and
MCP-1 in the hippocampus of mice, as compare to the control condition in mice at 6, 12 and 24 h after surgery. Pretreatment of miR-181b-5p agomir before Surgery/
Anesthesia decreased the TNF-α, IL-1β and MCP-1 levels in the hippocampus of mice at 6, 12 and 24 h after surgery, as compared to the preoperative agomir control
treatment. The data are plotted as the mean ± standard error of the mean for each group (n= 6 per cohort). *p < 0.05, compared to control; #p < 0.05, compared
to surgery+ agomir control group.
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aged mice. However, the current study is a pilot study to assess the role
of miR-181b-5p in the development of POCD. Future research would
include the comparison of the effects of miR-181b-5p on surgery-in-
duced hippocampal inflammation and cognitive behavior changes in

mice of different ages and sexes. Second, we just assessed the effects of
surgery plus anesthesia on the hippocampal inflammation. Surgery plus
anesthesia could have different effects on the miR-181b-5p in different
regions of the brain, such as, amygdala, and medial prefrontal cortex.

Fig. 6. Effect of miR-181b-5p on hippocampal microglial activation in mice with POCD. Surgery resulted in an increased expression of Iba-1 in the hippocampus of
mice, while miR-181b-5p agomir pretreatment alleviated the surgery-induced upregulation of Iba-1 in the hippocampus. (A) Representative immunofluorescence
images show the expression of Iba-1 (red pixels) in the hippocampus of mice at 24 and 72 h after surgery. Scale bar: 50 μm. Quantitative analyses of the immuno-
fluorescence images at 24 (B) and 72 h (C) after surgery. The data are plotted as the mean ± standard error of the mean for each group (n= 3 per cohort).
*p < 0.05, compared to control; #p < 0.05, compared to surgery+ agomir control group.
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Future investigations should look into the potential effects of surgery
plus anesthesia, on the levels of miR-181b-5p in other regions of the
brain. Third, in the study, we focused only in the early postoperative
cognitive function, further studies on the long-term cognitive function
are needed. Fourth, surgery plus anesthesia may have different impacts
on the neuroinflammation and cognitive function. The current studies
just determined the combined effects of surgery plus anesthesia on
hippocampal inflammation and cognitive behavior changes in mice.
Future studies will include assessments of the effects of anesthesia or
surgery alone on the hippocampal inflammation and cognitive behavior
changes in mice. Fifth, we validated TNF-α mRNA as a direct target of
miR-181b-5p in the present study, but whether the regulation role of
miR-181b-5p on the expression of the other two proinflammatory fac-
tors— IL-1β and MCP-1, is direct or indirect remains unclear, future
investigations should look into the specific mechanisms. Finally, in the
present study, we just detected the expression of miR-181b-5p in the
hippocampus of mice, and did not detect its expression in neurons and
glial cells respectively. As miR-181b was reported to be expressed in
both neurons and neuroglia [76,77], future research will investigate the
expression of miR-181b-5p in neurons and glial cells of mouse hippo-
campus respectively by double immunofluorescence staining.

5. Conclusion

In summary, this study demonstrates that miR-181b-5p may

negatively regulate the development of POCD, via suppressing hippo-
campal neuroinflammation, providing new insights for identifying miR-
181b-5p as a novel potential therapeutic target for improving POCD.

Funding

This research was supported by the National Natural Science
Foundation of China (no.81371195 and no.81870851), a research grant
for the Outstanding Talented Young Doctor Program of Wuhan (2014),
and Technology and Innovation Seed Fund (no.cxpy2017038) from
Zhongnan Hospital of Wuhan University.

Conflict of interest

The authors declare no conflict of interest.

Data availability

All relevant data are within the paper.

Author contributions

YL and XX designed and performed the experiment, collected and
analyzed the data, prepared the manuscript. RD involved in preparing
the animal models and participated in interpreting the results. LS

Fig. 7. Effects of miR-181b-5p overexpression on cognitive behavior in the fear conditioning test in mice with POCD. Surgery impaired hippocampal-dependent
memory, but not hippocampal-independent memory. MiR-181b-5p pretreatment alleviated postoperative hippocampal-dependent memory impairment. (A-C) In the
context test of FCT, Surgery/ Anesthesia decreased the freezing time on postoperative days 1, 3 and 7, as compared to the control condition in mice. Preoperative
miR-181b-5p agomir treatment increased the freezing time in the context test on postoperative days 1, 3 and 7, as compared to miR-181b-5p agomir control
pretreatment. (D-F) In the tone test of FCT, there was no statistical difference in the freezing time among four groups. The data are plotted as the mean ± standard
error of the mean for each group (n=10 per cohort). *p < 0.05, compared to control; #p < 0.05, compared to surgery+ agomir control group.

Y. Lu, et al. Cytokine 120 (2019) 41–53

51



contributed to behavioral testing. ZZ involved in biochemical analysis.
LC participated in statistical analysis. MP contributed to study concept
and design, secured funding for the project, prepared and critically
revised the manuscript. All authors reviewed the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cyto.2019.04.005.

References

[1] M. Berger, J.W. Nadler, J. Browndyke, N. Terrando, V. Ponnusamy, H.J. Cohen,
et al., Postoperative cognitive dysfunction: minding the gaps in our knowledge of a
common postoperative complication in the elderly, Anesthesiol Clin. 33 (2015)
517–550, https://doi.org/10.1016/j.anclin.2015.05.008.

[2] J.T. Moller, P. Cluitmans, L.S. Rasmussen, P. Houx, H. Rasmussen, J. Canet, et al.,
Long-term postoperative cognitive dysfunction in the elderly ISPOCD1 study.
ISPOCD investigators. International study of post-operative cognitive dysfunction,
Lancet 351 (1998) 857–861.

[3] M. Berger, N. Terrando, S.K. Smith, J.N. Browndyke, M.F. Newman, J.P. Mathew,
Neurocognitive function after cardiac surgery: from phenotypes to mechanisms,
Anesthesiology (2018), https://doi.org/10.1097/ALN.0000000000002194.

[4] I.B. Hovens, R.G. Schoemaker, E.A. van der Zee, E. Heineman, G.J. Izaks, B.L. van
Leeuwen, Thinking through postoperative cognitive dysfunction: how to bridge the
gap between clinical and pre-clinical perspectives, Brain Behav. Immun. 26 (2012)
1169–1179, https://doi.org/10.1016/j.bbi.2012.06.004.

[5] J. Steinmetz, K.B. Christensen, T. Lund, N. Lohse, L.S. Rasmussen, I. Group, Long-
term consequences of postoperative cognitive dysfunction, Anesthesiology 110
(2009) 548–555, https://doi.org/10.1097/ALN.0b013e318195b569.

[6] S. Vacas, V. Degos, X. Feng, M. Maze, The neuroinflammatory response of post-
operative cognitive decline, Br. Med. Bull. 106 (2013) 161–178, https://doi.org/10.
1093/bmb/ldt006.

[7] J. Hirsch, S. Vacas, N. Terrando, M. Yuan, L.P. Sands, J. Kramer, et al.,
Perioperative cerebrospinal fluid and plasma inflammatory markers after ortho-
pedic surgery, J. Neuroinflammation 13 (2016) 211, https://doi.org/10.1186/
s12974-016-0681-9.

[8] Y. Liu, Y. Yin, Emerging roles of immune cells in postoperative cognitive dysfunc-
tion, Mediators Inflamm. 2018 (2018) 6215350, https://doi.org/10.1155/2018/
6215350.

[9] V.H. Perry, The influence of systemic inflammation on inflammation in the brain:
implications for chronic neurodegenerative disease, Brain Behav. Immun. 18 (2004)
407–413, https://doi.org/10.1016/j.bbi.2004.01.004.

[10] J.L. Teeling, V.H. Perry, Systemic infection and inflammation in acute CNS injury
and chronic neurodegeneration: underlying mechanisms, Neuroscience 158 (2009)
1062–1073, https://doi.org/10.1016/j.neuroscience.2008.07.031.

[11] G.A. Garden, T. Moller, Microglia biology in health and disease, J. Neuroimmune
Pharmacol. 1 (2006) 127–137, https://doi.org/10.1007/s11481-006-9015-5.

[12] C. Anacker, R. Hen, Adult hippocampal neurogenesis and cognitive flexibility -
linking memory and mood, Nat. Rev. Neurosci. 18 (2017) 335–346, https://doi.
org/10.1038/nrn.2017.45.

[13] R.M. Grieves, K.J. Jeffery, The representation of space in the brain, Behav Processes
135 (2017) 113–131, https://doi.org/10.1016/j.beproc.2016.12.012.

[14] R. Yirmiya, I. Goshen, Immune modulation of learning, memory, neural plasticity
and neurogenesis, Brain Behav. Immun. 25 (2011) 181–213, https://doi.org/10.
1016/j.bbi.2010.10.015.

[15] Y. Wan, J. Xu, D. Ma, Y. Zeng, M. Cibelli, M. Maze, Postoperative impairment of
cognitive function in rats: a possible role for cytokine-mediated inflammation in the
hippocampus, Anesthesiology 106 (2007) 436–443.

[16] M. Cibelli, A.R. Fidalgo, N. Terrando, D. Ma, C. Monaco, M. Feldmann, et al., Role
of interleukin-1beta in postoperative cognitive dysfunction, Ann. Neurol. 68 (2010)
360–368, https://doi.org/10.1002/ana.22082.

[17] N. Terrando, C. Monaco, D. Ma, B.M. Foxwell, M. Feldmann, M. Maze, Tumor ne-
crosis factor-alpha triggers a cytokine cascade yielding postoperative cognitive
decline, Proc Natl Acad Sci U S A 107 (2010) 20518–20522, https://doi.org/10.
1073/pnas.1014557107.

[18] H.A. Rosczyk, N.L. Sparkman, R.W. Johnson, Neuroinflammation and cognitive
function in aged mice following minor surgery, Exp. Gerontol. 43 (2008) 840–846,
https://doi.org/10.1016/j.exger.2008.06.004.

[19] X. Feng, M. Valdearcos, Y. Uchida, D. Lutrin, M. Maze, S.K. Koliwad, Microglia
mediate postoperative hippocampal inflammation and cognitive decline in mice,
JCI Insight 2 (2017) e91229, , https://doi.org/10.1172/jci.insight.91229.

[20] L. Sun, R. Dong, X. Xu, X. Yang, M. Peng, Activation of cannabinoid receptor type 2
attenuates surgery-induced cognitive impairment in mice through anti-in-
flammatory activity, J. Neuroinflammation 14 (2017) 138, https://doi.org/10.
1186/s12974-017-0913-7.

[21] Y.K. Adlakha, N. Saini, Brain microRNAs and insights into biological functions and
therapeutic potential of brain enriched miRNA-128, Mol. Cancer 13 (2014) 33,
https://doi.org/10.1186/1476-4598-13-33.

[22] L. Shan, D. Ma, C. Zhang, W. Xiong, Y. Zhang, miRNAs may regulate GABAergic
transmission associated genes in aged rats with anesthetics-induced recognition and
working memory dysfunction, Brain Res. 1670 (2017) 191–200, https://doi.org/10.

1016/j.brainres.2017.06.027.
[23] H. Soreq, Y. Wolf, NeurimmiRs: microRNAs in the neuroimmune interface, Trends

Mol. Med. 17 (2011) 548–555, https://doi.org/10.1016/j.molmed.2011.06.009.
[24] J.P. Cogswell, J. Ward, I.A. Taylor, M. Waters, Y. Shi, B. Cannon, et al.,

Identification of miRNA changes in Alzheimer's disease brain and CSF yields pu-
tative biomarkers and insights into disease pathways, J. Alzheimers Dis. 14 (2008)
27–41.

[25] W.J. Lukiw, T.V. Andreeva, A.P. Grigorenko, E.I. Rogaev, Studying micro RNA
function and dysfunction in Alzheimer's disease, Front. Genet. 3 (2012) 327,
https://doi.org/10.3389/fgene.2012.00327.

[26] H. Kong, F. Yin, F. He, A. Omran, L. Li, T. Wu, et al., The Effect of miR-132, miR-
146a, and miR-155 on MRP8/TLR4-Induced Astrocyte-Related Inflammation, J.
Mol. Neurosci. 57 (2015) 28–37, https://doi.org/10.1007/s12031-015-0574-x.

[27] R. Saba, S. Gushue, R.L. Huzarewich, K. Manguiat, S. Medina, C. Robertson, et al.,
MicroRNA 146a (miR-146a) is over-expressed during prion disease and modulates
the innate immune response and the microglial activation state, PLoS ONE 7 (2012)
e30832, , https://doi.org/10.1371/journal.pone.0030832.

[28] A. Iyer, E. Zurolo, A. Prabowo, K. Fluiter, W.G. Spliet, P.C. van Rijen, et al.,
MicroRNA-146a: a key regulator of astrocyte-mediated inflammatory response,
PLoS ONE 7 (2012) e44789, , https://doi.org/10.1371/journal.pone.0044789.

[29] E.A. Miska, E. Alvarez-Saavedra, M. Townsend, A. Yoshii, N. Sestan, P. Rakic, et al.,
Microarray analysis of microRNA expression in the developing mammalian brain,
Genome Biol. 5 (2004) R68, https://doi.org/10.1186/gb-2004-5-9-r68.

[30] A. Tahamtan, M. Teymoori-Rad, B. Nakstad, V. Salimi, Anti-inflammatory
MicroRNAs and their potential for inflammatory diseases treatment, Front.
Immunol. 9 (2018) 1377, https://doi.org/10.3389/fimmu.2018.01377.

[31] E.R. Hutchison, E.M. Kawamoto, D.D. Taub, A. Lal, K. Abdelmohsen, Y. Zhang,
et al., Evidence for miR-181 involvement in neuroinflammatory responses of as-
trocytes, Glia 61 (2013) 1018–1028, https://doi.org/10.1002/glia.22483.

[32] X. Sun, A. Sit, M.W. Feinberg, Role of miR-181 family in regulating vascular in-
flammation and immunity, Trends Cardiovasc. Med. 24 (2014) 105–112, https://
doi.org/10.1016/j.tcm.2013.09.002.

[33] X. Sun, B. Icli, A.K. Wara, N. Belkin, S. He, L. Kobzik, et al., MicroRNA-181b reg-
ulates NF-kappaB-mediated vascular inflammation, J Clin Invest 122 (2012)
1973–1990, https://doi.org/10.1172/JCI61495.

[34] S.A. Ciafre, S. Galardi, A. Mangiola, M. Ferracin, C.G. Liu, G. Sabatino, et al.,
Extensive modulation of a set of microRNAs in primary glioblastoma, Biochem.
Biophys. Res. Commun. 334 (2005) 1351–1358, https://doi.org/10.1016/j.bbrc.
2005.07.030.

[35] B. Deng, F. Bai, H. Zhou, D. Zhou, Z. Ma, L. Xiong, et al., Electroacupuncture en-
hances rehabilitation through miR-181b targeting PirB after ischemic stroke, Sci.
Rep. 6 (2016) 38997, https://doi.org/10.1038/srep38997.

[36] L.E. Harry, A. Sandison, E.M. Paleolog, U. Hansen, M.F. Pearse, J. Nanchahal,
Comparison of the healing of open tibial fractures covered with either muscle or
fasciocutaneous tissue in a murine model, J. Orthop. Res. 26 (2008) 1238–1244,
https://doi.org/10.1002/jor.20649.

[37] S.M. Lu, C.J. Yu, Y.H. Liu, H.Q. Dong, X. Zhang, S.S. Zhang, et al., S100A8 con-
tributes to postoperative cognitive dysfunction in mice undergoing tibial fracture
surgery by activating the TLR4/MyD88 pathway, Brain Behav. Immun. 44 (2015)
221–234, https://doi.org/10.1016/j.bbi.2014.10.011.

[38] A. Gunther, V. Luczak, T. Abel, A. Baumann, Caspase-3 and GFAP as early markers
for apoptosis and astrogliosis in shRNA-induced hippocampal cytotoxicity, J. Exp.
Biol. 220 (2017) 1400–1404, https://doi.org/10.1242/jeb.154583.

[39] M.P. Vizcaychipi, L. Xu, G.E. Barreto, D. Ma, M. Maze, R.G. Giffard, Heat shock
protein 72 overexpression prevents early postoperative memory decline after or-
thopedic surgery under general anesthesia in mice, Anesthesiology 114 (2011)
891–900, https://doi.org/10.1097/ALN.0b013e31820ad3ce.

[40] M. Satomoto, Y. Satoh, K. Terui, H. Miyao, K. Takishima, M. Ito, et al., Neonatal
exposure to sevoflurane induces abnormal social behaviors and deficits in fear
conditioning in mice, Anesthesiology 110 (2009) 628–637, https://doi.org/10.
1097/ALN.0b013e3181974fa2.

[41] B.J. Saab, A.J. Maclean, M. Kanisek, A.A. Zurek, L.J. Martin, J.C. Roder, et al.,
Short-term memory impairment after isoflurane in mice is prevented by the alpha5
gamma-aminobutyric acid type A receptor inverse agonist L-655,708,
Anesthesiology 113 (2010) 1061–1071, https://doi.org/10.1097/ALN.
0b013e3181f56228.

[42] J.J. Kim, M.S. Fanselow, Modality-specific retrograde amnesia of fear, Science 256
(1992) 675–677.

[43] S.G. Anagnostaras, S. Maren, M.S. Fanselow, Temporally graded retrograde amnesia
of contextual fear after hippocampal damage in rats: within-subjects examination,
J. Neurosci. 19 (1999) 1106–1114.

[44] T. Kitamura, Y. Saitoh, N. Takashima, A. Murayama, Y. Niibori, H. Ageta, et al.,
Adult neurogenesis modulates the hippocampus-dependent period of associative
fear memory, Cell 139 (2009) 814–827, https://doi.org/10.1016/j.cell.2009.10.
020.

[45] B.J. Wiltgen, M. Zhou, Y. Cai, J. Balaji, M.G. Karlsson, S.N. Parivash, et al., The
hippocampus plays a selective role in the retrieval of detailed contextual memories,
Curr. Biol. 20 (2010) 1336–1344, https://doi.org/10.1016/j.cub.2010.06.068.

[46] X. Zhou, Q. Zhu, C. Eicken, N. Sheng, X. Zhang, L. Yang, et al., MicroRNA profiling
using microParaflo microfluidic array technology, Methods Mol. Biol. 822 (2012)
153–182, https://doi.org/10.1007/978-1-61779-427-8_11.

[47] X. Zhao, T. Wu, C.F. Chang, H. Wu, X. Han, Q. Li, et al., Toxic role of prostaglandin
E2 receptor EP1 after intracerebral hemorrhage in mice, Brain Behav. Immun. 46
(2015) 293–310, https://doi.org/10.1016/j.bbi.2015.02.011.

[48] I.K. Hwang, J.H. Park, T.K. Lee, D.W. Kim, K.Y. Yoo, J.H. Ahn, et al., CD74-im-
munoreactive activated M1 microglia are shown late in the gerbil hippocampal CA1

Y. Lu, et al. Cytokine 120 (2019) 41–53

52

https://doi.org/10.1016/j.cyto.2019.04.005
https://doi.org/10.1016/j.cyto.2019.04.005
https://doi.org/10.1016/j.anclin.2015.05.008
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0010
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0010
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0010
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0010
https://doi.org/10.1097/ALN.0000000000002194
https://doi.org/10.1016/j.bbi.2012.06.004
https://doi.org/10.1097/ALN.0b013e318195b569
https://doi.org/10.1093/bmb/ldt006
https://doi.org/10.1093/bmb/ldt006
https://doi.org/10.1186/s12974-016-0681-9
https://doi.org/10.1186/s12974-016-0681-9
https://doi.org/10.1155/2018/6215350
https://doi.org/10.1155/2018/6215350
https://doi.org/10.1016/j.bbi.2004.01.004
https://doi.org/10.1016/j.neuroscience.2008.07.031
https://doi.org/10.1007/s11481-006-9015-5
https://doi.org/10.1038/nrn.2017.45
https://doi.org/10.1038/nrn.2017.45
https://doi.org/10.1016/j.beproc.2016.12.012
https://doi.org/10.1016/j.bbi.2010.10.015
https://doi.org/10.1016/j.bbi.2010.10.015
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0075
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0075
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0075
https://doi.org/10.1002/ana.22082
https://doi.org/10.1073/pnas.1014557107
https://doi.org/10.1073/pnas.1014557107
https://doi.org/10.1016/j.exger.2008.06.004
https://doi.org/10.1172/jci.insight.91229
https://doi.org/10.1186/s12974-017-0913-7
https://doi.org/10.1186/s12974-017-0913-7
https://doi.org/10.1186/1476-4598-13-33
https://doi.org/10.1016/j.brainres.2017.06.027
https://doi.org/10.1016/j.brainres.2017.06.027
https://doi.org/10.1016/j.molmed.2011.06.009
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0120
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0120
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0120
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0120
https://doi.org/10.3389/fgene.2012.00327
https://doi.org/10.1007/s12031-015-0574-x
https://doi.org/10.1371/journal.pone.0030832
https://doi.org/10.1371/journal.pone.0044789
https://doi.org/10.1186/gb-2004-5-9-r68
https://doi.org/10.3389/fimmu.2018.01377
https://doi.org/10.1002/glia.22483
https://doi.org/10.1016/j.tcm.2013.09.002
https://doi.org/10.1016/j.tcm.2013.09.002
https://doi.org/10.1172/JCI61495
https://doi.org/10.1016/j.bbrc.2005.07.030
https://doi.org/10.1016/j.bbrc.2005.07.030
https://doi.org/10.1038/srep38997
https://doi.org/10.1002/jor.20649
https://doi.org/10.1016/j.bbi.2014.10.011
https://doi.org/10.1242/jeb.154583
https://doi.org/10.1097/ALN.0b013e31820ad3ce
https://doi.org/10.1097/ALN.0b013e3181974fa2
https://doi.org/10.1097/ALN.0b013e3181974fa2
https://doi.org/10.1097/ALN.0b013e3181f56228
https://doi.org/10.1097/ALN.0b013e3181f56228
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0210
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0210
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0215
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0215
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0215
https://doi.org/10.1016/j.cell.2009.10.020
https://doi.org/10.1016/j.cell.2009.10.020
https://doi.org/10.1016/j.cub.2010.06.068
https://doi.org/10.1007/978-1-61779-427-8_11
https://doi.org/10.1016/j.bbi.2015.02.011


region following transient cerebral ischemia, Mol. Med. Rep. 15 (2017) 4148–4154,
https://doi.org/10.3892/mmr.2017.6525.

[49] M. Peng, Y.L. Wang, C.Y. Wang, C. Chen, Dexmedetomidine attenuates lipopoly-
saccharide-induced proinflammatory response in primary microglia, J. Surg. Res.
179 (2013) e219–e225, https://doi.org/10.1016/j.jss.2012.05.047.

[50] G.Z. Reus, G.R. Fries, L. Stertz, M. Badawy, I.C. Passos, T. Barichello, et al., The role
of inflammation and microglial activation in the pathophysiology of psychiatric
disorders, Neuroscience 300 (2015) 141–154, https://doi.org/10.1016/j.
neuroscience.2015.05.018.

[51] H. Rong, Y. Fan, M. Yang, B. Zhang, D. Sun, Z. Zhao, et al., Brain-derived micro-
particles activate microglia/macrophages and induce neuroinflammation, Brain
Res. 1694 (2018) 104–110, https://doi.org/10.1016/j.brainres.2018.05.015.

[52] C. Xu, Y. Zhang, H. Zheng, H.H. Loh, P.Y. Law, Morphine modulates mouse hip-
pocampal progenitor cell lineages by upregulating miR-181a level, Stem Cells 32
(2014) 2961–2972, https://doi.org/10.1002/stem.1774.

[53] C.Z. Chen, L. Li, H.F. Lodish, D.P. Bartel, MicroRNAs modulate hematopoietic
lineage differentiation, Science 303 (2004) 83–86, https://doi.org/10.1126/
science.1091903.

[54] Y.B. Ouyang, Y. Lu, S. Yue, L.J. Xu, X.X. Xiong, R.E. White, et al., miR-181 regulates
GRP78 and influences outcome from cerebral ischemia in vitro and in vivo,
Neurobiol. Dis. 45 (2012) 555–563, https://doi.org/10.1016/j.nbd.2011.09.012.

[55] X. Li, J. Zhang, L. Gao, S. McClellan, M.A. Finan, T.W. Butler, et al., MiR-181
mediates cell differentiation by interrupting the Lin28 and let-7 feedback circuit,
Cell Death Differ. 19 (2012) 378–386, https://doi.org/10.1038/cdd.2011.127.

[56] A. Conti, M. Aguennouz, D. La Torre, C. Tomasello, S. Cardali, F.F. Angileri, et al.,
miR-21 and 221 upregulation and miR-181b downregulation in human grade II-IV
astrocytic tumors, J. Neurooncol. 93 (2009) 325–332, https://doi.org/10.1007/
s11060-009-9797-4.

[57] L. Shi, Z. Cheng, J. Zhang, R. Li, P. Zhao, Z. Fu, et al., hsa-mir-181a and hsa-mir-
181b function as tumor suppressors in human glioma cells, Brain Res. 1236 (2008)
185–193, https://doi.org/10.1016/j.brainres.2008.07.085.

[58] G. Chen, W. Zhu, D. Shi, L. Lv, C. Zhang, P. Liu, et al., MicroRNA-181a sensitizes
human malignant glioma U87MG cells to radiation by targeting Bcl-2, Oncol. Rep.
23 (2010) 997–1003.

[59] M.A. Lynch, Long-term potentiation and memory, Physiol. Rev. 84 (2004) 87–136,
https://doi.org/10.1152/physrev.00014.2003.

[60] W.J. Ren, Y. Liu, L.J. Zhou, W. Li, Y. Zhong, R.P. Pang, et al., Peripheral nerve
injury leads to working memory deficits and dysfunction of the hippocampus by
upregulation of TNF-alpha in rodents, Neuropsychopharmacology 36 (2011)
979–992, https://doi.org/10.1038/npp.2010.236.

[61] M. Pickering, J.J. O'Connor, Pro-inflammatory cytokines and their effects in the
dentate gyrus, Prog. Brain Res. 163 (2007) 339–354, https://doi.org/10.1016/
S0079-6123(07)63020-9.

[62] Y. Ma, Q. Cheng, E. Wang, L. Li, X. Zhang, Inhibiting tumor necrosis factor-alpha
signaling attenuates postoperative cognitive dysfunction in aged rats, Mol. Med.
Rep. 12 (2015) 3095–3100, https://doi.org/10.3892/mmr.2015.3744.

[63] N. Terrando, L.I. Eriksson, J.K. Ryu, T. Yang, C. Monaco, M. Feldmann, et al.,
Resolving postoperative neuroinflammation and cognitive decline, Ann. Neurol. 70
(2011) 986–995, https://doi.org/10.1002/ana.22664.

[64] J. Matsumoto, S. Dohgu, F. Takata, T. Machida, F.F. Bolukbasi Hatip, I. Hatip-Al-
Khatib, et al., TNF-alpha-sensitive brain pericytes activate microglia by releasing IL-

6 through cooperation between IkappaB-NFkappaB and JAK-STAT3 pathways,
Brain Res. 1692 (2018) 34–44, https://doi.org/10.1016/j.brainres.2018.04.023.

[65] Y.J. Gao, L. Zhang, R.R. Ji, Spinal injection of TNF-alpha-activated astrocytes
produces persistent pain symptom mechanical allodynia by releasing monocyte
chemoattractant protein-1, Glia 58 (2010) 1871–1880, https://doi.org/10.1002/
glia.21056.

[66] J. Sakai, E. Cammarota, J.A. Wright, P. Cicuta, R.A. Gottschalk, N. Li, et al.,
Lipopolysaccharide-induced NF-kappaB nuclear translocation is primarily depen-
dent on MyD88, but TNFalpha expression requires TRIF and MyD88, Sci. Rep. 7
(2017) 1428, https://doi.org/10.1038/s41598-017-01600-y.

[67] Y. Zhao, S. Joshi-Barve, S. Barve, L.H. Chen, Eicosapentaenoic acid prevents LPS-
induced TNF-alpha expression by preventing NF-kappaB activation, J. Am. Coll.
Nutr. 23 (2004) 71–78.

[68] J.H. Lim, H.J. Um, J.W. Park, I.K. Lee, T.K. Kwon, Interleukin-1beta promotes the
expression of monocyte chemoattractant protein-1 in human aorta smooth muscle
cells via multiple signaling pathways, Exp. Mol. Med. 41 (2009) 757–764, https://
doi.org/10.3858/emm.2009.41.10.082.

[69] J.P. Luyendyk, G.A. Schabbauer, M. Tencati, T. Holscher, R. Pawlinski,
N. Mackman, Genetic analysis of the role of the PI3K-Akt pathway in lipopoly-
saccharide-induced cytokine and tissue factor gene expression in monocytes/mac-
rophages, J. Immunol. 180 (2008) 4218–4226.

[70] J. Zheng, C. Wu, Z. Xu, P. Xia, P. Dong, B. Chen, et al., Hepatic stellate cell is
activated by microRNA-181b via PTEN/Akt pathway, Mol. Cell. Biochem. 398
(2015) 1–9, https://doi.org/10.1007/s11010-014-2199-8.

[71] M. Guha, N. Mackman, The phosphatidylinositol 3-kinase-Akt pathway limits li-
popolysaccharide activation of signaling pathways and expression of inflammatory
mediators in human monocytic cells, J. Biol. Chem. 277 (2002) 32124–32132,
https://doi.org/10.1074/jbc.M203298200.

[72] Y. Zong, L. Sun, B. Liu, Y.S. Deng, D. Zhan, Y.L. Chen, et al., Resveratrol inhibits
LPS-induced MAPKs activation via activation of the phosphatidylinositol 3-kinase
pathway in murine RAW 264.7 macrophage cells, PLoS One 7 e44107 (2012),
https://doi.org/10.1371/journal.pone.0044107.

[73] G. Sabio, R.J. Davis, TNF and MAP kinase signalling pathways, Semin. Immunol. 26
(2014) 237–245, https://doi.org/10.1016/j.smim.2014.02.009.

[74] D.N. Hu, M. Bi, D.Y. Zhang, F. Ye, S.A. McCormick, C.C. Chan, Constitutive and LPS-
induced expression of MCP-1 and IL-8 by human uveal melanocytes in vitro and
relevant signal pathways, Invest. Ophthalmol. Vis. Sci. 55 (2014) 5760–5769,
https://doi.org/10.1167/iovs.14-14685.

[75] T.T. Wu, Y.T. Tai, Y.G. Cherng, T.G. Chen, C.J. Lin, T.L. Chen, et al., GATA-2
transduces LPS-induced il-1beta gene expression in macrophages via a toll-like re-
ceptor 4/MD88/MAPK-dependent mechanism, PLoS ONE 8 (2013) e72404, ,
https://doi.org/10.1371/journal.pone.0072404.

[76] Z. Peng, J. Li, Y. Li, X. Yang, S. Feng, S. Han, et al., Downregulation of miR-181b in
mouse brain following ischemic stroke induces neuroprotection against ischemic
injury through targeting heat shock protein A5 and ubiquitin carboxyl-terminal
hydrolase isozyme L1, J. Neurosci. Res. 91 (2013) 1349–1362, https://doi.org/10.
1002/jnr.23255.

[77] N.J. Beveridge, P.A. Tooney, A.P. Carroll, E. Gardiner, N. Bowden, R.J. Scott, et al.,
Dysregulation of miRNA 181b in the temporal cortex in schizophrenia, Hum. Mol.
Genet. 17 (2008) 1156–1168, https://doi.org/10.1093/hmg/ddn005.

Y. Lu, et al. Cytokine 120 (2019) 41–53

53

https://doi.org/10.3892/mmr.2017.6525
https://doi.org/10.1016/j.jss.2012.05.047
https://doi.org/10.1016/j.neuroscience.2015.05.018
https://doi.org/10.1016/j.neuroscience.2015.05.018
https://doi.org/10.1016/j.brainres.2018.05.015
https://doi.org/10.1002/stem.1774
https://doi.org/10.1126/science.1091903
https://doi.org/10.1126/science.1091903
https://doi.org/10.1016/j.nbd.2011.09.012
https://doi.org/10.1038/cdd.2011.127
https://doi.org/10.1007/s11060-009-9797-4
https://doi.org/10.1007/s11060-009-9797-4
https://doi.org/10.1016/j.brainres.2008.07.085
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0290
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0290
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0290
https://doi.org/10.1152/physrev.00014.2003
https://doi.org/10.1038/npp.2010.236
https://doi.org/10.1016/S0079-6123(07)63020-9
https://doi.org/10.1016/S0079-6123(07)63020-9
https://doi.org/10.3892/mmr.2015.3744
https://doi.org/10.1002/ana.22664
https://doi.org/10.1016/j.brainres.2018.04.023
https://doi.org/10.1002/glia.21056
https://doi.org/10.1002/glia.21056
https://doi.org/10.1038/s41598-017-01600-y
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0335
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0335
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0335
https://doi.org/10.3858/emm.2009.41.10.082
https://doi.org/10.3858/emm.2009.41.10.082
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0345
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0345
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0345
http://refhub.elsevier.com/S1043-4666(19)30102-4/h0345
https://doi.org/10.1007/s11010-014-2199-8
https://doi.org/10.1074/jbc.M203298200
https://doi.org/10.1371/journal.pone.0044107
https://doi.org/10.1016/j.smim.2014.02.009
https://doi.org/10.1167/iovs.14-14685
https://doi.org/10.1371/journal.pone.0072404
https://doi.org/10.1002/jnr.23255
https://doi.org/10.1002/jnr.23255
https://doi.org/10.1093/hmg/ddn005

	MicroRNA-181b-5p attenuates early postoperative cognitive dysfunction by suppressing hippocampal neuroinflammation in mice
	Introduction
	Materials and methods
	Animals
	Experimental protocol
	Surgical model
	Stereotaxic surgery and intrahippocampal microinjection
	Behavioral tests
	OFT
	FCT

	Microarray analysis
	RNA extraction, reverse transcription, and qPCR assay
	ELISA assay
	Immunofluorescence for Iba-1
	Cell culture, transfection and LPS-treatment
	Western blot analysis
	Target prediction
	Dual-luciferase reporter gene assay
	Statistical analysis

	Results
	Altered hippocampal miRNA expression profiles in mice with POCD
	MiR-181b-5p regulates LPS-induced expression of proinflammatory mediators in BV-2 microglial cells
	MiR-181b-5p can direct regulate the expression of TNF-α via binding to its 3′UTR
	Effects of miR-181b-5p overexpression on hippocampal inflammation in mice with POCD
	Effects of miR-181b-5p overexpression on cognitive behavior in the OFT and FCT in mice with POCD

	Discussion
	Conclusion
	Funding
	Conflict of interest
	Data availability
	Author contributions
	Supplementary data
	References




