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Abstract

Postoperative cognitive dysfunction (POCD) is common and is associated with poor clinical 

outcome. Toll-like receptor (TLR) 3 and 4 have been implied in the development of POCD. The 

role of TLR2, a major brain TLR, in POCD is not clear. High mobility group box-l (HMGBl) is a 

delayed inflammatory mediator and may play a role in POCD. The interaction between HMGB1 

and TLRs in the perioperative period is not known. We hypothesize that TLR2 contributes to the 

development of POCD and that HMGB1 regulates TLR2 for this effect. To test these hypotheses, 

6- to 8-week old male mice were subjected to right carotid artery exposure under isoflurane 

anesthesia. CU-CPT22, a TLR1/TLR2 inhibitor, at 3 mg/kg was injected intraperitoneally 30 min 

before surgery and one day after surgery. Glycyrrhizin, a HMGB1 antagonist, at 200 mg/kg was 

injected intraperitoneally 30 min before surgery. Mice were subjected to Barnes maze and fear 

conditioning tests from 1 week after surgery. Hippocampus and cerebral cortex were harvested 

6 h or 12 h after the surgery for Western blotting, ELISA, immunofluorescent staining and 

chromatin immunoprecipitation. There were neuroinflammation and impairment of learning and 

memory in mice with surgery. Surgery increased the expression of TLR2 and TLR4 but not TLR9 

in the brain of CD-1 male mice. CU-CPT22 attenuated surgery-induced neuroinflammation and 

cognitive impairment. Similarly, surgery induced neuroinflammation and cognitive dysfunction 

in C57BL/6J mice but not in TLR2−/− mice. TLR2 staining appeared in neurons and microglia. 

Surgery increased HMGBl in the cell nuclei of the cerebral cortex and hippocampus. Glycyrrhizin 

ameliorated this increase and the increase of TLR2 in the hippocampus after surgery. Surgery also 

increased the amount of tlr2 DNA precipitated by an anti-HMGB1 antibody in the hippocampus. 

Our results suggest that TLR2 contributes to surgery-induced neuroinflammation and cognitive 
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impairment. HMGB1 upregulates TLR2 expression in the hippocampus after surgery to facilitate 

this contribution. Thus, TLR2 and HMGB1 are potential targets for reducing postoperative 

cognitive dysfunction.
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1. Introduction

Postoperative cognitive dysfunction (POCD) is common in patients after anesthesia and 

surgery (Bedford, 1955; Monk et al., 2008; Terrando et al., 2011) and is associated with 

poor outcome, such as increased postoperative morbidity, mortality, hospital stay and cost 

of care (Moller et al., 1998; Steinmetz et al., 2009). The pathogenesis of POCD is not fully 

identified and clinically practical methods to reduce POCD have not been developed. These 

knowledge and methods are needed to reduce the occurrence of POCD.

Neuroinflammation may lead to cognitive impairment (d’Avila et al., 2018; McKim et al., 

2016). We and others have shown that neuroinflammation may play a major role in POCD 

in animal models (Bi et al., 2017; Cao et al., 2012; Cibelli et al., 2010; Zhang et al., 2014a; 

Zhang et al., 2014b).

Toll-like receptors (TLRs) are a conserved family of pattern recognition receptors and play 

a central role in innate immunity and sterile inflammation (Kawai et al., 2010; Lin et al., 

2011; Miyake, 2007). TLRs transmit extracellular signals to activate transcription factors, 

such as nuclear factor-κB, which results in production of proinflammatory cytokines (Lin et 

al., 2011; Miyake, 2007). Among the 13 types of TLRs, TLR2 and TLR4 are the major ones 

that can bind components of cells and tissues (Kawai et al., 2010). TLR4 has been shown 

to contribute to the neuroinflammation and cognitive dysfunction after surgery (Lu et al., 

2015a; Wang et al., 2013). A recent study showed that extracellular RNAs-TLR3 played a 

role in learning and memory dysfunction after nephrectomy in mice (Chen et al., 2019) . 

We have shown that TLR2 may be a mediator for sepsis-induced encephalopathy in mice 

(Xing et al., 2018). Although there are overlapping pathological processes and presentations, 

such as inflammation and cognitive impairment, between sepsis-induced encephalopathy 

and POCD, significant differences exist between these two conditions. For example, sepsis 

often involves pathogens but surgery is performed under sterile conditions. Previous studies 

have shown that surgery increases TLR2 in rats (Feng et al., 2017; Muscat et al., 2021; Yang 

et al., 2020). However, the role of TLR2, a major brain TLR, in POCD is not known because 

these previous studies have not determined whether the increased TLR2 is an associated 

phenomenon with POCD or contributes to POCD.

High mobility group box-l (HMGBl) is found in mammalian cell nuclei (Lotze et al., 2005) 

and supports transcription of genes (Klune et al., 2008). Extracellular HMGB1 can act as 

a damage signaling molecule to promote the movement of immune cells towards the lesion 

site and activate the inflammatory reaction (Faraco et al., 2007; Festoff et al., 2016; Scaffidi 
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et al., 2002). One of the possible mechanisms is that HMGB1 can bind and activate TLR2 

and TLR4 (Aucott et al., 2018; Bae, 2012; Park et al., 2004; Yu et al., 2006) . The role of 

HMGB1 in POCD has been implied (Terrando et al., 2016; Vacas et al., 2014). However, 

the interaction between HMGB1 and TLRs after surgery is not known. The mechanisms for 

surgery to affect the expression of TLRs have not been reported.

Thus, we hypothesize that TLR2 contributes to surgery-induced neuroinflammation and the 

impairment of learning and memory and that HMGB1 regulates TLR2 expression for these 

effects. To test these hypotheses, mice with or without TLR2 knockout were subjected to 

surgery and anesthesia. Their learning and memory were tested.

2. Materials and Methods

The institutional Animal Care and Use Committee of the University of Virginia 

(Charlottesville, VA, USA) had approved our animal protocol (#3114). The animal studies 

were performed in compliance with the National Institutes of Health Guide for the Care and 

Use of Laboratory Animals (NIH publications number 80–23) revised in 2011.

This study did not involve human subjects and was not pre-registered.

2.1. Animal groups

Six- to eight-week old male CD-1 mice weighing 28 - 32 g from Charles River Laboratories 

International Inc. (RRID:IMSR_CRL:022) were arbitrarily assigned to: (1) control group 

(not being exposed to surgery or any medications) and (2) surgery group (right carotid 

artery exposure) in the first experiment. In the second experiment, the mice were assigned 

to: (1) control group, (2) surgery group, (3) CU-CPT22 group, (4) surgery plus CU-CPT22 

group and (5) surgery plus dimethyl sulfoxide (DMSO) group. CU-CPT22 was used as 

a TLR1/TLR2 inhibitor (Cheng et al., 2012). DMSO was a solvent for CUCPT22. In 

the third experiment, 6- to 8-week old male TLR2 knockout mice (TLR2−/− mice, The 

Jackson Laboratory, RRID:IMSR_JAX:004650) and their wild-type controls (C57BL/6J 

mice, The Jackson Laboratory, RRID:IMSR_JAX:000664) were used in this study. These 

mice were arbitrarily assigned to: (1) TLR2−/− mouse control group, (2) TLR2−/− mouse 

surgery group, (3) wild-type C57BL/6J mouse control group and (4) wild-type C57BL/6J 

mouse surgery group. In the fourth experiment, CD-1 mice were arbitrarily assigned to: (1) 

control group, (2) glycyrrhizin group, (3) surgery group and (4) surgery plus glycyrrhizin 

group. Glycyrrhizin was used as a HMGB1 antagonist (Kong et al., 2017) . The mice were 

housed in standard mouse cages (27.94×15.24×11.43 cm) with 3 to 5 mice in each cage and 

with ad libitum access to food and water. The cages were kept in a quiet, 12-h light/dark 

cycle standard environment. In total, 219 mice were used in this study. There were no 

predetermined criteria to exclude animals once they were assigned to a study group.

Three separate cohorts of mice were used for experiments. One cohort (15 mice per group 

for experiment 2 and 7 mice per group for experiment 3) was used for learning and 

memory tests that were started from one week after the surgery. Second cohort was used 

for harvesting brain tissues at 6 h after surgery for Western blotting (6 or 10 mice per 

group), immunofluorescent staining (4 mice per group) and chromatin immunoprecipitation 
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(15 mice per group). The third cohort was used for harvesting bilateral cerebral cortex 

and hippocampus at 12 h after surgery for ELISA (6 mice per group). The time-line of 

experimental procedures was as shown in figure 1.

2.2. CU-CPT22 and glycyrrhizin application

CU-CPT22 (Millipore, catalogue number 614305) was dissolved in DMSO and injected 

intraperitoneally at 3 mg/kg 30 min before surgery and one day after surgery. The CU-

CPT22 dose was chosen based on previous studies (Cheng et al., 2012; Ji et al., 2015). 

Acetic acid was used to dissolve glycyrrhizin acid ammonium salt (Santa Cruz, catalogue 

number sc-203059) that was intraperitoneally injected at 200 mg/kg 30 min before surgery. 

This dose was selected based on a previous study (Kim et al., 2015).

2.3. Anesthesia and surgery

The surgery was a right carotid artery exposure. Mice were anesthetized by 1.8% isoflurane, 

which was commonly used for mice to have surgery as we described before (Zeng et al., 

2021; Zhang et al., 2014b; Zheng et al., 2017). During the procedure, the mouse was kept 

at spontaneous respiration and rectal temperature was monitored and maintained at 37°C 

with the aid of a heating blanket (TCAT-2LV, Physitemp Instruments Inc., Clifton, NJ). A 

1.5-cm midline neck incision was made after the mouse was exposed to isoflurane for at 

least 30 min. Soft tissues covering the trachea were dissected bluntly. One centimeter long 

right common carotid artery was carefully dissected free from adjacent tissues without any 

damage on vagus nerve. The wound was then irrigated and closed by using surgical suture. 

The surgical procedure was performed under sterile conditions and lasted around 10 min. As 

shown in our previous study, mice having this surgery under isoflurane anesthesia did not 

have hypoxia and had heart rates and respiratory rates within the normal ranges (Li et al., 

2013). To reduce the pain after surgery, a subcutaneous injection of 3 mg/kg bupivacaine to 

the incision site was given to all animals. The anesthesia duration was 2 h. The anesthesia 

level was maintained at no response to toe pinching and surgery. These measures were used 

to reduce/prevent suffering of mice during and after the surgery.

2.4. Barnes maze

As shown in figure 1, mice were subjected to Barnes maze one week after various 

experimental conditions for testing their spatial learning and memory as previously 

described (Cao et al., 2012; Zhang et al., 2014b; Zheng et al., 2017). The test was performed 

between 1:00 to 6:00 pm. The Barnes maze circular platform has 20 holes that are equally 

spaced (SD Instruments, San Diego, CA, USA). One of the holes was connected to a dark 

chamber that was called target box. The test was started by placing animals in the middle of 

the platform. Aversive noise (85 db) and bright light from a 200-W bulb shed on platform 

were used to provoke mice to find and enter the target box. Animals were trained in a 

spatial acquisition phase that took 4 days with 3 min per trial, four trials per day and 15-min 

interval between each trial. The test was performed on day 5 (short-term retention) and 

day 12 (long-term retention) to evaluate the memory of the animals. There was no test 

between day 5 to day 12. An ANY-Maze video tracking system (SD Instruments) was used 

to calculate the latency to enter the target box during each trial.
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2.5. Fear conditioning

The fear conditioning test was performed between 1:00 to 6:00 pm 24 h after the Barnes 

maze test in a way similar to that previously described (Cao et al., 2012; Zhang et al., 2014b; 

Zheng et al., 2017). Mice were placed in a test chamber wiped with 70% alcohol. They were 

subjected to three tone-foot shock pairings (tone at 2000 Hz and 85 db for 30 s; foot shock 

at 0.7 mA for 2 s) with 1-min interval between trials in a relatively dark room. Mice were 

removed from the test chamber 30 s after training and returned to their regular cages. Mice 

were placed 24 h later to the same chamber for 8 min without tone and shock. The freezing 

behavior was recorded in an 8-s interval (context-related learning and memory). Two hours 

later, mice were placed in a novel test chamber that had a different context and smell from 

the first test chamber. This chamber was wiped with 1% acetic acid and was in a relatively 

light room. After no stimuli for 3 min, the tone was played for three cycles with each cycle 

for 30 s followed by 1-min interval between cycles (total 4.5 min). Freezing behavior during 

the 4.5 min was recorded. The test was recorded by a camera and the video was scored for 

animal freezing behavior in the 4.5 min (tone-related learning and memory) by an observer 

who was blind to group assignment of animals.

2.6. Brain tissue harvesting

Mice were deeply anesthetized with isoflurane at 6 or 12 h after the surgery. They were 

perfused with normal saline (0.9% sodium chloride). The bilateral cerebral cortex and 

hippocampus were dissected for Western blotting of TLR2, TLR4, TLR9 and HMGB1 at 

6 h after the surgery and ELISA of interleukin (IL)-1β or IL-6 at 12 h after the surgery. 

A coronal brain slice between Bregma −2 and −4 mm was harvested 6 h after the surgery 

for immunofluorescent staining. These slices containing hippocampus were fixed with 4% 

paraformaldehyde. The procedures for dissecting the brain were performed on ice.

2.7. Western blotting analysis

The cerebral cortex and hippocampus were homogenized in RIPA buffer (Thermo Scientific, 

catalogue number 89900) containing protease inhibitor cocktail (Sigma, cat# P2714) and 

phosphatase inhibitor cocktail (Roche Applied Science, catalogue number 04906845001). 

The solutions were centrifuged at 13,000 rpm at 4°C for 20 min. The resultant supernatant 

was kept as the total proteins. The homogenates were centrifuged at 4200 rpm for 10 min at 

4°C and the supernatant was centrifuged at 33,300 rpm for 1 h at 4°C. The resultant pellet 

was re-suspended in lysis buffer and was homogenized with an ultrasound homogenizer 

on ice. The homogenates were saved as containing membrane proteins. The cytoplasmic 

and nuclear proteins were extracted by NE-PER nuclear and cytoplasmic extraction 

reagents (Pierce Biotechnology, catalogue number 78833) according to the manufacturer’s 

instructions. The protein concentration was determined by a Pierce BCA protein assay kit 

(Pierce Biotechnology, catalogue number 23227).

Proteins of 20 μg per lane were separated on 12% polyacrylamide gels and then 

transferred onto a polyvinylidene difluoride membrane. The membranes were incubated 

with the following primary antibodies overnight at 4°C: rabbit monoclonal anti-TLR2 

antibody (1:1000, Abcam, RRID: AB_10861644), rabbit polyclonal anti-TLR4 antibody 

(1:1000, Abcam, RRID: AB_10561435), mouse monoclonal anti-TLR9 antibody (1:1000, 
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Abcam, RRID: AB_298862), rabbit polyclonal anti-HMGB1 antibody (1:1000, Abcam, 

RRID: AB_444360), mouse monoclonal anti-β-actin antibody (1:5000, Abcam, RRID: 

AB_2223210) or rabbit polyclonal anti-lamin A antibody (1:1000, Abcam, RRID: 

AB_775965). Protein bands were visualized using a genomic and proteomic gel 

documentation systems (Gel Doc) from Syngene (Frederick, MD). The protein band 

intensities of TLR2, TLR4 and TLR9 from total and membrane proteins and HMGB1 from 

cytoplasmic proteins were normalized to those of β-actin. The results of HMGB1 from 

nuclear proteins were normalized to those of lamin A. The data of various experimental 

conditions were then normalized by the mean results of their control animals.

2.8. Quantification of IL-1β and IL-6

As we previously described (Lin et al., 2020), brain tissues were homogenized on ice in 20 

mM Tris–HCl buffer (pH: 7.3) containing protease inhibitors (10 mg/ml aprotinin, 5 mg/ml 

pepstatin, 5 mg/ml leupeptin, and 1 mM phenylmethanesulfonylfluoride). The solutions 

were centrifuged at 13,000 rpm for 20 min at 4°C. The supernatant was saved and Bradford 

protein assay of the supernatant was performed for each sample. ELISA kits for measuring 

mouse IL-1β and IL-6 (R&D Systems, catalogue number MLB00C and M6000B) were used 

to quantify the contents of these cytokines in the samples according to the manufacturer’s 

instructions. The quantity of IL-1β and IL-6 in each brain sample was standardized to the 

protein contents.

2.9. Immunohistochemistry

Similar to what we described previously (Zhang et al., 2014b; Zheng et al., 2017), brains 

were post-fixed at 4°C for 18 h in 4% paraformaldehyde in 0.1 M phosphate buffered saline, 

dehydrated, and embedded in paraffin. Coronal 5-μm sections of the cerebral hemisphere 

were cut sequentially and mounted on super-frost plus microscope slides. Antigen retrieval 

with Tris/EDTA buffer (10 mM Tris Base, 1 mM EDTA, 0.05% Tween 20, pH 9.0) 

was performed at 95 to 100°C for 20 min. After being washed in Tris-buffered saline 

(TBS) containing 0.025% triton-X 100, sections were blocked in 10% donkey serum plus 

1% bovine serum albumin in TBS for 2 h at room temperature and then incubated at 

4°C overnight with the following primary antibodies: rabbit polyclonalanti-TLR2 antibody 

(1:200, Thermo Scientific, RRID: AB_1087895), mouse monoclonal anti-glial fibrillary 

acidic protein (GFAP) antibody (1:200, Millipore, RRID: AB_11212597), goat polyclonal 

anti-ionized calcium binding adapter molecule 1 (Iba-1) antibody (1:1000, Abcam, RRID: 

AB_10972670) or mouse monoclonal anti-neuronal nuclei (NeuN) antibody (1:100, 

Millipore, RRID: AB_2298772). Sections were rinsed in TBS with 0.025% triton-X 100. 

The donkey anti-goat IgG antibody conjugated with Alexa Fluor 488 (1:200, Invitrogen, 

RRID: AB_2534102), donkey anti-rabbit IgG antibody conjugated with Alexa Fluor 488 

(1:200, Invitrogen, RRID: AB_2535792), donkey anti-mouse IgG antibody conjugated 

with Alexa Fluor 594 (1:200, Invitrogen, RRID: AB_141633) or donkey anti-rabbit IgG 

antibody conjugated with Alexa Fluor 594 (1:200, Invitrogen, RRID: AB_141637) were 

incubated with the sections for 1 h at room temperature in the dark. After washed in 

TBS, sections were mounted and cover-slipped with Vectashield mounting medium (Vector 

Laboratories, catalogue number H-1000). A fluorescence microscope with a charge-coupled 

device camera was used to acquire immunostaining images.
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2.10. Chromatin immunoprecipitation assay

The chromatin immunoprecipitation assay was conducted by using a Magna ChIP G-

chromatin immunoprecipitation kit (Millipore, catalogue number 17-611) as we described 

before (Feng et al., 2014). Briefly, the hippocampus tissue was cross-linked by 1.5% 

formaldehyde for 15 min at room temperature. The cross-linking was stopped by 

glycine and the tissue was washed twice with cold phosphate buffered saline. The 

cross-linked tissue was grinded, followed by processing with a 28-gauge needle to get 

homogeneous suspension. The homogenate was subsequently lysed by the cell lysis 

buffer and nucleus lysis buffer supplied in the kit. About 200 - 500 base pair cross-

linked DNA fragments were obtained by sonication. The resulting DNA fragments were 

incubated with a rabbit polyclonal anti-HMGB1 antibody (Abcam, RRID: AB_444360) 

or normal rabbit IgG (Millipore, RRID: AB_490574) at 1 μg/450 μl sample overnight, 

respectively. The immunoprecipitated DNA was used to detect the quantity of a 

fragment of tlr2 promotor (−283 bp to −71 bp) by PCR assay. The primers were as 

follows: sense primer: 5’-CATAAGTAGGCAGTTTTGGTCAAGG-3’; anti-sense primer: 

5’-GCAAGGATTCTGGAAGGAAGAGGAT-3’.

2.11. Blinding

The blinding practice was observed during the assessment of fear condition behavior. The 

video was evaluated by a person who did not perform the test and did not know the group 

assignment of animals. No blinding procedure was used for other experiments.

2.12. Statistical analysis

We did not perform sample size calculation for each experiment. The sample size was 

larger in experiments testing learning and memory than that in biochemical experiments, 

which was based on our experience (Bi et al., 2017; Zheng et al., 2017). Regardless, the 

minimal sample size for any groups or experimental conditions was 6. Parametric results 

in normal distribution in line plots are presented as mean ± S.E.M. (n ≥ 6). All other 

data are presented in box plots (n ≥ 6). The n number referred to the number of animals. 

The Kolmogorov-Smirnov test for normality was performed to assess whether the data 

was normally distributed. No test for outliers was performed. All data was included in the 

analyses. The data from the training sessions of Barnes maze test within the same group 

were tested by one-way repeated measures analysis of variance followed by Tukey test. 

Two-way repeated measures analysis of variance followed by Tukey test was used to analyze 

the data of the training sessions in Barnes maze test between groups. All other data were 

analyzed by t-test or one-way analysis of variance followed by the Tukey test if the data 

were normally distributed or by rank sum test or one-way analysis of variance on ranks 

followed by the Tukey test if the data were not normally distributed. The set of non-normally 

distributed data was identified in the figure legends. Differences were considered significant 

at P < 0.05 based on two-tailed hypothesis testing. All statistical analyses were performed 

with Sigma Stat 3.5 (Systat Software, Point Richmond, CA).
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3. Results

No animal died during the experiments. Since no predetermined criteria were formed, data 

of all animals were included, analyzed and reported here.

3.1. TLR2 inhibition or knockout attenuated surgery-induced neuroinflammation and 
dysfunction of learning and memory

Compared with control group, the total TLR2 and TLR4 protein and their membrane 

fraction in the cerebral cortex and hippocampus of CD-1 mice with surgery were 

significantly increased. However, the total TLR9 protein and its membrane fraction in 

the cerebral cortex and hippocampus of mice with surgery were not affected (Figure 2). 

These results suggest that surgery induces differential expression of TLRs. Since the role 

of TLR4 in POCD has been implied (Lu et al., 2015a; Wang et al., 2013) and TLR2 

is abundantly expressed in the brain (Xing et al., 2018) , we focused our investigation 

on TLR2. Immunofluorescent staining showed that TLR2 staining was co-localized with 

the staining of NeuN, a neuronal marker, and Iba-1, a microglial marker, but was not 

co-localized with the staining of GFAP, an astrocytic marker (Zhang et al., 2014b; Zheng 

et al., 2017) (Figure 3). These results suggest that TLR2 is expressed in the neurons and 

microglia but may not be expressed in the astrocytes.

The time for CD-1 mice to identify the target box was decreased with increased training 

sessions of Barnes maze test (Figure 4a). Surgery and anesthesia were not a significant 

factor to influence the time needed for mice to identify the target box during the training 

sessions [F(1,28) = 0.011, P = 0.917]. Similarly, CU-CPT22, a specific TLR2 antagonist 

(Cheng et al., 2012; Ji et al., 2015; Xing et al., 2018), was not a factor to affect this time 

in mice without surgery [F(1,28) = 3.430, P = 0.075]. However, surgery increased the time 

for mice to identify the target box 8 days after the training sessions. This surgery effect 

was attenuated by CU-CPT22 but not by DMSO, a solvent for CU-CPT22. CU-CPT22 did 

not affect the non-surgery mice to identify the target box 8 days after the training sessions 

(Figure 4b). Similar to the Barnes maze test results, context-related freezing behavior in the 

surgery group and surgery plus DMSO group was less than that of control group in the 

fear conditioning test. This reduction did not exist in the surgery plus CU-CPT22 group. 

CU-CPT22 did not affect the context-related freezing behavior of non-surgery mice (Figure 

4c). These results suggest that anesthesia and surgery induces the dysfunction of long-term 

spatial memory and hippocampus-dependent cognition and that CU-CPT22 attenuates this 

dysfunction, indicating a role of TLR2 in the effect.

Compared with control group, the expression of IL-1β and IL-6 in the hippocampus and 

IL-6 in the cerebral cortex of CD-1 mice was increased in surgery group. This effect was 

ameliorated by CU-CPT22 (Figure 5a, b). These results suggest that surgery increases 

proinflammatory cytokines possibly via TLR2.

In order to further determine the role of TLR2 in surgery-induced neuroinflammatory 

responses and dysfunction of learning and memory, TLR2−/− mice were used. C57BL/6J 

mice are recommended by Jackson Laboratory as the control mice for TLR2−/− mice. 

Similar to the results of CD-1 mice, surgery increased IL-1β and IL-6 in the hippocampus 
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and cerebral cortex of C57BL/6J mice but did not alter the levels of IL-1β and IL-6 in the 

hippocampus and cerebral cortex of TLR2−/− mice (Figure 5c, d). The time for C57BL/6J 

and TLR2−/− mice to identify the target box was decreased with increased training sessions 

of Barnes maze tests (Figure 6a). Surgery and anesthesia were not a significant factor to 

influence the time needed for C57BL/6J or TLR2−/− mice to identify the target box during 

the training sessions [F(1,12) = 0.501, P = 0.493 for C57BL/6J mice, F(1,12) = 0.148, P = 

0.707 for TLR2−/− mice]. Surgery increased the time needed for C57BL/6J mice to identify 

the target box one day and eight days after the training sessions (Figure 6b). Surgery also 

decreased the freezing behavior of C57BL/6J mice in the context-related fear conditioning 

tests. These surgery effects on the performance of C57BL/6J mice in the Barnes maze and 

fear conditioning tests did not appear in TLR2−/− mice (Figure 6c). These results support 

an important role of TLR2 in surgery-induced responses and dysfunction of learning and 

memory.

3.2. Surgery increased HMGB1 to increase TLR2 expression

As a first step to determine the role of HMGB1 in the surgery, the expression of HMGB1 

was measured. Surgery increased the amount of HMGB1 in the nuclear fraction of the 

cerebral cortex and hippocampus of CD-1 mice but did not alter the amount of HMGB1 

in the cytoplasmic fraction (Figure 7a, b). Glycyrrhizin, a HMGB1 antagonist (Kim et al., 

2015; Kong et al., 2017), inhibited the increase of HMGB1 in the nuclear fraction of the 

cerebral cortex and hippocampus of CD-1 mice with surgery (Figure 7c–f). Glycyrrhizin 

also attenuated surgery-induced increase of total TLR2 protein in the cerebral cortex and 

hippocampus and its membrane fraction in the hippocampus (Figure 8a, c). These results 

suggest that HMGB1 may regulate the expression of TLR2 after surgery. Interestingly, the 

immunoprecipitate prepared by an anti-HMGB1 antibody contained an increased amount 

of tlr2 DNA in mice with surgery (Figure 8d), indicating that HMGB1 may bind to tlr2 
DNA and that surgery increases this binding. These results suggest that HMGB1 regulates 

the expression of TLR2 after surgery. PCR was performed on four segments of presumed 

promoter region of tlr2 with the immunoprecipitate prepared by the anti-HMGB1 antibody. 

Interestingly, only the fragment of −283 to −72 bp among the 2000 bp upstream of the 

transcription portion of the gene tlr2 was amplified. The sequence of the fragment and the 

presumed HMGB1 binding sequence are presented in figure 8f.

4. Discussion

Consistent with our previous studies (Cao et al., 2012; Zhang et al., 2014a; Zhang et al., 

2014b; Zheng et al., 2017), our current study showed that surgery increases proinflammatory 

cytokines and induces learning and memory dysfunction in wild-type CD-1 mice, an outbred 

type of mice, and wild-type C57BL/6J mice, an inbred type of mice. We and others have 

shown that neuroinflammation is a critical neuropathological process for POCD (Cao et 

al., 2012; Zhang et al., 2014a; Zhang et al., 2014b; Zheng et al., 2017). However, the 

mechanisms for the occurrence of neuroinflammation are not fully defined.

TLRs are receptors that are involved in inflammatory responses (Kawai et al., 2010; Lin et 

al., 2011; Miyake, 2007). Each of the 13 TLRs has preferred ligands (Kawai et al., 2006). 
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For example, TLR2 and TLR4 bind cellular components of host, TLR3 binds RNAs and 

TLR9 interacts with components of pathogens (Kawai et al., 2006; Lin et al., 2011; Miyake, 

2007). The role of TLR3 and TLR4 in POCD has been implied in previous studies (Chen et 

al., 2019; Lu et al., 2015a; Lu et al., 2015b; Wang et al., 2013). A recent study showed that 

cardiopulmonary bypass surgery increased TLR2 and TLR4 expression in the hippocampus 

of rats. An agonist of TLR2/TLR4 attenuated the protection of exosomes of stem cells on 

learning and memory in these rats (Yang et al., 2020). Our current study showed that surgery 

increased TLR2 and TLR4. Since TLR9 responds to pathogens (Kawai and Akira, 2006) and 

our surgery is a sterile procedure, we used TLR9 as a control TLR protein. As expected, 

surgery did not affect the expression of TLR9, suggesting that the increase of TLR2 and 

TLR4 is a specific effect of surgery. Since TLR2 is a major TLR in the brain and form TLR 

complex with TLR1 or TLR6 to induce inflammatory cytokine production (Kawai et al., 

2006; Xing et al., 2018), TLR2 may be involved in surgery-induced neuroinflammation and 

cognitive dysfunction.

CU-CPT22 is a cell permeable antagonist for TLR1/TLR2 (Cheng et al., 2012). Our results 

showed that CU-CPT22 blocked surgery-induced proinflammatory cytokine production and 

dysfunction of learning and memory. In addition, surgery did not induce proinflammatory 

cytokine production and dysfunction of learning and memory of TLR−/− mice. These results 

suggest a vital role of TLR2 in neuroinflammation and cognitive impairment caused by 

surgery. Previous studies have shown that TLRs are mainly expressed in the microglia and 

neurons in the brain (Kilic et al., 2008; Lehnardt et al., 2007; Xing et al., 2018; Ziegler et al., 

2007). Consistent with this finding, TLR2 was mostly expressed in neurons and microglia 

under control or surgery conditions.

One novel and important finding of our study is that HMGB1 regulates TLR2 expression for 

POCD. Extracellular HMGB1 is considered as a critical mediator for delayed inflammatory 

response in sepsis (Wang et al., 2014; Wang et al., 2004). HMGB1 can activate the 

innate immune system following the aseptic trauma of surgery to result in postoperative 

neuroinflammation and cognitive impairment (Kong et al., 2017; Lin et al., 2014). The 

levels of HMGB1 in the blood are increased in patients with decreased cognition after 

gastrointestinal surgery (Lin et al., 2014). Since HMGB1 can bind TLR2 (Bae, 2012; Park 

et al., 2004), it is conceivable that HMGB1 is an upstream molecule for surgery to induce 

inflammation and cognitive dysfunction. Our results showed that surgery increased HMGBl 

expression. Glycyrrhizin, a natural triterpene glycoside and a HMGB1 antagonist (Chen et 

al., 2017; Kim et al., 2012), attenuated the increase of HMGB1 in the nuclear fraction of 

cells, proinflammatory cytokine production in the brain tissues and dysfunction of learning 

and memory after surgery. These results support the role of HMGB1 in surgery-induced 

neuroinflammation and dysfunction of learning and memory. More importantly, glycyrrhizin 

blocked surgery-induced increase of total TLR2 protein and its membrane fraction, a 

functional site for TLRs. These results suggest that HMGB1 regulates the expression of 

TLR2. Since the increased HMGB1 at 6 h after surgery was mostly in the nuclear fraction, it 

is possible that HMGB1 may directly regulate the expression of TLR2. In addition to being 

secreted to extracellular space as an inflammatory mediator (Wang et al., 2014; Wang et al., 

2004), HMGB1 can bind and bend DNA to facilitate the binding of transcription factors to 

the DNA. This HMGB1 binding may be more DNA local structure-dependent than specific 
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DNA sequence-dependent. For example, HMGB1 preferentially binds DNA containing 

cruciforms or bent structure (Stros, 2010). HMGB1 also interacts with nucleosomes to 

loosen packed DNA. These effects facilitate the transcription of corresponding gene(s) 

(Klune et al., 2008). Consistent with this possible mechanism, surgery increased the binding 

between HMGB1 and tlr2 gene. Thus, our results provide initial evidence that HMGB1 

increased TLR2 expression, a novel mechanism for surgery to increase TLR signaling. Our 

results also showed that TLR2 increase was mostly in the plasma membrane fraction. The 

increase was abolished by glycyrrhizin. These results suggest a role of HMGB1 in this 

TLR2 subcellular distribution. However, it is not known whether this distribution effect on 

TLR2 is related to the fact that TLR2 is a receptor for HMGB1 (Aucott et al., 2018; Bae, 

2012; Park et al., 2004; Yu et al., 2006).

Based on the above discussion, our results suggest novel mechanisms for the development of 

POCD. First, surgery induces HMGB1 expression, which upregulates TLR2. Extracellular 

HMGB1 can bind TLR2 (Aucott et al., 2018; Bae, 2012; Park et al., 2004). These effects on 

TLR2 activate inflammatory process that leads to POCD. Thus, interventions to disrupt the 

interaction between HMGB1 and TLRs may be potential strategies to reduce POCD.

Many surgery models have been developed to study POCD in rodents. These models include 

abdominal surgery and orthopedic surgery (Chen et al., 2019; Cibelli et al., 2010) . We have 

been using a carotid artery exposure mode (Zhang et al., 2014b; Zheng et al., 2017). The 

advantage of our model may include less disturbance on digestive system (vs. abdominal 

surgery) and motor function (vs. orthopedic surgery). Disturbance on the digestive system 

may affect general health and normal motor functions are needed for the tasks of learning 

and memory.

Our study has limitations. Our data suggest that HMGB1 is a molecule upstream of TLR2 

to mediate surgery-induced neuroinflammation and dysfunction of learning and memory. It 

is not known how surgery activates HMGB1. We have not determined whether HMGB1 

regulates the expression of other TLRs. Also, TLR3 and TLR4 have been implied to play 

a role in the development of POCD (Chen et al., 2019; Wang et al., 2013). Our current 

study has shown that TLR2 contributes to POCD. The relative contribution of TLR2, 

TLR3 and TLR4 to the development of POCD is not clear and has not been determined 

in this study. One possibility is that these three TLRs or additional TLRs may interact 

to facilitate the inflammatory responses and ultimately lead to neuroinflammation and 

cognitive dysfunction. Finally, only male mice were used in the study to avoid the influence 

of menstrual cycle in learning and memory functions. Future studies will be performed to 

determine whether the findings from this study are applicable to female mice.

5. Conclusions

Our results suggest that TLR2 contributes to surgery-induced neuroinflammation and 

impairment of learning and memory. HMGB1 upregulates TLR2 expression after surgery 

to facilitate this contribution. Thus, TLR2 and HMGB1 are potential molecular targets for 

reducing POCD.
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Figure 1. 
Diagram of time-line of experimental procedures. Procedures at 7 time points (T0 to T6) are 

described (the n number in the diagram referred to the number of animals per group).
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Figure 2. 
Surgery increased the expression of TLR2 and TLR4. CD-1 mice were subjected to right 

carotid artery exposure under isoflurane anesthesia. Cerebral cortex and hippocampus were 

harvested 6 h after the surgery. (a) Representative Western blotting images of total protein 

from the cerebral cortex. (b) Quantitative results of total TLR2, TLR4 and TLR9 protein 

abundance from the cerebral cortex. (c) Representative Western blotting images of total 

protein from the hippocampus. (d) Quantitative results of total TLR2, TLR4 and TLR9 

abundance from the hippocampus. (e) Representative Western blotting images of membrane 
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protein from the cerebral cortex. (f) Quantitative results of membrane TLR2, TLR4 and 

TLR9 abundance from the cerebral cortex. (g) Representative Western blotting images of 

membrane protein from the hippocampus. (h) Quantitative results of membrane TLR2, 

TLR4 and TLR9 abundance from the hippocampus. Results are in box plot format (n = 6, 

the n number referred to the number of animals). ● : lowest or highest score (the score will 

not show up if it falls in the 95th percentile); between lines: 95th percentile of the data; 

inside boxes: 25th to 75th percentile including the median of the data. * P < 0.05 compared 

with control.
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Figure 3. 
Immunofluorescence staining of TLR2 and various cell-type markers. Scale bar = 30 μm.
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Figure 4. 
CU-CPT22 attenuated surgery-induced learning and memory dysfunction in CD-1 mice. 

Mice were subjected to Barnes maze and fear conditioning tests from 1 week after surgery. 

(a) Training sessions of Barnes maze test. (b) Memory phase of Barnes maze test. The 

results of memory phase were not normally distributed (P < 0.05 by Kolmogorov-Smirnov 

test for normality). (c) Fear conditioning test. Results in panel a are means ± S.E.M. (n = 

15, the n number referred to the number of animals). Results in other panels are in box plot 

format (n = 15, the n number referred to the number of animals). ● : lowest or highest score 
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(the score will not show up if it falls in the 95th percentile); between lines: 95th percentile of 

the data; inside boxes: 25th to 75th percentile including the median of the data. * P < 0.05 

compared with the corresponding data on day 1. ^ P < 0.05 compared with control. # P < 

0.05 compared with surgery alone. CU: CU-CPT22.
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Figure 5. 
Surgery increased proinflammatory cytokines in the hippocampus and cortex of mice. 

Hippocampus and cerebral cortex were harvested 12 h after surgery. (a) IL-1β levels in 

CD-1 mice. (b) IL-6 levels in CD-1 mice. (c) IL-1β levels in C57BL/6J and TLR2−/− mice. 

(d) IL-6 levels in C57BL/6J and TLR2−/− mice. Results are in box plot format (n = 6, the n 

number referred to the number of animals). ● : lowest or highest score (the score will not 

show up if it falls in the 95th percentile); between lines: 95th percentile of the data; inside 

boxes: 25th to 75th percentile including the median of the data. * P < 0.05 compared with 

control alone. ^ P < 0.05 compared with surgery alone.
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Figure 6. 
TLR2 knockout attenuated surgery-induced learning and memory dysfunction in mice. 

C57BL/6J mice and TLR2−/− mice were subjected to Barnes maze and fear conditioning 

tests from 1 week after surgery. (a) Training sessions of Barnes maze test. (b) Memory phase 

of Barnes maze test. (c) Fear conditioning tests. Results in panel a are means ± S.E.M. (n = 

7, the n number referred to the number of animals). Results in other panels are in box plot 

format (n = 7, the n number referred to the number of animals). ● : lowest or highest score 

(the score will not show up if it falls in the 95th percentile); between lines: 95th percentile of 
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the data; inside boxes: 25th to 75th percentile including the median of the data. * P < 0.05 

compared with the corresponding data on day 1. ^ P < 0.05 compared with control.
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Figure 7. 
Surgery increased HMGB1 expression. CD-1 mice were subjected to right carotid artery 

exposure under isoflurane anesthesia. Cerebral cortex and hippocampus were harvested 

6 h after the surgery. (a) Representative Western blotting images of samples from mice 

with or without surgery. (b) Quantitative results of HMGB1 protein abundance in samples 

from mice with or without surgery. (c) Representative Western blotting images of nuclear 

proteins from mice with or without surgery in the presence or absence of glycyrrhizin. 

(d) Quantitative results of HMGB1 protein abundance in nuclear proteins from mice 
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with or without surgery in the presence or absence of glycyrrhizin. (e) Representative 

Western blotting images of cytoplasmic proteins from mice with or without surgery in the 

presence or absence of glycyrrhizin. (f) Quantitative results of HMGB1 protein abundance 

in cytoplasmic proteins from mice with or without surgery in the presence or absence of 

glycyrrhizin. Results are in box plot format (n = 10 for panel b, = 6 for panels d and f; the 

n number referred to the number of animals). ● : lowest or highest score (the score will not 

show up if it falls in the 95th percentile); between lines: 95th percentile of the data; inside 

boxes: 25th to 75th percentile including the median of the data. * P < 0.05 compared with 

control. ^ P < 0.05 compared with surgery alone.
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Figure 8. 
HMGB1 regulated TLR2 expression. CD-1 mice were subjected to right carotid artery 

exposure under isoflurane anesthesia and treated with or without glycyrrhizin. Cerebral 

cortex and hippocampus were harvested 6 h after the surgery. (a) Representative Western 

blotting images of total or membrane protein. (b) Quantitative results of TLR2 abundance 

in total protein. (c) Quantitative results of TLR2 abundance in membrane protein. (d) 

Representative images of the PCR products of tlr2 gene fragment (−283 bp to −71 bp). 

The first two lanes are input controls and the last two lanes are negative IgG controls. 
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(e) Quantitative results of the PCR products of tlr2 gene fragment (−283 bp to −71 bp). 

These PCR results were not normally distributed (P < 0.05 by Kolmogorov-Smirnov test for 

normality). (f) The sequence of the segment of the tlr2 gene that was immunoprecipitated 

by an anti-HGMB1 antibody. The presumed binding sequence for HGMB1 is in red. Results 

are in box plot format (n = 6 for panels b and c, = 15 for panel e; the n number referred to 

the number of animals). ● : lowest or highest score (the score will not show up if it falls 

in the 95th percentile); between lines: 95th percentile of the data; inside boxes: 25th to 75th 

percentile including the median of the data. * P < 0.05 compared with control. ^ P < 0.05 

compared with surgery alone. C: control, S: surgery.
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