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Background: Little is known about the underlying mechanisms of the similarities in the core features of postoperative delirium (POD) and α-synuclein (α-syn)-related cognitive disorders. We herein investigated associations between fluctuated levels of exosomal α-syn in the plasma and POD presentation in geriatric hip fracture patients.

Methods: We conducted an observational, prospective, and 1:1 matched (on age older than 65, hip fracture diagnosis, American Society of Anesthesiologist’ (ASA) physical status, duration of surgery, and intraoperative bleeding) case-control study: POD cases and non-POD controls were selected from the overall cohort by using Confusion Assessment Method (CAM). Delirium severity was measured by the Memorial Delirium Assessment Scale (MDAS). Plasma exosome levels of α-syn were examined preoperatively and at the time that POD was diagnosed, by using an established immunocapture technology based on a putative brain-cell-specific marker. Circulating concentrations of interleukin-1β (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) were also determined. The relationship between α-syn levels and POD risk, as well as the association between α-syn and MDAS scores and plasma cytokines, were assessed.

Results: POD incidence was 8.4% (17/202). Postoperative α-syn were either elevated or lowered. As primary outcome variables, the change of α-syn in POD patients was significantly higher than non-POD ones (21.0 ± 29.3 pg.ml−1 vs.1.9 ± 20.0, P = 0.047). The α-syn alteration was positively correlated to MDAS (r = 0.436, P = 0.010) and the change of IL-6 (r = 0.383, P = 0.025).

Conclusions: Exosome α-syn release in plasma may be associated with the POD development which might be due to systemic inflammation.

Clinical Trial Registration: www.clinicaltrials.gov, identifier ChiCTR-IPR-17012301.

Prior Presentation: The abstract of this work has been selected for presentation in the 2019 ANESTHESIOLOGY Journal Symposium “What’s New with the old,” and it has been present in the ASA 2019 annual meeting October 21st, 2019 in Florida.

Keywords: postoperative delirium, α-synuclein, exosome, hip fracture, geriatric (aging)


INTRODUCTION

Delirium is an acute and fluctuating brain dysfunction characterized by cognitive impairment and disturbance of consciousness. Postoperative delirium (POD) is commonly observed among older adult surgical patients during the postoperative period. It is associated with prolonged hospitalization, poor surgical outcomes, and greater healthcare costs (Whitlock et al., 2011). Despite the prevalence and clinical importance of POD, its pathophysiology is poorly understood, and no reliable biomarkers have been reported in previous studies.

α-synuclein (α-syn) is a neuronal protein of 140 residues that localizes predominantly to presynaptic terminals (Burre, 2015). There are several similarities in the core features of POD and α-syn-related cognitive disorders, including Parkinson’s disease (PD) dementia and dementia with Lewy bodies; these include fluctuating attention, visual hallucinations, and disorganized thoughts (Sunwoo et al., 2013; Gore et al., 2015; Vardy et al., 2015). A previous clinical study demonstrated that α-syn pathologies in the stomach are associated with POD after gastrectomy (Sunwoo et al., 2013). More recently, the same research group reported a significant correlation between POD and PD-related non-motor symptoms (Kim et al., 2018). Given that non-motor symptoms may represent the burden of α-syn deposit, POD is thus hypothesized to be a series of α-syn-related cognitive disorders, and maybe a preclinical stage of α-synucleinopathy (Sunwoo et al., 2013; Gore et al., 2015; Kim et al., 2018).

α-syn is abundant and self-propagates throughout the brain, and can also be transferred to peripheral tissues through exosomes, which are small membranous vesicles secreted by virtually all cell types (Danzer et al., 2012). Moreover, α-syn is not restricted to the brain, but can also be detected in peripheral tissues and in several body fluids, including plasma and saliva (Malek et al., 2014). In the plasma, α-syn can be found in its free form or in association with exosomes (Matsumoto et al., 2017). Exosomes carry disease-specific cargos and reflect changes that occur during several neurodegenerative diseases, and the involvement of exosomes in transmitting α-syn pathology has been clearly demonstrated (Vella et al., 2016; Wu et al., 2017). In a previous study, it is reported that plasma exosomal α-syn is likely brain-derived [i.e., it is L1 cell adhesion molecular (L1CAM)-positive] and is increased in PD compared with healthy controls (Shi et al., 2014). However, to the best of our knowledge, no previous study has investigated the association between plasma exosomal α-syn and POD.

Elderly patients with hip fractures are prone to developing delirium after surgery for their injury, with the prevalence of POD ranging between 38% and 61% (Yoon et al., 2017). POD occurs more often in an early period postoperatively with arbitrary time courses ranging from postoperative day 0–1–5–30 days (Safavynia et al., 2018). Both trauma and surgical stress may contribute to neuroinflammation and the resultant POD occurrence. The inflammation cascade may be implicated in α-syn pathology and synaptic disruption (Alam et al., 2018). Since the plasma exosomal α-syn level was highly correlated to the a-syn content within the neuron, we hypothesized that patients with greater change amount of exosomal a-syn levels in plasma from a preoperative non-delirium state to an occurrence of POD would likely to be vulnerable to developing POD, accompanied by a more severe systemic inflammation. Accordingly, the present study was undertaken with the primary aim of exploring the association of the change of plasma α-syn in L1CAM-carrying exosomes and POD occurrence, and secondarily, to determine whether aforementioned exosome a-syn changed parallel to circulating inflammatory mediators in older adult hip fracture surgery patients.



MATERIALS AND METHODS


Ethical Considerations

A prospective observational, single-center, 1:1 matched case-control preliminary study was conducted in Beijing Jishuitan Hospital. The study was approved by the Beijing Jishuitan Hospital ethics committee (Institutional Review Board: JLKS201705-04; Registration number: ChiCTR-IPR-17012301). Written informed consent was obtained from each enrolled patient accompanied by at least a family member or proxy.



Patients and Controls

We enrolled patients aged 65 or older who experienced POD after an emergency or planned hip fracture surgery, under either general or regional anesthesia, between September 2017 and February 2018. All the patients were admitted to the orthogeriatric unit. Exclusion criteria were: preoperative delirium, Parkinson disease, all-cause dementia (including PD related dementia, AD-related dementia, and Lewy’s body dementia) alcohol-related disorders, multiple trauma or multiple fractures, acute or chronic infectious diseases, anti-inflammatory drug treatment, a stroke in the prior 6 months or any other central nervous system (CNS) disease, severe deafness or vision problems, linguistic barriers, illiteracy, and/or communication difficulties, patients who received blood transfusion perioperatively, transferred to ICU postoperatively and refusal or unexpected discharge.

POD cases and non-POD controls were frequency matched (1:1) on five variables using incidence density sampling. Specifically, one non-delirium control was randomly selected for each POD case from the source population according to the five matched variables, including age, diagnosis, American Society of Anesthesiologist’ (ASA) physical status, duration of surgery, and intraoperative blood loss. These variables shown in Supplementary Table S1 were listed in the European Society of Anesthesiology’s evidence- and consensus-based guidelines on POD and were considered to be risk factors for POD incidence after hip fracture (Aldecoa et al., 2017) surgery. A patient recruitment flow chart is shown in Figure 1.
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FIGURE 1. Flow diagram showed selection of eligible patients and the enrollment process. Abbreviations: POD, postoperative delirium.



We interviewed all patients the day before surgery and collected baseline data, including age, sex, gender, body mass index (BMI), ASA physical status, education history, and Mini-Mental State Examination (MMSE) score. Other information including comorbidities, past medical history, fracture classification, types of anesthesia and surgery, and time from injury to operation were also collected according to the patients’ medical records. All the history collection, physical evaluation and cognitive assessment related to dementia were conducted by the geriatrician (JXJ). Additionally, after cognitive assessment, written informed consent was signed with each patient accompanied by a family member or proxy.



Anesthesia and Analgesia

All patients received ultrasound-guided fascia iliac block immediately after admission. For the block, a single injection of 30 mL of 0.33% ropivacaine was used. On the operating day, patients did not receive sedatives or anticholinergics before anesthesia. The eventual choice of anesthetic regimen (general anesthesia or neuraxial block) was based on the preference and experience of the anesthesiologist alongside discussion with the patient and their family. A uniform anesthetic regimen was conducted based on previous studies of orthopedic operations in older adults (Zhang et al., 2018). In order to minimize postoperative pain, a second fascia iliac block with the aforementioned protocol was provided right before anesthesia regardless of the anesthetic regimen. Furthermore, all patients received intravenous patient-controlled analgesia (PCA) postoperatively with the same analgesic regimen (sufentanil 100 μg and ondansetron 8 mg in 100 ml).



Cognitive Scanner and Delirium Assessment

We interviewed all patients the day before surgery. The aforementioned MMSE test was used for dementia screening without any functional assessment. We followed the cut off by data from a Chinese cohort. Specifically, the cut-off points for dementia screening were 16/17 for illiterate (sensitivity 87.6% and specificity 80.8%), 19/20 for individuals with 1–6 years of education (sensitivity 93.6% and specificity 92.7%), and 23/24 for individuals with 7 or more years of education (sensitivity 94.3% and specificity 94.3%; Li et al., 2016).

The Confusion Assessment Method (CAM; a widely used, standardized method for the identification of delirium with a sensitivity of 94%, specificity of 89% and high interrater reliability) was used to exclude patients who had experienced preoperative delirium (Inouye et al., 2014). To be specific, four items (acute onset and fluctuating course, inattention, disorganized thinking, altered level of consciousness) were included in CAM, and if the first two were checked and at least one item of the last two was checked, a diagnosis of delirium was suggested. All participants were followed in the first two postoperative days, a period in which POD is usually diagnosed after hip fracture surgery in older adult patients (Scholtens et al., 2016). Surveillance included twice-daily visits (8:00 and 20:00) performed by a trained geriatrician (XJJ). POD patients were diagnosed using the CAM, and the severity of POD was determined by the Memorial Delirium Assessment Scale (MDAS) test (Marcantonio et al., 2002). Postoperative pain intensity was assessed using a 0–10-point Numerical rating scale (NRS; 0: no pain and 10: worst imaginable pain; Jensen et al., 1986).



Blood Specimen Processing

Two venous blood samples (4 ml each) were collected from all the patients before the induction of anesthesia preoperatively. Postoperative blood samples (4 ml) were also collected either when delirium was diagnosed for POD cases or at the last visit on postoperative day 2 for non-POD controls. Blood samples were stored at 4°C immediately after collection and sent to centrifuge (at 3,000× g for 10 min) within 4 h to separate the plasma and blood cells. All the plasma samples were stored at −80°C before being sent to the Department of Pathology, Peking university third Hospital, for further processing.



Exosome Isolation and α-syn Quantification

The primary outcome variable of this study was the change in exosomal α-syn concentration after a hip surgery. We evaluated plasma exosome levels of α-syn preoperatively and at the time that POD was diagnosed for cases or at a postoperative visit on day 2 for non-POD controls. Based on the preliminary study data and sample size estimation, we, therefore, chose the blood samples from 17 POD patients and 17 non-POD controls for further investigation with the method described in detail in the “Statistical Analysis” section and shown again in Figure 1.

Current strategies for purifying exosomes from blood or plasma differ significantly. There are basically three methods including ultracentrifugation-based isolation techniques, size-based isolation techniques, and immunoaffinity capture-based techniques. A recent study has demonstrated that immunoaffinity capture enriched for exosome and exosome-associated proteins by at least 2-fold more than the other two methods (Li et al., 2017). We, therefore, isolated the exosomes from plasma by using an immunoaffinity-based capture method as previously described (Li et al., 2017). As the founding member of subfamily of cell adhesion molecules, L1CAM was primarily expressed in the nervous system and was proved to be a high-affinity marker on the surface of exosomes derived from CNS (Shi et al., 2014). Therefore, anti-L1CAM antibodies were used for immunocapture of exosomes. Briefly, the method involves introducing anti-L1CAM antibodies to plasma to form an immunocomplex, binding the exosomes in the plasma to a solid phase through the immunocomplex, and then separating the solid phase and enriching the exosomes. Specific details refer as follows: 10 μg of L1CAM antibodies (clone UJ 127.11, Abcam, Cambridge, MA, USA) or normal mouse IgGs (Santa Cruz Biotechnology, Dallas, TX, USA) as negative controls were coated onto one set (1 mg) of M-270 Epoxy beads using a Dynabeads® Antibody Coupling Kit (Life Technologies, Grand Island, NY, USA) according to the manufacturer’s instructions. After thawing quickly (within 2 min) at 37°C, plasma samples (>300 μl) were centrifuged at 2,000× g for 15 min followed by 12,000× g for 30 min, and then the supernatant was diluted 1:3 with phosphate buffered saline (PBS; pH 7.4). One set of antibody-coated beads and 900 μl of diluted plasma were incubated for ~24 h at 4°C with gentle rotation. The beads were then washed four times with 1 ml of 0.1% bovine serum albumin (BSA)/PBS (pH 7.4) and transferred into a new tube. Exosomes were eluted from the beads with 60 μl of a 1:1 mixture of 0.1% BSA/PBS (pH 7.4) and a fixing buffer (4% paraformaldehyde/5% glutaraldehyde) for electron microscopy imaging or lysed by incubating the beads in 110 μl of 1% Triton X-100 plus 10% of a protease inhibitor cocktail (P2714, Sigma-Aldrich; prepared in 10 ml of H2O) in 0.1% BSA/PBS (pH 7.4) for 1 h at room temperature with gentle shaking. The exosomal preparations were stored at −80°C until α-syn levels were measured using Luminex assays (Luminex, Austin, TX, USA) according to a previously published protocol (Hong et al., 2010).



Determination of Plasma Cytokines

Concentrations of the plasma inflammatory cytokines interleukin-1β (IL-1β), interleukin-6 (IL-6), and TNF-α were determined in duplicate using a commercially available, sensitive enzyme-linked immunosorbent assay (#ab214025, #ab178013, and #ab181421, respectively; Abcam) according to the manufacturers’ instructions. All determinations were performed by laboratory technicians with no access to the clinical data.



Statistical Analysis

The risk of POD was presented using odds ratios (OR) and 95% confidence intervals (CI) which was calculated by the Clopper-Pearson method. All selected risk factors and their associations with POD development were examined using univariate logistic regression analyses first. We also performed a multivariate analysis of factors related to POD onset by using a logistic regression model. Variables in the final model were selected according to a stepwise method and those deemed to have potential clinical importance (P < 0.2 in univariate logistic regression analyses) were included.

A power analysis was based on results from preliminary data comparing changes in plasma exosomal α-syn after surgery for hip fracture between groups. In our preliminary study, 5 of 50 patients experienced POD after surgery. Five non-POD controls were frequency-matched on age, diagnosis, ASA physical status, duration of surgery, and intraoperative blood loss. POD cases had greater increases in blood levels of α-syn in L1CAM-carrying exosomes from preoperative to postoperative compared with non-POD controls (Mean ± SD were 31.3 ± 13.8 pg.ml−1 and 15.8 ± 9.4 pg.ml−1, respectively). Sample-size calculations showed that a Student’s t-test with a type I error (two-sided) of α = 0.05 would have 95% power to detect the aforementioned difference in change of plasma exosomal α-syn between the two groups if the sample size in each group was 15. To account for a possible loss in the follow-up period, we enrolled 17 cases per group. All statistical analyses were performed using SPSS for Windows (version 14.0, SPSS, Chicago, IL, USA). Statistical significance was considered as P < 0.05.




RESULTS


Participant Characteristics

A total of 263 consecutive patients underwent hip surgery from April 2017 to February 2018; of these, the majority were over the age of 65. Two-hundred and two older adult patients (age range: 65–89 years) were enrolled in our study. Of the enrolled patients, 17 subjects experienced POD during the first two postoperative days. The incidence of POD was 8.4%. Another 17 patients that did not experience POD over the first 2 postoperative days were also enrolled in this study (Figure 1).

The sample characteristics of the match variables stratified by POD cases and non-POD controls are illustrated in Supplementary Table S1. There were no significant differences between cases and controls for any of the five matched variables (age, diagnosis, ASA physical status, duration of surgery, and intraoperative blood loss), suggesting a successful matching procedure.



Risk Factors of POD

Patient characteristics are shown in Table 1. Univariate logistic analysis of the potential risk factors for POD in older adult hip fracture patients demonstrated that there were no significant differences in a series of preoperative risk factors (all P > 0.05). However, univariate logistic analysis identified that a greater increase in exosomal α-syn from preoperative to postoperative was a risk factor for POD in older adult hip fracture patients (crude OR = 1.033, 95% CI 1.001–1.066, P = 0.047). Besides, it was also worth mentioning that the MDAS scores were significantly different between two groups, which not only confirmed that two groups were correctly classified by CAM but also added suitability of MDAS to be used for subsequent correlation analysis between MDAS scores and α-syn change. Furthermore, factors that remained statistically significant in the multivariate analysis are shown in (Table 2). Both the change in exosomal α-syn from preoperative to postoperative (adjusted OR = 1.044, 95% CI 1.003–1.087, P = 0.034) and preoperative MMSE (adjusted OR = 0.857, 95% CI 0.752–0.978, P = 0.022) were significantly different between the groups, which implied that patients with a higher increase in α-syn level and a lower preoperative MMSE score were more likely to develop POD.

TABLE 1. Univariate logistic analysis of potential factors for POD in geriatric hip fracture patients.
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TABLE 2. Logistic regression multivariable analysis of factors of POD.
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For postoperative pain intensity (Supplementary Table S2), univariate logistic analysis revealed significant differences in pain at rest (crude OR = 2.499, 95% CI 1.164–5.367, P = 0.019) and movement-evoked pain (crude OR = 1.727, 95% CI 1.102–2.707, P = 0.017) on postoperative day 2, but not on postoperative day 1 (pain at rest: crude OR = 1.102, 95% CI 0.713–1.704; movement-evoked pain: crude OR = 1.181, 95% CI 0.846–1.649, p > 0.05). However, it is important to note that some patients experienced delirium on postoperative day 1; this means that POD occurred before postoperative pain assessment in these patients. The pain intensity score during the first 48 h after surgery should therefore not be crudely treated as a potential risk factor for POD during statistical analysis in this study. For this reason, we have presented these data separately in Supplementary Table S2.



Plasma Concentrations of Exosomal α-syn

As shown in Figure 2; there were no significant differences in preoperative and postoperative plasma concentrations of exosomal α-syn between POD patients and controls (P = 0.70 and 0.17, respectively; Figures 2A,B). Similarly, there were no statistical differences between preoperative and postoperative plasma concentrations of exosomal α-syn in patients who experienced POD (P = 0.49) or in those who did not develop POD (P = 0.14; Figures 2C,D). However, univariate logistic analysis showed that the changes in exosomal α-syn concentration from preoperative to postoperative (delirium detection for POD cases and at a postoperative visit on day 2 for non-POD controls) were significantly higher in non-POD controls than in POD patients (1.9 ± 20.0 pg.ml−1 vs. 21.0 ± 29.3 pg.ml−1, P = 0.047; Figure 2E). By calculating the difference between the two groups (non-POD controls minus POD cases), the effect size is −19.1 pg.ml−1 (−36.7 pg.ml−1, −1.6 pg.ml−1). This implies that there is a greater alteration in plasma concentrations of exosomal α-syn in patients with POD. Furthermore, there was a positive correlation between the changes in plasma exosomal α-syn concentration and MDAS (a measure of delirium severity) scores (Figure 2F), however, this correlation was not significant in neither POD group nor non-POD one (data not shown).


[image: image]

FIGURE 2. The changes in plasma exosomal α-syn concentration after hip fracture surgery in controls and POD patients. Data of preoperative and postoperative α-syn for controls and POD patients were nonnormally distributed and were described in Box-and-Whiskerr plots, presenting the minimum, maximum, and all points (A,B). Before-after plots showing the trend of exosomal α-syn concentration before and after surgery in POD cases and non-POD controls (C,D). The changes of plasma exosomal α-syn concentration from preoperative to postoperative (delirium detection for POD cases and a postoperative visit on day 2 for non-POD controls) were shown as mean and SD with all scatter points (E). The changes of α-syn were positively correlated with MDAS scores (r = 0.436, P = 0.010), solid spots (black) represented POD cases and hollow spots (white) represented non-POD controls (F). Abbreviations: POD, postoperative delirium; MDAS, memorial delirium assessment scale; α-syn, α-synuclein. n.s., non significant.





Plasma Concentration of Inflammatory Cytokines

Neuroinflammation after surgery and anesthesia is thought to play a crucial role in POD development. There were no significant differences in preoperative IL-1β, IL-6, and tumor necrosis factor-α (TNF-α) between POD cases and non-POD controls (P > 0.05; Figures 3A–C). However, the postoperative levels of IL-1β and IL-6, but not TNF-α, were much higher in POD cases than in controls (P < 0.05; Figures 3D,E,F). We also compared the changes in concentration of the three cytokines from preoperative to postoperative, and there were no significant differences in IL-1β and TNF-α changes (P > 0.05; Figures 3G,I). However, the POD cases had a higher elevation in IL-6 concentrations than the non-POD controls (P < 0.05; Figure 3H). In addition, the relationship between changes in plasma exosomal α-syn and changes in inflammatory cytokines was examined using correlation analysis conducted with Prism 6. The changes in IL-6, but not in IL-1β or TNF-α, were positively correlated with changes in α-syn (r = 0.383, P = 0.025; Figures 3J–L).
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FIGURE 3. Plasma concentration of inflammatory cytokines. Data were shown as mean and SD with all scatter points. There were no significant difference in preoperative IL-1β, IL-6, and TNF-α between cases and controls (A–C). Postoperative levels of IL-1β and IL-6, but, not TNF-α, were much higher in POD cases than those in non-POD controls (D–F). The changes of plasma inflammatory cytokines from preoperative to the time that POD was diagnosed for cases or a postoperative visit on day 2 for non-POD controls (G–I). Compared with non-POD patients, increases of plasma IL-6 concentration were much higher (P = 0.014); similarly, the changes of IL-6 (r = 0.383, P = 0.025), but not IL-1β and TNF-α, were positively correlated with postoperative increases in plasma exosomal α-syn (J–L). Abbreviations: IL-1β, Interleukin-1β; IL-6, Interleukin-6; TNF-α, tumor necrosis factor-α; POD, postoperative delirium; α-syn, α-synuclein. n.s., non significant.






DISCUSSION

Our results revealed for the first time that fluctuated (either increase or decrease) plasma exosomal α-syn level was an independent risk factor for POD. However, there is still no direct evidence that α-syn is involved in POD. An earlier study reported that α-syn pathologies and phosphorylation in the stomach are associated with POD after gastrectomy (Sunwoo et al., 2013), and this study group also reported a significant correlation between POD and PD-related non-motor symptoms, which may represent the burden of α-syn deposit (Kim et al., 2018). These indirect pieces of evidence strongly implied that POD represents a preclinical stage of α-syn-related cognitive disorders. In agreement with these, we observed a considerably higher alteration in plasma exosomal α-syn in POD cases when compared with non-POD controls. In addition, there was a positive correlation between the changes in plasma exosomal α-syn and MDAS score, which is a measure of delirium severity.

Many researches indicated that preoperative brain dysfunction (frail brain) of elderly patients is the predisposing factor for POD (Inouye et al., 2014). In our study, the multivariable analysis indicated that patients with lower preoperative MMSE were more vulnerable to POD (adjusted OR = 0.857, 95% CI 0.752–0.978, P = 0.022). Our finding is consistent with several previous studies that demonstrated that baseline cognitive deficits, even subtle ones, have been associated with an increased risk of developing delirium and the presence of dementia more than doubled the risk for POD (Maldonado, 2018). Therefore, it is essential to evaluate the baseline cognitive condition for elderly patients with hip fracture and communicate with the proxy the risk of delirium and the importance of early distinguish.

As one of the precipitating factors, inflammatory cytokines play a pivotal role during POD (Beloosesky et al., 2007; Whitlock et al., 2011; Liu et al., 2018). In the current study, both postoperative plasma concentration and elevation of IL-6 were significantly higher in POD cases than in non-POD controls. In contrast, the changes in IL-1β and TNF-α concentrations did not differ between POD cases and controls. Our results are consistent with a previously published meta-analysis, in which elevated peripheral levels of IL-6, but not IL-1β and TNF-α were detected in association with a POD (Liu et al., 2018). Although the exact mechanism of the correlation of a-syn change and delirium was not clear at present, the a-syn change might just be a bystander that confounded to the increase of IL-6, a marker of systemic inflammation. The detection of IL-6 may, therefore, be a good choice for inflammatory evaluation in future POD studies. We also found that the changes in peripheral IL-6 levels were positively correlated to the changes in α-syn, which demonstrated that there could be mutual regulation between neuroinflammation and α-synucleinopathy in the development of POD. Although few studies have investigated their association in POD, previous studies had shown their mutual association in neurodegeneration, including in PD and multiple system atrophy (Qin et al., 2016; Wong and Krainc, 2017; Gordon et al., 2018). The interesting finding of our study could be explained by this possible mechanism that it was the systemic inflammation that strong enough to cause POD to alter the dynamics of a-syn in the brain, that would be potentially initiated or exacerbate alpha synucleinopathies. Further investigations into the role of neuroinflammation in α-syn toxicity would thus be important for understanding α-syn pathophysiology in POD and may contribute to the development of future therapies to treat POD.

In our study, only 8.9% of patients experienced POD. This incidence was much lower than the overall incidence of POD of 23.3% (Yoon et al., 2017). We believe the most important reason lies in the orthogeriatric unit, a new model of care for our participants (González-Montalvo et al., 2010). The systematic organization of an orthogeriatric unit in our hospital allowed all participants to receive immediate regional nerve block analgesia, earlier geriatric assessment, coordinated daily clinical care, joint planning of the surgical schedule and discharge date and destination. Currently, this comprehensive intervention is thought to improve efficiency in perioperative management and reduce the incidence of delirium after hip fracture (González-Montalvo et al., 2010; Shields et al., 2017). Specifically, it is worth mentioning that the vast majority of participants in our study were discharged home or to a rehabilitation center on postoperative day 2, and delirium screening was then not available in our study. In fact, however, POD can occur up to 7 days after surgery. Furthermore, a number of previous studies have confirmed that pain is a risk factor for POD in older patients (Nie et al., 2012; Lin et al., 2016) and that effective pain management reduces the incidence and severity of POD (Lynch et al., 1998; Vaurio et al., 2006). We speculate the effective perioperative pain management, including twice preoperative fascia iliac blocks and postoperative intravenous PCA administration, may also partially account for the lower POD incidence in our study.

Our investigation had two limitations. First, two traumas, hip fracture, and surgery were in the patient population being studied, however, which one of them played an important role of the POD development remain largely unknown (Alam et al., 2018). Second, plasma total α-syn levels were not determined in our study. Although blood is more readily accessible, changes in α-syn concentrations in the blood of PD patients have been less consistent (Atik et al., 2016; Wang et al., 2018). Considering the abundance of α-syn in red blood cells and platelets that can substantially influence plasma α-syn levels, we, therefore, adopted a well-established immunocapture technology to isolate exosomes, and then examined brain-derived α-syn in the blood (Shi et al., 2014). Nevertheless, the patterns of change in plasma total and exosome-associated α-syn in POD patients need to be further investigated.



CONCLUSIONS AND IMPLICATIONS

In summary, our study indicates that fluctuated in plasma exosomal α-syn levels during the perioperative period might be associated with POD in older patients following hip fracture surgery. The change of α-syn level in L1CAM-carrying exosomes in the plasma was correlated with both IL-6 concentrations and POD severity, implying that an alteration in plasma exosomal α-syn may be implicated in the inflammatory process. Clinical determination of α-syn content in exosomes in plasma may, therefore, be helpful to differentiate older patients at risk of POD after hip fracture surgery.
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Previous studies have shown multiple mechanisms and pathophysiological changes after anesthesia, and genome-wide studies have been implemented in the studies of brain aging and neurodegenerative diseases. However, the genome-wide gene expression patterns and modulation networks after general anesthesia remains to be elucidated. Therefore, whole transcriptome microarray analysis was used to explore the coding gene expression patterns in the hippocampus of aged rats after sevoflurane anesthesia. Six hundred and thirty one upregulated and 183 downregulated genes were screened out, then 44 enriched terms of biological process, 16 of molecular function and 18 of the cellular components were identified by Gene Ontology (GO) and KEGG analysis. Among them, oxidative stress, metabolism, aging, and neurodegeneration were the most enriched biological processes and changed functions. Thus, involved genes of these processes were selected for qPCR verification and a good consistency was confirmed. The potential signaling pathways were further constructed including mitochondrion and oxidative stress-related Hifs-Prkcd-Akt-Nfe2l2-Sod1 signaling, multiple metabolism signaling (Scd2, Scap-Hmgcs2, Aldh18a1-Glul and Igf1r), as well as aging and neurodegeneration related signaling (Spidr-Ercc4-Cdkn1a-Pmaip1 and Map1lc3b). These results provide potential therapeutic gene targets for brain function modulation and memory formation process after inhaled anesthesia in the elderly, which could be valuable for preventing postoperative brain disorders and diseases, such as perioperative neurocognitive disorders (PND), from the genetic level in the future.

Keywords: genome-wide screen, anesthesia, mitochondria, metabolism, aging


INTRODUCTION

Neurodegenerations, including Alzheimer’s disease (AD), represent important causes for the brain’s aging processes and related cognitive dysfunction and dementia (Wyss-Coray, 2016). For the pathogenesis of stroke, conventional risk factors explain only a small proportion of causes, and evidence from twins and family history study suggests that genetic predisposition is important (Dichgans, 2007). In common with many other complex diseases, in which environmental risk factors are thought to interact with multiple genes, the identification of the underlying molecular mechanisms and genes contributing to degenerated brain diseases is valuable and challenging. Candidate gene studies have produced few replicable associations (Dichgans and Markus, 2005). More recently, genome-wide association studies, using microarray platforms, have allowed a deeper understanding of the molecular factors involved in the pathophysiology of degenerated brain disease. These studies identified multiple susceptibility loci for neurodegeneration (Harold et al., 2009; Lambert et al., 2009; Seshadri et al., 2010; Hollingworth et al., 2011), and these genes were clustered into pathways including inflammation and immune response, lipid metabolism, endocytosis/intracellular trafficking (Kunkle et al., 2019). Studies also found that oxidative stress is associated with neurodegenerative disorders (Coyle and Puttfarcken, 1993). And oxidative stress (Chamorro et al., 2016), lipid metabolism, blood circulation (Ji et al., 2017), multi-organism process, protein catabolic metabolism (Cui et al., 2018), and autophagy (Menzies et al., 2015) are the major shared genetic etiologies for stroke. Nevertheless, the are few studies about the gene network and pathophysiology for brain function modulation during the perioperative context.

Sixty-six million patients over 65 years of old worldwide undergo surgeries each year, including 8.5 million AD patients (Xie and Xu, 2013). Up to 40% of these patients suffer from perioperative neurocognitive disorders (PND), which includes postoperative cognitive dysfunction, postoperative delirium, et cetera (Monk et al., 2008; Evered et al., 2018). Anesthesia, surgical trauma, aging, as well as preoperative cognitive impairment propose to the onset of PND (Monk et al., 2008; Schenning et al., 2016; Racine et al., 2018). Meanwhile, neuroinflammation, mitochondrial dysfunction and oxidative stress (Fischer and Maier, 2015), DNA damage and apoptosis (Madabhushi et al., 2014), synaptic plasticity dysfunction (Li X. M. et al., 2014), amyloid plaques and neurofibrillary tangles (Ni et al., 2013) could be the contributing pathological factors. Ours and related researches have indicated that inhaled general anesthesia plays a major role in the PND (Xu et al., 2014; Ni et al., 2015), however, the gene expression patterns and modulation networks during general anesthesia remains to be elucidated. Therefore, we used the genome-wide screen to explore the gene expression patterns in the hippocampus of aged rats after sevoflurane anesthesia. And we established functional annotation of differentially expressed genes, modulation networks, as well as potential signaling pathways during the process, to provide insights into the monolithic mechanisms for inhaled anesthesia and related brain function modulation and memory formation.



MATERIALS AND METHODS


Animals

Male Sprague–Dawley rats, 18-month old, weighing 550–600 g, were used in the studies. Before sevoflurane exposure, the rats were maintained on a standard housing condition with food and water ad libitum for 2 weeks.



Rat Anesthesia

The animal protocol was approved by the Peking University biomedical ethics committee experimental animal ethics branch (No. LA2018085). The rats were randomly assigned to control and sevoflurane groups. Minimum alveolar concentration (MAC) of sevoflurane for aged rats has been reported as 2.4–2.7% (Li X. Q. et al., 2014). In the present study, rats in the sevoflurane group received 2.5% sevoflurane in 100% oxygen for 4 h in the anesthetizing chamber, whereas the control group received 100% oxygen for 4 h in an identical chamber. The rats breathed spontaneously, and the anesthetic and oxygen concentrations were monitored continuously (Datex, Tewksbury, MA, USA). Temperature of the anesthetizing chamber was controlled to maintain the rectal temperature of the animals at 37 ± 0.5°C. Four hours sevoflurane anesthesia has been shown not to significantly alter values of blood pressure and blood gas in our preliminary experiment. After the termination of sevoflurane anesthesia, rats were placed in a chamber containing 100% oxygen until the regain of consciousness 20 min later. The rats were sacrificed by decapitation at the end of the experiments. The brain tissues were removed, and the hippocampus was dissected out and frozen in liquid nitrogen for the subsequent experiments.



RNA Extraction and Quantification

Total RNAs were isolated from the hippocampus using trizol reagent (Invitrogen, Carlsbad, CA, USA), then digested with RNase-Free DNase to remove residual DNAs. The RNA concentrations were analyzed using the Nanodrop2000 (Thermo Fisher Scientific), then total RNA (2 μg) was reverse-transcribed using the GoScriptTM ReverseTranscription System (Promega, Madison, WI, USA).



Affymetrix Whole Transcriptome Microarray Analysis and Functional Annotation

Whole transcriptome microarray analysis was performed using GeneChip™ Rat Transcriptome Array 1.0 (Affymetrix, Santa Clara, CA, USA), and the result data were deposited in NCBI with the GEO accession code GSE141242. Briefly, isolated RNA (100 ng) was mixed with 1.5 μl of Poly-A RNA control solution and subjected to reverse transcription. The obtained cDNA was used for in vitro transcription to prepare antisense RNA (aRNA) by incubation at 40°C for 16 h. Then, the aRNA was applied for the second round of sense cDNA synthesis using the WT Expression kit (Ambion, Austin, TX, USA). The obtained cDNA was used for biotin labeling and fragmentation by Affymetrix GeneChip® WT Terminal Labeling and Hybridization. Biotin-labeled fragments of cDNA (5.5 μg) were hybridized to the Affymetrix® Rat Transcriptome Array Strip (45°C/24 h), and up to 25 unique probe sequences were hybridized to a single transcript. Following hybridization, each array strip was washed and stained using the Fluidics Station of GeneChip® Scanner 3000 7G system (Affymetrix, Santa Clara, CA, USA). The array strips were scanned using the Imaging Station of the GeneChip® Scanner 3000 7G system. Gene Ontology (GO) functional annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed for DEGs using Database for Annotation, Visualization, and Integrated Discovery (DAVID1). GO enrichment analysis contains three categories: biological process, molecular function, and cellular component.



Quantitative Real-Time PCR (qPCR)

The significances of genes changes were calculated by −log10 (p-value), and higher −log10 (p-value) indicated that the gene was with more significant changes. We selected the top differentially expressed genes for qPCR verification.

qPCR was performed on the CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Amplification mixture consisted of PowerUpTM SYBR® Green master mix (Thermo Fisher Scientific), 10 μM forward and reverse primers (Invitrogen, Carlsbad, CA, USA) and approximately 1.5 μl of cDNA template. Primer sequences were obtained from the literature and checked for their specificity through in silico PCR. The forward and reverse primers are shown in Table 1. Amplification was carried out with an initial denaturation step at 95°C for 2 min followed by 45 cycles of 95°C for 10 s, 55°C for 30 s and 60°C for 30 s, then 65°C for 2 min in 10 μl reaction volume. All reactions were run in duplicate and the results were averaged from six independent studies. qPCR was quantified in two steps, first, β-actin levels were used to normalize target gene levels [ΔCycle threshold (ΔCt) = Cttarget gene—Ctβ-actin, target gene level = 2-ΔCt]. Second, the target gene levels of the sevoflurane group were presented as the percentage of those of the control group, and 100% of the target gene levels referred to the control levels.

TABLE 1. The forward and reverse primers for qPCR.
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Immunofluorescence Analysis

Immunofluorescence was performed to determine the expression of typical genes, as described in our previous studies (Ni et al., 2015). The hippocampus was fixed with 4% paraformaldehyde for 24 h, cryoprotected with 30% sucrose for 48 h, and sectioned using a cryostat (Cryotome E, Thermo Fisher, Waltham, MA, USA). Coronal sections (10 μm thickness) were incubated with HIF3α antibody (1:200 dilution; Abcam, Cambridge, UK), HMGCS2 antibody (1:100 dilution; Abcam, Cambridge, UK) or p21 antibody (1:100 dilution; Abcam, Cambridge, UK) overnight at 4°C, followed by incubation with a goat anti-rabbit FITC conjugated antibody (1:400 dilution; Servicebio, Wuhan, China) for 50 min at room temperature. Nuclei were subsequently counterstained with DAPI (1:5,000 dilution; Servicebio, Wuhan, China) for 10 min at room temperature. Images were captured using a Nikon Eclipse Ti confocal microscope. Hippocampal subregions CA1 and DG serve important roles in memory formation and other functions, these two regions were analyzed for HIF3α, HMGCS2, and p21 expressions.



Fear Conditioning Test (FCT)

The FCT (Xeye CPP, Beijing MacroAmbition S&T Development, Beijing, China) was used to assess the cognitive function of rats after sevoflurane anesthesia as described in previous studies (Dong and Li, 2014; Cheng et al., 2015) with modification. FCT consisted of a training process at 3 h after the sevoflurane anesthesia and the evaluations at 2 and 7 days after anesthesia. In the training process, rats were placed in the context chamber to acclimate for 180 s, then they received a 2 Hz pulsating tone (80 dB, 3,600 Hz) for 60 s co-terminated with a mild foot shock (0.8 mA, a 0.5 s). In the evaluations, the hippocampal-dependent memory was assessed by the freezing time during exposure to a novel context test (the test was performed in the same chamber but with no cues or shock), while the hippocampal independent memory was assessed by the freezing time during exposure to the tone stimulus (the test was performed in an alternative context and with no shock; Chowdhury et al., 2005).



Statistical Analysis

Statistical analysis was performed with Graphpad Prism 7.0 software. Quantitative data are presented as the mean ± SD. Non-paired two-tailed Student’s t-test was used to determine significant differences between the two groups. One-way ANOVA with Bonferroni’s multiple comparison test was used to analyze significant differences between multiple groups. p < 0.05 was considered significant. The microarray analysis was performed by Expression Console and Transcriptome Analysis Console Software. One-way ANOVA was applied. The p-value was adjusted with the FDR method (Benjamini Hochberg procedure). RNAs were screened with p < 0.05. The significance of GO and KEGG enrichment was calculated by the hypergeometric distribution and Fisher exact test, and a lower p-value indicated that the specific term was more significantly enriched. Two-way repeated-measures analysis of variance followed by a post hoc Bonferroni test was performed to analyze the results of behavioral studies. Values of p < 0.05 were considered to be significant.




RESULTS

Aged rats were assigned to control and sevoflurane groups. The vital signs and arterial blood gas analysis results during anesthesia were within the normal range. Due to previous studies from ours and other groups, multiple pathophysiological changes in the hippocampus emerged 3–12 h after anesthesia, and for oxidative stress, even immediately after anesthesia (Zhang et al., 2012; Li et al., 2013). And inhaled anesthetics could affect the hippocampus related behavioral function from 3 h after anesthesia (Zhang et al., 2012), so the hippocampus was dissected and tested 3 h after anesthesia in the present study.

The whole transcriptome gene expressions in the hippocampus of aged rats were detected by whole transcriptome microarray analysis (GeneChip™ Rat Transcriptome Array, n = 3). The microarray analysis was performed by Expression Console and Transcriptome Analysis Console Software. One-way ANOVA was applied and the p-value was adjusted with the FDR method. And the genome-wide map of all autosomal and heterosomal coding and complex genes was represented as a circular ideogram, composed of concentric circles depicting the entire autosome complement, with chromosomal location annotated in a clockwise manner and statistical significance indicated by radial arrangements and color codes. The black innermost ring (with vertical lines) represents autosome ideograms (annotated is the chromosomal number), with the pter-qter orientation in a clockwise direction. Small red lines represent the centromeres within each chromosome. Red dots outside the ideograms mark genes with expression (p < 0.05), while green dots inside mark genes with decreased expression (p < 0.05). The dot position marks the location of the Illumina 450K probe distribution along the genome. The second innermost black circle represents baseline (zero) and the β-value difference between sevoflurane and control groups. Red lines signify increased gene expression regions and green lines signify decreased gene expression regions, with the length of each line representing the difference level (fold change). The names of DEGs match the Ensembl gene database were listed in the two outermost circles, the first outermost circle listed DEGs with increased expression (Red), and the second outermost circle listed DEGs with decreased expression (green, Figure 1).
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FIGURE 1. Circos plot of genome-wide coding gene expression differences of rat hippocampi in sevoflurane group vs. control condition (n = 3). The black innermost ring (with vertical lines) represents autosome ideograms (annotated is the chromosomal number), with the pter-qter orientation in a clockwise direction. Small red lines represent the centromeres within each chromosome. Dots outside the ideograms mark gene expression increase (red dots denote significantly increased mRNA signal), while dots inside mark gene expression decrease (green dots denote significantly decreased mRNA signal). The dot position marks the location of the Illumina 450K probe distribution along the genome. The second outermost black circle represents baseline (zero) and the β-value difference between isoflurane anesthesia and control condition. Red lines signify increased gene expression regions and green lines signify decreased gene expression regions, with the length of each line representing the difference level (p < 0.05). The last two circles show the RefSeq genes associated with different signal intensity (p < 0.05, and within the Ensembl database). Outer circle (red) shows genes with increased signal, and inner circle (green) shows genes with decreased signal.



The scatter plot indicated the variation in hippocampal gene expressions between the sevoflurane group and control condition. The values corresponding to the X- and Y-axes in the scatter plot are the normalized signal values of the control and sevoflurane groups (log2 scaled). Expression values are represented in different colors, indicating expression levels above and below the median expression level across all samples. The red dots indicate increased-expressed genes, while the green dots indicate decreased-expressed genes of the sevoflurane group compared with the control condition (p < 0.05, Figure 2A). Hierarchical cluster analysis showed differentially expressed genes in the sevoflurane group compared to the control condition. The non-paired t-test was used to determine the differences between the two groups. We identified 814 differentially expressed genes (DEGs, p < 0.05), 631 of which were down-regulated and 183 were up-regulated (Figure 2B).
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FIGURE 2. Differential expression of mRNAs in the hippocampus (n = 6). (A) The scatter plot indicated the variation in hippocampal gene expressions between the sevoflurane group and control condition. The values corresponding to the X- and Y-axes in the scatter plot are the normalized signal values of the control and sevoflurane groups (log2 scaled). (B) Hierarchical cluster analysis showed differentially expressed genes between groups from microarray analysis (p < 0.05).



To explore the pathophysiologic mechanism of sevoflurane anesthesia-related brain dysfunction, enrichment analysis was carried out. The significance of GO and KEGG enrichment was calculated by the hypergeometric distribution and Fisher exact test, and a lower p-value [higher −log10 (p-value)] indicated that the specific term was more significantly enriched. The significance of GO and KEGG enrichment was calculated by the hypergeometric distribution and Fisher exact test, and a lower p-value indicated that the specific term was more significantly enriched. The results of DAVID for GO and KEGG analysis revealed that 44 terms of biological process, 16 terms of molecular function, and 18 terms of the cellular component were significantly enriched after sevoflurane anesthesia (p < 0.05), respectively. Among them, oxidative stress, metabolism, aging, and neurodegeneration were most enriched biological processes and changed functions after sevoflurane. Six GO terms of oxidative stress, 28 GO and 7 KEGG terms of metabolism, 12 GO terms of aging and neurodegeneration, and 20 terms of the cellular component were significantly enriched.

The typical terms were displayed and ranked according to the value of −log10 (Enrichment p-value, Figure 3). Previous studies have found that oxidative stress is involved in the development of AD, Parkinson’s disease and other neurodegenerations (Giasson et al., 2000). And we focused firstly on the enriched GO terms related to oxidative stress. The terms include mitochondrion, response to hypoxia, cellular response to hypoxia, cellular response to oxidative stress, positive regulation of superoxide anion generation and cellular response to mechanical stimulus, and the −log10 (p-value) of these terms were 5.32, 4.6, 2.79, 2.21, 1.37 and 1.13, respectively (Figure 3A). Our previous results also indicate that elevated reactive oxygen species (ROS) and related DNA damage are involved in anesthesia-related pathophysiological changes (Ni et al., 2017).
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FIGURE 3. Gene Ontology (GO) and KEGG enrichment analysis of differentially expressed genes using the DAVID database. The typical terms were displayed and ranked according to the value of −log10 (p-value), including six GO terms related to oxidative stress (A), 28 GO terms and seven KEGG terms related to metabolism (B,C), 12 GO terms related to aging and neurodegeneration (D), and 20 GO terms of cellular component (E).



Enriched metabolic terms including energy, carbohydrate, lipid, nucleotides and amino acid metabolism, were associated with the most potential target genes (Figures 3B,C). Glucose transport, long-chain fatty acid metabolic process, and protein binding were top significant enriched GO terms in carbohydrate, lipid, and amino acid-related metabolic process, and the −log10 (p-value) were 2.26, 1.75 and 4.18, respectively (Figure 3B). Then KEGG pathway analysis was employed to reveal involved molecular interaction, reaction and relation networks after sevoflurane anesthesia. Figure 3C highlighted seven significantly enriched signaling pathways in our annotation with –log10 (p-value) > 1, including certain signaling pathways such as adipocytokine signaling pathway, insulin resistance, metabolic pathways, lysine degradation, inositol phosphate metabolism, and biosynthesis of amino acids. Previous studies show that apolipoprotein E plays a central role in the clearance of β-amyloid (Aβ) from the brain (Cramer et al., 2012) and insulin pathway is involved in resistance to oxidative stress and aging (Byrne et al., 2014). The present results indicate that the sevoflurane anesthesia cloud also alters multiple metabolic pathways and processes.

Enriched GO terms related to aging and neurodegeneration include aging, regulation of cell cycle, negative regulation of cell growth, negative regulation of neuron apoptotic process, intrinsic apoptotic signaling pathway in response to DNA damage by p53 class mediator, positive regulation of extrinsic apoptotic signaling pathway via death domain receptors, apoptotic process, negative regulation of apoptotic process and positive regulation of MAPK cascade, and −log10 (p-value) of these terms were 2.84, 2.68, 2.14, 1.87, 1.20, 1.14, 1.06, 1.04 and 1.01, respectively (Figure 3D). Apoptosis and related pathway contribute to the Aβ neurotoxicity in AD, neurodegeneration and dementia (Gervais et al., 1999), and DNA damage also involves in the processes of aging (Lu et al., 2004). And the present results indicate that apoptosis, DNA damage, and other aging neurodegenerative mechanisms are activated, and related gene expressions have been changed in the aged brain after inhaled anesthesia stimulation.

Enriched GO terms of cellular components were ranked according to the location of cellular organelles (from cell membrane to nucleus, Figure 3E). Cytosol, extracellular exosome, membrane, and mitochondrial inner membrane were top significant enriched terms, −log10 (p-value) of which was 3.9, 3.09, 2.45 and 4.18, respectively. These cellular components could play important roles in sevoflurane-induced pathophysiologic changes. Among which, the mitochondrion is a critical regulator for cell death and mitochondrial dysfunction occurs early and acts causally in multiple disease pathogenesis. Mutations in mitochondrial DNA and oxidative stress both contribute to the aging process, which is the greatest risk factor for neurodegenerative diseases (Lin and Beal, 2006).

Based on GO and KEGG functional annotation and enrichment analysis, involved mechanisms and genes of oxidative stress, metabolism, aging, and neurodegeneration were selected for qPCR verification (n = 6 in each group). These included eight DEGs involved in oxidative stress (Hif2a, Hif3a, Prkcd, Akt, Nfe2l2, Sod1, Scap, and Scd2), six DEGs involved in metabolism (Scap, Hmgcs2, Scd2, Aldh18a1, Glul, and Igf1r), and eight DEGs (Spdir, Ercc4, Cdkn1a, Hipk2, Mal, Pmaip1, Bmpr1b, and Map1lc3b) involved in aging and neurodegeneration processes. A good consistency between the qPCR and microarray results was confirmed in 17 genes. The non-paired t-test was used to determine significant differences between the two groups. However, qPCR validation did not show significant changes for Hipk2 (103.70 ± 9.061 vs. 100.00 ± 22.04, p = 0.8790), Mal (115.7 ± 20.74 vs. 100.00 ± 21.49, p = 0.6101) and Bmpr1b (97.88 ± 17.84 vs. 100 ± 15.52, p = 0.9300) after sevoflurane anesthesia. As data quality parameters such as array p values and fold change may exert influence on the consistency of the two methods, we assume PCR validations across different experimental conditions are more reliable according to previous studies (Morey et al., 2006). Furthermore, Hifαs, Hmgcss, and Cdkn1a are involved in multiple signaling pathways in oxidative stress, metabolism, and aging/neurodegeneration processes respectively, and were selected for immunofluorescence analysis for their expression levels and regions.

Since close monitoring excluded hypoxia during anesthesia, we assume that sevoflurane may induce perioperative oxidative stress in the brain, and activate related mechanisms and genes. Figure 4 shows oxidative stress-related signaling pathways involved in the aged hippocampus after sevoflurane anesthesia, and differently transcribed genes are shown in red. Sevoflurane activated hypoxia-inducible factors (HIFs) directly, or through Prkcd and Akt-mTOR-signaling, and DEGs include Hif2a and Hif3a. Although the increase of Hif1a expression was not significant in the present microarray, our previous studies have shown that the expression of HIF-1α increased significantly after inhaled anesthesia (Cao et al., 2018a,b). Activated HIFs involved in Scap/SREBP1 and Scd2 expression increase, and resulted in oxidative stress, then more ROS were generated. It has been reported that the balance of oxygen supply and demand relies on HIFs (Huang, 2013), and Prkcd could also control HIFs translation via AKT-mTOR signaling under hypoxic conditions (Kim et al., 2016). On another aspect, ROS products activated the Nfe2l2-antioxidant response element pathway and increased Sod1 expression. And Nfe2l2 mediated Sod1 increase could attenuate oxidative stress and protect DNA from related damage (Bordoni et al., 2019). Finally, qPCR validation for the mRNA levels of DEGs related to oxidative stress showed significant up-regulation of Hif2a (151.29 ± 28.40 vs. 100.00 ± 39.26, p = 0.027), Hif3a (242.68 ± 76.62 vs. 100.00 ± 30.69, p = 0.0017), Prkcd (175.87 ± 47.79 vs. 100.00 ± 47.95, p = 0.021), Akt (134.46 ± 21.08 vs. 100.00 ± 29.77, p = 0.043), Scap (166.98 ± 47.91 vs. 100.00 ± 53.02, p = 0.044), Scd2 (129.10 ± 20.24 vs. 100.00 ± 19.69, p = 0.030), Nfe2l2 (170.28 ± 59.04 vs. 100.00 ± 37.35, p = 0.034) and Sod1 (8.045 ± 2.39 vs. 5.34 ± 1.689, p = 0.0471) after sevoflurane anesthesia compared with control condition. As immunofluorescence shows both the presence and location of protein expression, it was selected for further protein expression verification. Due to previous studies, the hippocampal CA1 region is the substrate for long-lasting potentiation and encoding of synaptic memory (Volianskis and Jensen, 2003), dentate gyrus (DG) serves an important role in engram maintenance and remote memory generalization (Guo et al., 2018). Thus, these regions were selected as the target regions in the present study, and the results showed that the protein expression of HIF-3α in both regions increased after sevoflurane anesthesia (Figure 5).
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FIGURE 4. Hypothetical pathway related with oxidative stress identified with altered mRNA expression in sevoflurane group vs. control condition, Regular triangle represents genes up-regulated; inverted triangle represents genes down-regulated; Graphs show the difference in expression of Hif2a, Hif3a, Akt, Nfe2l2, Prkcd, Sod1 and Scap for sevoflurane anesthesia group and controls (*p < 0.05; **p < 0.01).
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FIGURE 5. Immunofluorescent staining of hippocampal hif3a in the CA1 region and DG region. Immunofluorescence images show RelA (FITC, green) and DAPI (blue) counterstain. In the control condition, RelA was primarily distributed in the cytosol of the pyramidal cell layer, CA1 region and the cytosol of the granular cell layer, DG region. Six hours after exposure, RelA was distributed in both nucleus and cytosol. Arrows point to the typical RelA distribution, which are provided as high magnification images. Magnification 400×, scale bar 100 and 25 μm.



Figure 6 shows metabolism-related signaling pathways involved in the aged hippocampus after sevoflurane anesthesia with DEGs. Sevoflurane activated Scap/SREBP signaling and Hmgcs2 expression. Hmgcs2 expression is both sufficient and necessary to the control of fatty acid oxidation in cells (Vila-Brau et al., 2011), and Scap/SREBP signaling also involves the process. Sevoflurane induced Scd2 expression increases and mitochondrial dysfunction related genes. Scd2 knockdown increases whole-body energy expenditure (de Moura et al., 2016), and the increased expression of Scd2 could result in energy metabolism decrease. Sevoflurane also increased Aldh18a1, Glul and Igf1r expression. Hypoxia activated proline biosynthesis via upregulation of Aldh18a1 (Tang et al., 2018), Glul is an enzyme that converts glutamate and ammonia to glutamine (Eelen et al., 2018), and Igf1r plays a central role in glucose metabolism and regulates lifespan and resistance to oxidative stress as well (Holzenberger et al., 2003). Thus, sevoflurane also affected the metabolism of protein and glucose. Then, qPCR validation for the DEGs related to metabolism showed significant changes for Scap (167.13 ± 48.00 vs. 100.00 ± 53.06 p = 0.0444), Hmgcs2 (156.52 ± 32.07 vs. 100.00 ± 27.43, p = 0.0083), Scd2 (129.10 ± 20.24 vs. 100.00 ± 19.69, p = 0.030), Glul (150.55 ± 42.23 vs. 100.00 ± 30.84, p = 0.039), Aldh18a1 (200.42 ± 90.37 vs. 100.00 ± 59.11, p = 0.046) and Igf1r (160.26 ± 44.83 vs. 4.678 ± 2.097, p = 0.047) after sevoflurane anesthesia compared with control condition. And as shown in Figure 7, the protein expression levels of HMGCS2 increased significantly in the CA1 region and DG of the hippocampus after sevoflurane anesthesia.
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FIGURE 6. Hypothetical pathway related to metabolism identified with altered DNA expression in the sevoflurane anesthesia group in comparison with the control group. The regular triangle represents genes up-regulated; inverted triangle represents genes down-regulated; Graphs show the difference in expression of Aldh18a1, Glul, Hmgcs2, Lgf1r, Scap, and Scd2 were for sevoflurane anesthesia group and controls (*p < 0.05; **p < 0.01).
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FIGURE 7. Immunofluorescent staining of hippocampal Hmgcs2 in the CA1 region and DG region. Immunofluorescence images show RelA (FITC, green) and DAPI (blue) counterstain. In the control condition, the staining intensity of RelA in the cytosol of the pyramidal cell layer, CA1 region and the cytosol of the granular cell layer, DG region are weak. Six hours after exposure, the staining intensity of RelA in the cytosol of cells in both the CA1 region and the DG region is obviously increased. Arrows point to the typical RelA distribution, which are provided as high magnification images. Magnification 400×, scale bar 100 and 25 μm.



Figure 8 shows aging/neurodegeneration related signaling pathways involved in the aged hippocampus after sevoflurane anesthesia with DEGs. Besides oxidative stress and metabolism-related signaling, sevoflurane affected Spidr and Ercc4 expression. Spidr involved in DNA repair, and its depletion leads to genome instability and causes hypersensitivity to DNA damaging agents (Wan et al., 2013). Ercc4 is one of the components of structure-specific endonucleases, which mediate cleavage of DNA structures formed during the repair of collapsed replication forks and double-strand breaks (Svendsen et al., 2009). These changes indicate that sevoflurane could induce DNA damage. DNA damage is a unifying mechanism in neurodegeneration (Ross and Truant, 2017), and could also involve in brain function alteration after anesthesia. Sevoflurane increased Cdkn1a and Pmaip1 expression. Activation of the tumor suppressor p53 by DNA damage induces either cell cycle arrest or apoptotic cell death, and the cytostatic effect of p53 is mediated by transcriptional activation of the cyclin-dependent kinase inhibitor p21 (coded by Cdkn1a, Seoane et al., 2002). Cdkn1a was also associated with aberrant cell-cycle and apoptosis (Khan et al., 2018), and Pmaip1 was associated with apoptosis (Zhao et al., 2014). Sevoflurane induced Map1lc3b expression, which plays an important role in autophagy (Samdal et al., 2018). Then, qPCR validation for the DEGs related to aging/neurodegeneration showed significant changes for Spidr (158.56 ± 53.87 vs. 100.00 ± 33.15, p = 0.047), Ercc4 (70.43 ± 12.22 vs. 100.00 ± 29.81, p = 0.049), Cdkn1a (206.99 ± 51.71 vs. 100.00 ± 30.31, p = 0.0014), Pmaip1 (232.86 ± 106.46 vs. 100.00 ± 44.78, p = 0.018) and Map1lc3b (141.64 ± 35.05 vs. 100.00 ± 22.76, p = 0.034) after sevoflurane anesthesia compared with control condition. The protein expression levels of p21 correlated with mRNA results and increased significantly in both the CA1 region and DG of the hippocampus after sevoflurane anesthesia (Figure 9).
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FIGURE 8. Hypothetical pathway related to metabolism identified with altered DNA expression in the sevoflurane anesthesia group in comparison with the control group. Regular triangle represents genes up-regulated; inverted triangle represents genes down-regulated; graphs show the difference in expression of Spdir, Pmaip1, Ercc4, Map1lc3b, and Cdkn1a were for sevoflurane anesthesia group and controls (*p < 0.05; **p < 0.01).
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FIGURE 9. Immunofluorescent staining of hippocampal Cdkn1a in the CA1 region and DG region. Immunofluorescence images show RelA (FITC, green) and DAPI (blue) counterstain. In the control condition, the staining intensity of RelA in the cytosol of the pyramidal cell layer, CA1 region and the cytosol of the granular cell layer, DG region are weak. Six hours after exposure, the staining intensity of RelA in the cytosol of cells in both the CA1 region and the DG region is obviously increased. Arrows point to the typical RelA distribution, which are provided as high magnification images. Magnification 400×, scale bar 100 and 25 μm.



To assess the relationship between sevoflurane anesthesia and hippocampus-dependent behavioral variations, a subgroup of aged rats was subjected to the FCT, consisted of a training process at 3 h after anesthesia (the same time of genomic expression analysis in the present study), and evaluations at 2 days and 7 days after anesthesia. The results showed that the freezing time decreased significantly at 7 days (21.75 ± 11.32 vs. 36.29 ± 13.50, p = 0.0091, Figure 10C), but not 2 days (34.71 ± 19.77 vs. 46.59 ± 20.33, p = 0.1609, Figure 10A) after anesthesia in the context test (reflected hippocampus-dependent memory), which suggested that sevoflurane related hippocampal-dependent cognitive dysfunction persisted for a relatively long period. During the tone test, which is related to amygdala function (Li X. Q. et al., 2014), the freezing time did not decrease significantly at 2 days (61.7 ± 31.05 vs. 59.87 ± 26.55, P = 0.8777, Figure 10B) or 7 days (45.49 ± 20.75 vs. 42.3 ± 18.19, P = 0.6933, Figure 10D) after anesthesia, which suggested that the amygdala function was not grossly impaired.
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FIGURE 10. Fear conditioning test (FCT) consisted of a training process at 3 h after anesthesia and evaluations at 2 days and 7 days after anesthesia. The freezing time decreased significantly at 7 days (B), but not 2 days (A) after anesthesia in the context test. During the tone test, the freezing time did not decrease significantly at 2 days (C) or 7 days (D) after anesthesia. **p < 0.01 and N.S.: Not significant.





DISCUSSION

In the present study, we screened out 814 coding and complex genes that were located across 21 pairs of chromosomes in the aged hippocampus at 3 h after sevoflurane anesthesia, among which, 631 genes were upregulated and 183 genes were downregulated, and the training process of FCT was conducted at the same time. GO and KEGG analysis revealed that 44 terms of biological process, 16 terms of molecular function, and 18 terms of the cellular component were enriched after anesthesia. Among them, oxidative stress (6 GO terms), metabolism (28 GO and 7 KEGG terms), aging and neurodegeneration (12 GO terms) were the most enriched biological processes and changed functions. Candidate genes of oxidative stress (Hif2a, Hif3a, Prkcd, Akt, Nfe2l2, Sod1, Scap, and Scd2), metabolism (Scap, Hmgcs2, Scd2, Aldh18a1, Glul, and Lgf1r), aging and neurodegeneration (Spdir, Ercc4, Cdkn1a, Hipk2, Mal, Pmaip1, Bmpr1b, and Map1lc3b) were selected for qPCR verification. A good consistency between the qPCR and microarray results was confirmed, and potential functional genes and signaling pathways were constructed in these biological processes including mitochondria and oxidative stress, metabolism, aging, and neurodegeneration. The FCT results showed that sevoflurane affected memory retrieval at 7 days after anesthesia.

The training process of FCT was performed at the same time of genomic expression analysis (3 h after sevoflurane anesthesia), and the fear conditioning memory retrievals were assessed at 2 and 7 days after the training process (or anesthesia), which both reflected the recent memory. The trend of hippocampus-dependent fear memory decrease was observed at 2 days after anesthesia, but the difference was not significant. While the significant difference of freezing time was observed at 7 days after anesthesia, which indicates that sevoflurane anesthesia could accelerate hippocampus-dependent memory decline. The effects of sevoflurane on memory formation and the hippocampal genomic expression changes during memory formation could be pivotal mechanisms for these effects. Furthermore, the similar phenomenon of contextual fear memory retrieval was observed in both perioperative period (Zhang et al., 2017) and isoproterenol treatment (Qi et al., 2008), and sevoflurane exposure has been reported to affect the level of noradrenaline in the brain (Anzawa et al., 2001).

Mitochondrion and oxidative stress were top enriched terms in cellular component and biological process in the hippocampus after sevoflurane anesthesia based on GO functional annotation, and both control and anesthesia groups received the same concentration of oxygen. Thus, the results indicate that elevated ROS is involved in anesthesia-related pathophysiological changes in the brain. Oxidative stress could be generated as a consequence of antioxidant molecules decrease or inactivation, an increase of ROS and other oxidant molecules, as well as an increase of endogenous metabolites capable of autoxidation (Lushchak, 2014). Oxidative stress is related to lipid droplet accumulation and lipid peroxidation process (Liu et al., 2015), which is involved in the development of neurodegeneration (Sultana et al., 2013). A previous study shows that the effect of intermittent hypoxia on serum triglycerides levels is mediated through HIFs, and HIF inhibitors have a neuroprotective effect in hippocampal apoptosis (Kunimi et al., 2019). HIF-1 impacts on posttranscriptional regulation of SREBP-1 by the increased level of SCAP (Pallottini et al., 2008), which could increase the lipid metabolism and lead to neurodegeneration (Hallett et al., 2019). HIFs also impacts on the of acid-synthesizing enzyme, stearoyl-CoA desaturase (SCD1 and SCD2), which transcription in the hippocampus has been implicated in neurodegeneration (Vozella et al., 2017). The aging retinal pigment epithelium (RPE) expressed higher levels of the Nrf2 (encoded by Nfe2l2) target genes compared with the RPE of younger mice under unstressed conditions, suggesting an age-related increase in basal oxidative stress and that Nrf2 signaling is a promising target for novel pharmacologic or genetic therapeutic strategies against aging (Sachdeva et al., 2014).

The results indicate that multiple metabolism-related signaling pathways involved in the process of the aged hippocampus after sevoflurane anesthesia, including energy, lipids, proteins, carbohydrates, etc. Energy metabolism in the aging brain is affected by numerous factors. SCD2 is the main δ9 desaturase expressed in the central nervous system, which has been found playing important role in controlling whole-body energy expenditure (de Moura et al., 2016) and maintaining normal biosynthesis of lipids during early skin and liver development (Miyazaki et al., 2005). SREBP1c is a transcription factor that induces an entire program of de novo lipogenesis primarily in response to increased insulin, and induction of de novo lipogenesis in adipocytes under excess carbohydrate intake is likely to be primarily mediated by SREBP1c as seen in the liver (Kim et al., 1998). SREBP1c is involved in the energy metabolic effects of phenelzine in rats fed a high-fat diet (Mercader et al., 2019). Mass spectrometry and purified protein analysis identified mitochondrial HMG-CoA synthase (HMGCS) as the primary autoantigens, which are ubiquitous and partition with mitochondria, and involved in energy metabolism and oxidative stress (Toivola et al., 2015). HMGCS2 is the regulatory enzyme of ketogenesis in liver mitochondria, which serves as an alternative fuel to reduce the use of glucose during the fasting period, especially in the brain (Nakamura et al., 2014). Ammonia is a toxic product of protein catabolism and involved in glutamate metabolism changes, one of the primary roles of astrocyte is to protect neurons against excitotoxicity by taking up excess ammonia and glutamate and converting it into glutamine via the enzyme glutamine synthetase (GLUL). Gene study has found that GLUL is associated with major depressive disorder, and loss of astroglial GLUL is reported in hippocampi of epileptic patients (Zhou et al., 2019). The study also showed that insulin/insulin-like growth factor 1 (IGF1) signaling inhibits age-dependent axon regeneration and involves in neurodegeneration, and growth hormone (GH)/IGF-1 pathway plays a key role in the modulation of the aging process (Byrne et al., 2014).

The sequence of the human genome represents our genetic blueprint, and accumulating evidence suggests that loss of genomic maintenance may causally contribute to aging, and brain aging and neurodegeneration show similarities at the molecular level (Maynard et al., 2015). The most studied molecular pathways involved in neurodegeneration are inflammation and oxidative stress (Fischer and Maier, 2015), metabolism (Citron et al., 2016) and DNA damage (Madabhushi et al., 2014), which are consistent with the pathophysiological process in the hippocampus after sevoflurane anesthesia. The brain consumes oxygen at a relatively high rate, leading to the high exposure of neurons to ROS products. If antioxidants are depleted in the brain, neurons become susceptible to ROS induced DNA damage (Nakae et al., 2000). DNA damage and mitochondrial dysfunction can adversely affect neuronal functions, thus increasing the risk of neurodegenerative disease (Madabhushi et al., 2014). Neurological dysfunction has been found in individuals and mouse models with genetic errors in DNA repair genes (Jeppesen et al., 2011). ERCC4 forms a complex with ERCC1 and is required for the 5′ incision during nucleotide excision repair. And ERCC4 illustrates a critical role in DNA interstrand crosslink repair, and pathogenic variants in this gene cause segmental progeroid syndromes (Mori et al., 2018). In the brains of AD patients and AD mouse models, Aβ plaque-associated Olig2- and NG2-expressing oligodendrocyte progenitor cells, exhibit a senescence-like phenotype through the upregulation of p21 (encoded by Cdkn1a) and p16 (Zhang et al., 2019). Autophagy is critical to the maintenance of organismal homeostasis in both physiological and pathological situations. Autophagy protects neurons against regulated cell death by preventing the accumulation of cytotoxic protein aggregates and preserving metabolic homeostasis (Menzies et al., 2015). mTOR inhibitor rapamycin activates autophagy, alleviates the accumulation of Aβ and ameliorates cognitive deficits in mice expressing mutant APP (Caccamo et al., 2010). Combined with the present results, autophagy could also be the therapeutic target for anesthesia-related brain function changes.

Previous studies have shown multiple mechanisms and pathophysiological changes after anesthesia (Ni et al., 2013, 2017; Xie and Xu, 2013; Xie et al., 2013), and genome-wide association studies have been implemented in the studies of brain aging and neurodegenerative diseases (Harold et al., 2009; Lambert et al., 2009; Seshadri et al., 2010). The present study explored sevoflurane anesthesia induced genome-wide changes in the hippocampus of aged rats. Based on functional annotation, mitochondrial dysfunction and oxidative stress, metabolism changes, aging and neurodegeneration, and multiple mechanisms were found to be involved in postoperative pathophysiological processes and function modulations in the hippocampus. Potential genetic regulatory network and involved signaling pathways were established, and genes (include Hifs, Prkcd, Nfe2l2, Hmgcs2, Glul, Ercc4, Cdkn1a, Map1lc3b, etc.) participate in this genetic regulatory network. These results provide the therapeutic gene targets for brain function modulation and memory formation process, which could be valuable for preventing postoperative brain disorders and diseases, such as PND, from the genetic level in the future.
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Background: Postoperative cognitive dysfunction (POCD) is one of the severe complications after surgery, inducing low life quality and high mortality, especially in elderly patients. However, the underlying molecular mechanism of POCD remains largely unknown, and the ideal biomarker for clinical diagnosis and prognosis is lacking. Circular RNAs (circRNAs), as a unique class of non-coding RNAs, were characterized by its stability and conservativeness, serving as novel biomarkers in various diseases. Nevertheless, the role of circRNAs in the occurrence of POCD remains elusive.

Methods: To investigate the differentially expressed circRNAs in the serum of POCD patients and its potential role in the development of POCD, we performed a circRNA microarray to screen the differentially expressed circRNAs in the serum samples from three patients of the POCD group and three paired patients of the non-POCD group. Subsequently, quantitative real-time polymerase chain reaction analysis (qRT-PCR) was utilized to verify the microarray data with the serum samples from 10 paired patients. Cytoscape software was used to construct the circRNA–miRNA–mRNA network for circRNAs with different expression levels as well as the target genes. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses showed the biological functions of the differentially expressed circRNAs target genes.

Results: In total, we have analyzed 10,198 circRNAs through the microarray. Compared with the non-POCD patient group, there were 210 differentially expressed circRNAs with 133 upregulated and 77 downregulated in the POCD group (≥2-fold differential expression, P ≤ 0.05). The qRT-PCR confirmed 10 circRNAs with different expressed levels, and the results were consistent with the microarray findings. Among them, hsa_circRNA_001145, hsa_circRNA_101138, and hsa_circRNA_061570 had the highest magnitude of change. The GO analysis showed that the differentially expressed circRNAs were associated with the regulation of the developmental process, cell-to-cell adhesion, and nervous system development. The KEGG analysis showed that the target genes of circRNAs were enriched in the MAPK signaling pathway and RAS signaling pathway. According to the targetscan7.1 and mirdbV5 databases, the circRNA–miRNA–mRNA network was constructed, and these results provided a vital landscape of circRNA expression profile in POCD.

Conclusions: Our study provides an essential perspective for the differential expression of circRNAs in POCD patients. Further studies need to be performed to explore their potential therapeutic roles in the development of POCD.

Keywords: circular RNAs, microarray, postoperative cognitive dysfunction, aging, microRNAs


INTRODUCTION

Postoperative cognitive dysfunction (POCD) is a severe and well-known complication following cardiac surgery with poor outcomes, especially in elderly patients (Steinmetz et al., 2009). What is worse, the neurocognitive function impairment after surgery can be persistent and result to a declined quality of life for the patients (Ballard et al., 2012). As one type of mild cognitive impairment, POCD could potentially increase the risk of Alzheimer’s disease (AD) (Grundman et al., 2004; Ward et al., 2012; Kapila et al., 2014). Therefore, many studies have been performed to explore its possible molecular mechanism. Recently, neuroinflammation, neuronal apoptosis, amyloid-Aβ (Aβ) deposition, and hyperphosphorylation of tau proteins have been reported as the main mediators in POCD (Xie et al., 2013; Chen C. et al., 2019; Li et al., 2019). Nevertheless, the pathogenesis of POCD remains elusive.

As a unique class of non-coding RNAs (ncRNAs), circular RNAs (circRNAs) are characterized by a covalently closed continuous loop, playing an important role in inhibiting the function of microRNAs (miRNAs), regulating the activity of RNA polymerase, binding the promoter sequence of corresponding genes, and influencing the expression of corresponding genes (Memczak et al., 2013; Bahn et al., 2015). Besides that, it has the characteristics of universality, conservativeness, and tissue specificity. Compared with linear RNAs, the stability of circRNAs is much higher so that it can exist stably in body fluid, serving as a valuable novel biomarker (Li P. et al., 2015; Li Y. et al., 2015; Xuan et al., 2016). Previous studies showed that circRNAs were involved in regulating various pathological processes of the central nerve cells and mediating the occurrence and the development of neurodegenerative diseases such as Parkinson’s disease and AD (Kumar et al., 2017; Piwecka et al., 2017). Meanwhile, the circRNA ciRS-7 has been found to promote the degradation of APP and BACE1 proteins and reduce the aberrant accumulation of β-amyloid peptide acting as a sponge adsorbent of microRNA-7 in AD (Shi et al., 2017). Furthermore, accumulative studies have reported similar pathomechanisms of persistent POCD as that of AD, such as the cell apoptosis, inflammation, and accumulation of misfolded proteins in the aging brain (Bilotta et al., 2010). However, the role of circRNAs in POCD is largely unknown.

Therefore, in our study, we performed circRNAs microarray to investigate the differential expression profiles of circRNAs from serum samples between the POCD and the paired non-POCD elderly patients undergoing cardiac valve replacement surgery under cardiopulmonary bypass. Subsequently, the miRNA binding sites and the related mRNAs were predicted by bioinformatics analysis. Besides that, we constructed the predicted circRNA–miRNA–mRNA co-expression network and investigated the principal functions and the pathways of target genes. These results may help to provide insights for clinical circRNA biomarkers and therapeutic targets for POCD.



MATERIALS AND METHODS


Patients

The study was approved by the Ethics Committee of West China Hospital, Sichuan University, China (ChiCTR-OOC-16008289). Written informed consent was obtained from all the participants before the surgery. The patients scheduled to undergo an elective cardiac surgery under general anesthesia and cardiopulmonary bypass were enrolled in this study. The inclusion criteria were (1) more than 50 years of age, (2) American Society of Anesthesiologists physical status I–III, and (3) scheduled for cardiac surgery under general anesthesia. The exclusion criteria were (1) patients with second surgery, (2) ejection fraction less than 40%, (3) preoperative Mini-Mental State Examination (MMSE) scores less than 24, (4) patients with psychiatric disease or central nervous system disease, and (5) patients who were unable or rejected to complete preoperative neuropsychological testing.



Neuropsychological Tests and Neurocognitive Evaluation

To assess patient cognitive function, a series of neuropsychological tests was performed on the day before surgery and 7 days after surgery by an experienced investigator. Various cognitive domains were evaluated by several neuropsychological tests including (1) MMSE, (2) Word Memory Test, a test used to assess the short-term and the long-term memory, (3) Digit Span Test, a test of the Wechsler memory scale used to measure concentration and attention, (4) Brief Visuospatial Memory Test—Revised (BVMT—R), a test to measure the immediate visuospatial and learning memory, (5) Symbol–Digit Modalities Test, a measure for psychomotor speed such that high scores indicated the better function, (6 and 7) BVMT—R Delayed Recall Test and BVMT—R Discrimination Index, the test used to estimate delayed recall abilities, (8) Trail Making Test, used to measure hand–eye coordination, concentration, and attention, and (9) Verbal Fluency Test, used to assess fluency and executive function. MMSE was performed to exclude patients with severe cognitive impairment. Then, all the subjects’ postoperative defects were defined as negative change scores, and the absolute value of each change score was greater than the standard deviation (SD) of the same cognitive test baseline score. A patient with two or more neuropsychological test defects was considered to be in the POCD group (Zhang et al., 2012; Saleh et al., 2015); otherwise, the patient was assigned to the non-POCD (NPOCD) group.



Anesthesia and Surgery

All the patients underwent the same preoperative preparation, including corrective electrolysis disorder, maintenance of cardiac function, preoperative intramuscular injection of 3 mg scopolamine and 5 mg morphine, radial artery puncture catheterization, venous access, electrocardiogram, and oxygen saturation monitoring. We used midazolam (0.2–0.3 mg/kg), sufentanil (0.5–0.8 μg/kg), and cis-atracurium (2–3 mg/kg) to induction. The anesthesia was maintained by a continuous intravenous infusion of propofol and remifentanil, with an intermittent addition of midazolam, sufentanil, and cis-atracurium. Anesthesia machine was used for mechanical ventilation, such that the respiratory rate was 12 times per minute, and the tidal volume was 6–8 mlkg. After the anesthesia, central venous catheterization and manometry were performed. Mean artery pressure was controlled at 50–80 mmHg during a cardiopulmonary bypass. The perfusion dosage was 2.0–2.6 L/min/m2, and the hematocrit was 25–30%, with moderate hemodilution. After a cardiopulmonary bypass, protamine was used to neutralize heparin, such that the ratio was 1:1. The patients were transferred to the intensive care unit for further treatment after surgery.



Blood Collection and Total RNA Isolation

All the patients signed an informed consent before the neuropsychological tests, and the blood samples were collected on the day before surgery and 7 days after surgery. Meanwhile, all the blood samples were examined, and it was made sure that they were not in the hemolysis state. After having been collected by one professional registered nurse, the whole blood was left undisturbed at room temperature for about 30 min. Following centrifugation at 3,000 × g for 10 min at 4°C, the supernatant (serum) was collected. We also confirmed that the color of the serum was clear and yellowish. Then, the supernatants (serum) were transferred to a refrigerator at −80°C for further analysis. The total RNA was extracted using the miRNeasy Serum/Plasma Kit (50) (Qiagen, Germany). The concentrations of the RNA samples were determined spectrophotometrically at 260, 280, and 230 nm by using a NanoDrop ND-1000 instrument.



RNA Labeling and Assay Hybridization

The case–control matching of POCD and NPOCD groups was performed based on age (±2) and sex. Three pairs of serum samples were randomly selected for the microarray detection. Sample preparation and microarray hybridization were carried out in accordance with the standard protocol of Arraystar (Arraystar Inc., United States). In short, total RNAs were digested by RNase R (Epicentre, Inc., United States) to remove linear RNA and enrich circular RNAs. A random priming method was used to amplify and transcribe the enriched circular RNAs into fluorescent cRNAs (Arraystar Super RNA Labeling Kit; Arraystar). Then, the labeled cRNAs were purified by RNeasy Mini Kit (Qiagen, Germany). Five microliters of 10 × blocking agent and 1 μl of 25× fragmentation buffer were added in the labeled cRNAs, and then the mixture was heated at 60°C for 30 min. Finally, the labeled cRNAs were diluted by 25 μl of 2 × hybridizing buffer. Then, 50 μl of hybridizing solution was injected into the spacer slide and assembled on the circRNA expression microarray slide. The slides were incubated in an Agilent incubator at 65°C for 17 h. Agilent Scanner G2505C was utilized to wash, fix, and scan the hybridized arrays (Agilent Technologies, Santa Clara, CA, United States).



CircRNA Microarray Data Analysis

The quantile standardization of the original data and the subsequent data processing were carried out by using the R software package through the log2 ratio. After quantile normalization of the original data, low-intensity filtering was performed, and the circRNAs with “P” or “M” marks (“All Target Values”) were retained for further analysis in three of at least six samples. When comparing the contour differences between the two groups, the “fold change” (i.e., the ratio of the group averages) between the groups for each circRNA was calculated. The statistical significance of the difference was conveniently estimated by t-test. The circRNAs with fold changes greater or equal to two and P-value ≤0.05 were chosen as the significant differential expression.



Quantitative Real-Time PCR Validation of CircRNAs

Total RNA was extracted from serum using the miRNeasy Serum/Plasma Kit (50) (Qiagen, Germany). Quantitative real-time PCR (qRT-PCR) was conducted with an Eppendorf RT-PCR system (Hauppauge, NY, United States). We used Caenorhabditis elegans-miRNA 39 mimic (Ce-miR-39) as miRNeasy Serum Spike-In control. The specific primer pairs used in the study are listed in Table 1.


TABLE 1. Sequences for the primers used for the patients.
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Annotation for CircRNA–miRNA Interaction

The circRNA–miRNA interaction was predicted with Arraystar’s (Rockville, MD, United States) miRNA target prediction software, according to TargetScan (Enright et al., 2003) & miRanda (Pasquinelli, 2012). The target miRNAs were predicted by miRNA support vector regression (mirSVR) algorithm to determine their score and rank the efficiency. Thus, five miRNAs were identified for each differentially expressed circRNA according to the mirSVR score. The network of the top five highest miRNA connecting to one circRNA was constructed.



Prediction of CircRNA–miRNA–Target Gene Associations

We used targetscan7.11 and mirdbV52 databases to predict miRNAs’ target genes. We generally accept the overlapping results of two databases. To construct the interaction network, the cumulative weight context++ score <−0.3 and target score >70 were set as the cutoff. Then, Cytoscape software was used to construct the circRNA–miRNA–mRNA network for the top 10 differentially expressed circRNAs that we had validated as well as their predicted target genes. In addition, we performed gene ontology (GO) analysis3 to explore the potential functional roles of the target genes, including molecular functions (MF), cellular components (CC), and biological processes (BP). The potential biological pathway analysis related to circRNAs target genes was performed using the KEGG database. The p-value (EASE score, Fisher P-value, or hypergeometric P-value) indicated the significant correlation between the pathway and the conditions. The lower the P-value, the more significant the pathway is. P ≤ 0.05 showed that the GO terms and the KEGG pathways of the differentially expressed genes were significantly enriched. The microarray analysis was performed by Kang Cheng Bio-tech (Shanghai, China).



Statistical Analysis

The categorical variables were presented as frequencies and analyzed using the chi-square test. The data are expressed as mean ± SD. All statistical data analyses were performed using GraphPad Prism 6.0. An analysis of the qRT-PCR validation between the POCD and the NPOCD groups was performed using Student’s t-test. The case–control matching was performed using SPSS 22.0 software. A rate value of less than 0.05 (P < 0.05) was considered as statistically significant.



RESULTS


General Characteristics and Cognitive Functions of Participants

In total, there were 98 patients finally included who completed all perioperative cognitive tests and blood collections (Figure 1). Among them, 39 patients (39.8%) developed POCD, and 59 patients were assigned to the NPOCD group. No difference was observed between the two groups in terms of age, gender, body mass index, education level, and the baseline of each neuropsychological test (Table 2).


[image: image]

FIGURE 1. The process flow diagram of the experiment. POCD, postoperative cognitive dysfunction; NPOCD, the patients without postoperative cognitive decline; qRT-PCR, quantitative real-time PCR.



TABLE 2. General characteristics and cognitive functions of the participants from the postoperative cognitive dysfunction (POCD) and non-POCD groups at baseline.
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Differential CircRNA Expression Profiles in POCD Patients’ Serum

Total RNAs were extracted from the serum samples of the two groups. The OD260/OD280 ratios of each sample were between 1.8 and 2.1, and the OD260/OD230 ratios were greater than 1.8, which demonstrated the RNA quality (Supplementary Figure 1). Using a human circRNA microarray, we drew the box plot to show the distribution of the intensities. We observed that the distribution of log2 ratios was similar after normalization in the tested samples (Figure 2A). The results of hierarchical clustering showed distinguishable circRNA profiling from six samples based on their expression level, indicating that circRNAs have different expression patterns in POCD patients compared with those in NPOCD patients (Figures 2B,C). The Volcano plot was performed to visualize the significant differences between POCD and NPOCD groups (fold change ≥2.0, P-value ≤0.05) (Figure 2D). Besides that, the distribution of the circRNAs differentially expressed in chromosomes showed that most of the circRNAs were transcribed from chr1, chr2, chr5, chr10, chr11, and chr16 and seldom from chr8, chr18, chr21, and chrY (Figure 2E). These data indicated that circRNAs have a different expression pattern in POCD serum compared with that in NPOCD serum. The microarray data also showed 210 circRNAs that were differentially expressed, among which 133 circRNAs were upregulated and 77 were downregulated in POCD patients’ serum. Among them, hsa_circ_001145 was most unregulated, and hsa_circ_005537 was most downregulated. Here we presented the top five upregulated and downregulated circRNAs (Table 3).
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FIGURE 2. Differentially expressed profile of circRNAs and characterization between the serum of postoperative cognitive dysfunction (POCD) and non-POCD patients. (A) Box plots showing the distribution of circRNAs between the serum samples. (B,C) Hierarchical clustering plot showing the differentially expressed circRNA profiles in the six samples. “Red” represents the higher expression, while “green” represents the lower expression level. (D) Volcano plots visualizing the distinguishable circRNA expression. (E) Chromosomal distributions of circRNAs in the two groups.



TABLE 3. Biological information for the top five upregulated and downregulated circRNAs.
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Amplification and Identity of Differentially Expressed CircRNAs

Among all the patients, we randomly selected 10 pairs of serum samples from the POCD group and the NPOCD group. By using qRT-PCR, we verified 10 typically differentially expressed circRNAs. Meanwhile, the PCR results were identified by melt curve analysis such that the primers could specifically amplify the back-splice sites of circRNAs (Figure 3A). We found that the expression of hsa_circ_001145, hsa_circ_101138, hsa_circ_030050, hsa_circ_061570, and hsa_circ_050545 in the POCD group was significantly higher than those in the NPOCD group, while the expression of hsa_circ_005537, hsa_circ_092522, and hsa_circ_005458 was considerably downregulated in the POCD group. Therefore, the expression level of the abovementioned circRNAs was consistent with the analysis results from the microarray, validating the reliability of our microarray data (Figure 3B, ****P < 0.0001).
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FIGURE 3. Amplification and identification of differentially expressed circRNAs. (A) The melt curves of the identified distinguishable expressed circRNAs. (B) qRT-PCR showing the expression levels of circRNAs between the two groups. Data are presented as means ± SD. ****P < 0.0001, N = 10.




Bioinformatics Analysis of the Predicted Network Genes for Differentially Expressed CircRNAs

The GO analysis for the differentially expressed circRNAs showed the top 10 significantly enriched target genes in terms of BP (Figures 4A,B), CC, and MF (Supplementary Figure 2). These results showed that the upregulated circRNAs had a strong relationship with the regulations of the developmental process (GO:0032502), cell communication (GO:0010646), nervous system development (GO:0007399), and so on (Figure 4A). Meanwhile, all downregulated expressed circRNAs were associated with cell-to-cell adhesion (GO:0098609), nervous system development (GO:0007399), and so on (Figure 4B). The KEGG analysis for differentially expressed circRNAs was performed to explore the top 10 significantly enriched pathways (Figure 4C). Especially, the target genes of upregulated circRNAs were mostly enriched in the MAPK signaling pathway, while those of downregulated circRNAs were enriched in the RAS signaling pathway (Supplementary Figures 3, 4). Of note is that these processes and pathways were reported to be associated with inflammation and apoptosis in POCD (Li et al., 2014; Wang et al., 2018).
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FIGURE 4. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses for the top five upregulated and downregulated circRNAs. (A,B) GO analysis showing the biological processes enriched by the target genes of the top five upregulated and downregulated circRNAs: a—classification of the predicted biological processes; b—the top 10 significantly enriched genes based on their enrichment scores. (C) KEGG pathway analysis showing the top 10 significantly enriched pathways and their scores. GO, gene ontology; Sig, significantly; BP, biological processes. Selection Counts, Count of the genes’ entities directly associated with the listed pathway ID; Selection Size, the total number of the genes’ entities.




CircRNA–miRNA–mRNA Co-expression Network for the Differentially Expressed CircRNAs

As there are specific binding sites of miRNAs in the circRNA sequence, circRNAs can interact with miRNAs by miRNA response elements. Five miRNAs with the highest mirSVR scores regarding the differentially expressed circRNAs, including the top five upregulated and downregulated circRNAs, are shown in Table 4. We assumed that the differentially expressed circRNAs act as a miRNA sponge to regulate its circRNA–miRNA–mRNA network. We then predicted the target genes of the top 5 miRNAs utilizing TargetScan & miRanda. Based on the overlapping results of targetscan7.1 and mirdbV5, there were 1,987 target genes for the top five upregulated circRNAs and 1,941 target genes for the top five downregulated circRNAs (Supplementary Figure 5). Based on our validation results of qRT-PCR, three circRNAs with the most significant change folds, hsa_circRNA_001145, hsa_circRNA_101138, and hsa_circRNA_061570, were used to construct the circRNA–miRNA–mRNA interaction network (Figure 5A). In contrast, an additional network diagram, considering all the rest of the validated circRNAs, was provided (Supplementary Figure 6). Utilizing the public databases (circBase4), the targeted miRNAs were screened, and the results were displayed according to their specific base pairing and seed sequence (Figure 5B).


TABLE 4. Predicted miRNA response elements of top five upregulated and downregulated circRNAs.
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FIGURE 5. Representative circRNA–miRNA–mRNA network and sequence pairing predictions for circRNAs and miRNAs. (A) Based on the circRNA microarray profile results, the co-expression network drawn by Cytoscape software showing the dysregulated circRNAs, hsa_circ_001145, hsa_circ_101138, and hsa_circ_061570 (green nodes), having the highest magnitude of change and which were predicted to be functionally connected with their targeted miRNAs in the network. (B) Seed sequence matching predicted the direct interaction of the abovementioned circRNAs with their related miRNAs.




DISCUSSION

In our study, we performed a circRNA microarray of the serum from clinical patients and found that the expression of circRNAs in POCD patients was significantly different from that in NPOCD patients. Among the 210 differentially expressed circRNAs, there were 133 circRNAs upregulated and 77 were downregulated. Next, we validated the typical circRNA expression levels in the two groups, and the results were consistent with the microarray analysis, showing the accuracy and the reliability of our microarray findings. Subsequently, our results showed the top five upregulated and downregulated circRNAs and predicted five miRNAs with the highest mirSVR scores for each circRNA, indicating the possible miRNAs involved in POCD. Then, we utilized GO and KEGG analyses to enrich the target genes of differentially expressed circRNAs in their biological functions and pathways. Finally, we constructed the circRNA–miRNA–mRNA interaction network for the three circRNAs with the most robust differential expression. Therefore, in our present study, through the human circRNA microarray and bioinformatics analysis, we have found the circRNAs with differential expression levels in POCD patients as well as the possible functions and pathways that their target genes might be involved in, thus trying to provide a preliminary perspective for the potential roles of circRNAs in POCD.

POCD is a serious perioperative complication with the main clinical manifestations of impaired memory, attention, language comprehension, and social skills after surgery in elderly patients, especially in heart, orthopedic, and abdominal surgery (Evered et al., 2011; Quan et al., 2019). It is of great clinical significance to find and screen out a molecule that can predict the occurrence of POCD at an early stage. Xie and his colleagues found that the ratio of Aβ to Tau protein in the cerebrospinal fluid (CSF) was closely related to neurocognitive dysfunction after surgery, which helped to identify POCD patients at an early stage (Xie et al., 2013). Besides that, the previous study also suggested that the CSF biomarkers in POCD were similar to that in AD. However, in clinical practice, the acquisition of CSF is invasive and difficult to implement. As a body fluid, blood can also carry a large number of valuable information molecules between the peripheral organs and the central brain. Therefore, searching for disease-related molecules based on blood detection and exploring the relevant regulation pathways are essential to find effective preventions for the development of POCD.

In recent years, accumulative studies have suggested that, in addition to the traditional roles of protein synthesis or enzyme-like catalytic activity, RNAs could also act as communicators between cells in physiopathological processes. Extracellular RNAs could be released from damaged cells under stress conditions, such as trauma, ischemia, and hypoxia (Kosaka et al., 2013). Additionally, the coding and the non-coding RNAs could transfer to the distant cells carried by extracellular microvesicles (Wei Z. et al., 2017). Furthermore, the protective role of ribonuclease (RNase), the counterpart of RNAs, was reported in several POCD models (Chen et al., 2015; Ma G. et al., 2017; Ma Y. et al., 2017). The application of RNase could reduce the amount of extracellular RNAs released from the damaged cells and then attenuate inflammation and apoptosis in the central nervous system. In our previous study, postoperatively increased double-stranded RNAs could activate toll-like receptor 3 and induce neuroinflammation in the hippocampus in an aged mouse model of POCD (Chen C. et al., 2019). Besides that, Chen and colleagues found that miRNA-146a could protect the cognitive decline induced by surgery trauma by suppressing neuroinflammation in mice (Chen L. et al., 2019). Also, emerging studies showed the differentially expressed lncRNAs and mRNAs and their potential roles in POCD disease as analyzed by microarray (Wei C. et al., 2017; Zhang et al., 2018; Li et al., 2019). Thus, it is necessary to investigate whether the circRNAs, a unique class of ncRNAs, participate in the pathogenesis of POCD.

CircRNAs exist ubiquitously in eukaryotic cells with high stability and evolutionary conservatism (Werfel et al., 2016). Additionally, it was reported that the expression level of circRNAs was much higher than that of corresponding linear mRNA in body fluid (Jeck et al., 2013). Because of their stability, conservativeness, and ubiquity, circRNAs were expected to become a new ideal marker for the diagnosis of diseases. Up to now, circRNAs were demonstrated to play vital roles in various conditions, including cancers, cardiovascular diseases, neurodegenerative diseases, and so on (Lukiw, 2013; Hancock, 2014; You et al., 2015; Wang et al., 2016; Zhou and Yu, 2017). However, the clinical value and the role of circRNAs in POCD have remained mostly unknown. Wang and colleagues performed a circRNA microarray based on the patients’ serum exosomes and predicted that circRNA-089763 might be the key circRNA in POCD development (Wang et al., 2019). Consistently, in our study, circRNA-089763 was also significantly upregulated, with 2.62 fold change in the microarray results, which was not shown in the manuscript. However, during the validation process, we verified a total of 10 circRNAs, which are all consistent with the microarray results. In comparison, they measured 15 circRNAs in which only the expression of circRNA-089763 was consistent with their microarray findings. Of note is that the pathomechanisms of diseases were complicated, while one gene would be regulated by a series of RNAs. The results of our microarray might help to expand the scope of other possible critical circRNAs involved in the pathogenesis of POCD and their potential communicable mechanism. Additionally, their study has focused on exosomal exRNAs, which might partially represent the differentially expressed circRNAs in the serum of POCD patients.

In general, circRNAs play the roles through negatively regulating the miRNAs upon target mRNAs as sponges or function with RNA binding protein (RBP) to regulate their parent genes (Chen, 2016). In this study, the highest mirSVRs of the top five upregulated and downregulated expressed circRNAs were identified by TargetScan and miRanda. Several miRNAs and target genes had been reported for their roles in neurodegenerative diseases. As shown in the circRNA–miRNA–mRNA network (Figure 5A), the predicted miRNA for hsa_circRNA_101138 included hsa-miR-107 in our study, and it was suggested to be the potential biomarker that would be downregulated early in AD (Swarbrick et al., 2019). Meanwhile, the numbers of potential target genes of hsa_circRNA_101138-hsa-miR-107 were also shown in the network, such as NEDD9 which was associated with AD genetically in Chinese (Xing et al., 2011) and GSKIP which functioned as anchoring proteins to strengthen the cAMP/PKA/Tau axis signaling during AD pathogenesis in CSF. Notably, Xie and his colleagues had found the import roles of Tau protein in CSF to identify POCD patients (Xie et al., 2013).

Besides that, hsa_circRNA_101138 could also regulate hsa-miR-376a-3p and hsa-miR-376b-3p targeting on the HAS2 gene shown in the network, its potential role of which was recently suggested in tau protein pathogenesis in AD related to cognitive dysfunction (Li et al., 2017). Additionally, hsa_circRNA_001145 was shown to potentially function with miR-1226-5p as sponge upon the ITSN1 gene in the circRNA–miRNA–mRNA network. At the same time, ITSN1 was also the parent target gene of hsa_circRNA_061570, as shown in Table 3, and might be regulated by hsa_circRNA_061570 through functioning with RBP. ITSN1 was reported to activate RAS-JNK signaling, thus damaging synaptic plasticity and reducing learning and memory functions in AD (Yarza et al., 2015). As previously reported, ITSN1 could predict neurodegenerative diseases early, such as AD and Down syndrome (Murphy et al., 1990).

Similarly, UBE3B was not only the parent target gene of hsa_circRNA_101138 but also the targeted gene of hsa-miR-1226-5p, which might be regulated by hsa_circRNA_001145. UBE3B was associated with speech ability and intelligence development (Cheon et al., 2019). Thus, one target gene involved in POCD might be regulated by several circRNAs through different mechanisms. From the network of circRNA–miRNA–mRNA, we also found that several target genes were co-targeted by different circRNAs. For example, BCL2L2 was the potential target gene of both hsa_circRNA_001145 and hsa_circRNA_061570, the differential expression of which was reported to induce systemic inflammation and cognitive decline (Pathak et al., 2019). Therefore, the circRNAs might function together through the communicable mechanism and the complicated networks, such as circRNA–miRNA–mRNA or RBP mechanism. In the present study, we just provide an expanded prospective for possible circRNAs and mechanisms promoting the development of POCD, and it is worthwhile to further investigate their potential roles.

Then, GO analysis showed that the target genes of these circRNAs were involved in nervous system development (GO:0007399) and synapse (GO:0045202) in terms of BP and CC, indicating their potential roles in influencing nervous development in the progress of POCD. A recent study has revealed that circRNAs could affect neuronal development and plasticity (van Rossum et al., 2016), which are also crucial in learning and memory (Amtul and Atta Ur, 2015). For example, EphB4, one potential target gene of hsa_circRNA_001145, was among several Eph gene families which were reported to be involved in the development of AD by influencing neuronal synapses formation (Dalva et al., 2000; Nolt et al., 2011; Zhang et al., 2016). Meanwhile, KEGG analysis enriched these genes in MAPK and RAS signaling pathways that were both reported to have vital roles in inflammation and apoptosis, inducing the cognitive impairment in POCD (Li et al., 2014; Wang et al., 2018). The parent gene of hsa_circRNA_061570, ITSN1, also was reported to activate RAS-JNK signaling, damaging synaptic plasticity and reducing learning and memory functions in AD (Yarza et al., 2015). The difference in our GO and KEGG analyses from Wang’s research was the gene quantities. More target genes regulated by several circRNAs were involved in POCD and would be enriched in different signaling pathways.

Our study also has some potential limitations. Firstly, we just provide an expanded prospective for possible circRNAs and potential mechanisms promoting the development of POCD. Thus, the blood samples were only collected at one time point after surgery when learning and memory dysfunction was observed. Further verifying of these screened-out circRNAs on several time points after surgery might provide more clinical significance for diagnosis or prediction. Secondly, the possible roles of circRNA in the development of POCD were based on bioinformatics prediction. Thus, further experiments in vivo would be performed to identify how these differentially expressed circRNAs initiate the POCD. Third, currently we could not distinguish the source of these differentially expressed circRNAs; more experiments might be performed to explore the relationship between POCD and the circRNAs originating from different organs or tissues.

In conclusion, our study has validated the significant differentially expressed circRNAs and predicted miRNAs and genes in the POCD patients. Our study could provide a preliminary perspective for circRNAs with different expressions and predict their potential participation mechanisms in POCD. In the future, further studies are still needed to investigate how these circRNAs function on genes regulating POCD development and become novel potential peripheral clinical biomarkers and therapeutic targets for POCD.
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Background: The anesthetics inhibit neural differentiation, induce neuron loss and cognitive impairment in young animals. However, the underlying mechanisms of anesthesia on neural differentiation are unknown.

Methods: Embryonic stem cells (ESCs) and mice received sevoflurane anesthesia. RNA sequencing; gene expression of mRNAs, LncRNAs and miRNAs; over-expression and RNA interference of genes; flow cytometry; real-time quantity PCR and Western blot were used in the studies. RNA pull-down assay and PCR were employed to detect any miRNA that attached to Rik-203. The binding of miRNA with mRNA of BDNF was presented by the luciferase assay.

Results: Here we found that LncRNA Riken-203(Rik-203) was highly expressed in mice brain and was upregulated during neural differentiation. Sevoflurane decreased the amount of Rik-203 in mice brain. Knockdown of Rik-203 repressed the neural differentiation derived from mouse embryonic stem cell and downregulated the neural progenitor cells markers Sox1 and Nestin. RNA pull-down showed that miR-466l-3p was highly bound to Rik-203. Inhibition of miR-466l-3p restored the neural differentiation repressed by Rik-203 knockdown. Brain derived neurotrophic factor (BDNF), which was downregulated by sevoflurane, was also directly targeted by miR-466l-3p. Overexpression of BDNF restored the neural differentiation repressed by miR-466l-3p and Rik-203 knockdown.

Conclusion: Our study suggested that sevoflurane related LncRNARik-203 facilitates neural differentiation by inhibiting miR-466l-3p's ability to reduce BDNF levels.

Keywords: anesthesia, sevoflurane, Rik-203, miR-466l-3p, BDNF, neural differentiation


INTRODUCTION

The widespread and growing use of anesthesia in children makes its safety a major health issue of interest (1), reviewed in (2). It has become a matter of even greater concern as evidence shows that multiple exposures to anesthesia and surgery may induce cognitive impairment in children (3–8), and that anesthetics may induce neurotoxic damage and cognitive impairment in young animals (1, 9–13). Several clinical studies on anesthesia/surgery-induced cognitive impairment in children have been reported (3–8). However, contradictory reports also exist (8, 14, 15), and single and short time exposure to anesthesia and surgery is not associated with cognitive impairment in children (16, 17). Nevertheless, these findings suggest that children who have undergone anesthesia and surgery may not develop to their full cognitive potentials.

Aberrant neural differentiation has been shown to contribute to cognitive impairment and neurogenesis inhibition in young and offspring rodents (18). Sevoflurane regulates neurogenesis in offspring rats by down-regulating the expression of brain-derived neurotrophic factor (BDNF), which is the critical neural development and disease related gene (19–22) and induces neurotoxicity and cognitive impairment in young mice (23, 24). But, the underlying mechanism by which sevoflurane regulates the expression of BDNF remains largely unknown, which impedes further research into anesthesia neurotoxicity in the developing brain. In the present study, we set out to determine the effects of sevoflurane on neural differentiation and the underlying mechanisms of sevoflurane-regulated expression of BDNF.

Long non-coding RNAs (LncRNAs) are defined as transcripts that are longer than 200 nucleotides. They are reported to be critically involved in the regulation of neural differentiation (25) and are associated with sevoflurane anesthesia (19, 26). LncRNAs, e.g., NBAT-1 and Pnky, may regulate cell differentiation and development [(27–29), reviewed in (30)]. LncRNA Rik-201 plays important role in gliomagenesis (31). In our previous study, LncRNA Rik-203 contributes to anesthesia induced neurotoxicity by regulating neural differentiation (26). Moreover, LncRNA Rik-201 and LncRNA Rik-203 attached to microRNAs (miRNAs) as a sponge to prevent the miRNA from binding to mRNA 3′UTR, thus inhibiting miRNA's ability to bind to target mRNA and prevent the translation to regulate neural differentiation (32).

In this study, we systematically investigated the interaction between LncRNA Rik-203, the anesthetic sevoflurane, miRNA and the brain-derived neurotrophic factor (BDNF). As a result, sevoflurane inhibited neural differentiation by down-regulating the expression of LncRNA Rik-203. Our study suggested an important role of LncRNAs in the underlying mechanism of the anesthesia neurotoxicity.



MATERIALS AND METHODS


Cell Culture

46C mESCs were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Hyclone, USA) supplemented with 15% fetal bovine serum (Gibco, USA), 55 μM β-mercaptoethanol (Thermo, USA), final concentration 1:10,000 leukemia inhibitory factor (Millipore, USA), 1% nonessential amino acids (Thermo, USA), 1% L-glutamine (Thermo, USA) and 1% sodium pyruvate (Thermo, USA) at 37°C, 5% CO2 atmosphere. 46c mESCs is a Sox1-GFP reporter ESCs line that recapitulates endogenous Sox1 expression when GFP is expressed. Quantification of the Sox1 positive cells using fluorescence microscopy showed the inhibition of neural differentiation.



Inducible Rik-203 Knockdown 46c Cell Lines

We constructed two shRNA vectors for targeting different sites by using plko-tet-on vector. The sequence of shRNA is as follows: shRNA-1, 5′-GGTGTTGGGCCAGTTCCTTAT-3′; shRNA-2, 5′-GCTTGAATTCAGGCTGCTTGA-3′.

For knockdown of the Rik-203, mESCs were dissociated with 0.05% trypsin and infected with rtTA lentivirus supplemented with 8 × 10−3 μg/mL polybrene (final concentration 1:1,000). After 48 h later, cells were treated by final concentration of 200 μg/ml geneticin G418 (Thermo, USA) to select stable transfected cell line. Selected cells then were infected by plko-tet-on lentivirus for 48 h with 8 × 10−3 μg/mL polybrene before selection with 5 μg/mL puromycin (Sigma-Aldrich, USA).



Neural Differentiation From mESCs

mESCs were dissociated to single cells with 0.05% trypsin (Hyclone, USA) and then neutralized with DMEM (Gibco, USA) with 10% fetal bovine serum (Gibco, USA). mESCs were washed with GMEM (Gibco, USA). Cells were resuspended and cultured into a low adsorption petri dish (Thermo) with neural differentiation medium at the density of 2.5 × 104 cells/ml. The neural differentiation medium contains GMEM with 8% knockout serum replacement (Gibco, USA), 1% L-glutamine, 1% sodium pyruvate, and 55 μM β-mercaptoethanol. The medium was changed everyday until 7 days. The single-cell clone could be identified under microscope.



Overexpression of miR-466l-3p

The plvx-puro-miR-466l-3p vector (Biogot technology,co,Ltd.,China) lentivirus was infected with the 46c mESCs to establish the miR-466l-3p overexpressing cell line.



Inhibition of the miR-466l-3p

Lipofectamine 2000 (Thermo) was used to tansfect the miR-466l-3p inhibitor, a chemically modified RNA single chain competing with mature miR-446l-3p, or control inhibitor (Ribobio,China) following the instructions to inhibit the function of miR-466l-3p at day 3 and day 5 during the neural differentiation.



Overexpression of BDNF

The whole RNA was isolated by the RNAiso plus (TaKaRa, China) and inversed transcription to cDNA by cDNA Synthesis Kit (TaKaRa). BDNF CDS fragments were amplified and inserted into the Fugw vector. The primers sequence is as follows: PF: 5′-GGCGGATCCATGACCATCCTTTTCCTTACTATGG-3′(BamH1 site); 5′-GGCGAATTCCTATCTTCCCCTTTTAATGGTCAGT-3′(EcoR1 site). The vector was packaged to be lentivirus and transfected into the cells by using Lipofectamine 2000 (Thermo) and the instructions for the reagent.



Sevoflurane Treatment of Mice and Cells

C57BL/J6 mice at postnatal day 6 (P6) (Shanghai SLAC Laboratory Animal, Zhangjiang, Shanghai, P. R. China) were used for sevoflurane treatment. The protocol was approved by the Standing Committee on Animals at Shanghai Ninth People's Hospital, Shanghai, China. The mice received the sevoflurane anesthesia as described in our previous studies (33, 34). The mice were allowed to totally recover from the anesthesia. Each of the mice was euthanized via decapitation at the end of the sevoflurane administration on P8 and the hippocampus tissue were then harvested. Specifically, the cells were treated with 4.1% sevoflurane for 2 h daily at day 4, 5, and 6 after the start of neural differentiation to mimic the clinical several times anesthesia. The cells were harvested at day 7 during the neural differentiation, at which there're many NPCs (26). In some experiments, the cells were transfected with BDNF 12 h before the sevoflurane treatment.



Flow Cytometry Studies

The cells were suspended in PBS for flow cytometry analysis by using FACS Calibur (BD Biosciences, USA) operating at 488 nm excitation with standard emission filters. Fluorescence noise baseline was referenced with the 46C mESCs. Flowjo software was used to analyze the results.



Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated using RNAiso Plus (TaKaRa). For miRNA, cDNA inverse transcription was carried out with the TIANScript RT Kit (Tiangen, China). qRT-PCR primers of miRNA were purchased (RiboBio, China). mRNA was inverse transcribed to cDNA using cDNA Synthesis Kit (TaKaRa). The primers for detecting mRNA or LncRNA level are as follows:

Rik-203:PF:5′-CATCACTTGGACCATGGACACTAAT-3′, RF:5′-GAATCCTATACACATGAATGCAGAA-3′; Nestin:PF:5′-GAATGTAGAGGCAGAGAAAACT-3′, RF:5′-TCTTCAAATCTTAGTGGCTCC-3′; Sox1:PF:5′-GTTTTTTGTAGTTGTTACCGC-3′, RF:5′-GCATTTACAAGAAATAATAC-3′;

GAPDH:PF: 5′-ATGACATCAAGAAGGTGGTG-3′,

RF: 5′-CATACCAGGAAATGAGCTTG-3′.



Nucleus and Cytoplasm Extraction

In order to detect the distribution of LncRNA Rik-203 in the NSCs, we performed the nucleus and cytoplasm extraction studies according to the previous study (35). Purification and analysis of cytoplasmic and nucleus RNA was performed by using qRT-PCR.



Luciferase Reporter Assays

pGl3-cm vector was used to construct the 3′UTR luciferase reporter. BDNF 3′UTR fragment was amplified from mESCs DNA.

The PCR primers are as follows:

For miR-466l-3p binding sites UTR region: PF:5′-GGCGTCGACTGAACTGCATGTATAAATGAAGTTT-3′; PR:5′-GGCTCTAGAAATTGGTACACTTAAATAGAACCTG-3′.

Mutant UTR reporter vector was further obtained from the 3′ UTR luciferase reporter by replacing the 6 base pair (bp) miRNA seed sequence by using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, USA).

For analysis, 3T3 cells (2 × 10 4 cells/well of 48-wells plate) were transfected with 200 ng of the 3′UTR luciferase reporter or mutant one, 5 ng Renilla vector, and 20 pmol of miR-466l-3p mimics or miRNA control mimics (Ribobio). Forty-eight hours later cells were harvested to perform the luciferase level using the Dual Luciferase Assay kit (Promega, USA) and SpectraMax M5 microplate reader (Molecular Devices, USA).



Western Blot

Cells or tissues were lysed by RIPA buffer to obtain the protein for electrophoresis. Protein was transferred onto the PVDF membrane (BioRed, USA). Then incubated the primary antibodies: GAPDH (ab8245, Abcam) uased for normalizing whole protein levels, and BDNF (ab10505, Abcam). Enhanced chemiluminescence (ECL) substrate (Thermo) was used to visualize the protein expression signaling.



RNA Pull-Down Assay

1 × 108 mESc-derived NSCs were used for the studies. Full-length C130071C03Rik and the antisense RNA were transcribed into the cells using T7 RNA polymerase. Fifty pmol of C130071C03Rik, or C130071C03Rik's antisense RNA, was labeled using desthiobiotin and T4 RNA ligase via a PierceTM RNA 3′End Desthiobiotinylation Kit (Thermo). The RNA pull-down assay was performed according to the PierceTM Magnetic RNA-Protein Pull-Down Kit (Thermo) and parts of the experiments were performed in the core facilities in Yingbiotech (Shanghai, China). In addition, the cells were briefly lysed with Pierce IP Lysis Buffer, and incubated on ice for 5 min. The lysates were centrifuged at 13,000 × g for 10 min, and the supernatant was transferred to a new tube for further analysis. The labeled RNA was added to 50 μL of beads, and incubated for 30 min at room temperature with agitation. The RNA-bound beads were incubated with the lysates for 60 min at 4°C. The RNA-Binding microRNAs were washed and eluted, and the binding microRNAs were detected using qRT-PCR. Primers for the qRT-PCR analysis of miRNA include the following list. For miR-466l-3p: Primer of Stem-loop reverse transcription:

5′-GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACTCTTATG−3′, Primers for qRT-PCR: PF: 5′- ACGCAGATACATACACGCACA−3′, RF: 5′- AGTGCGTGTCGTGGAGTCG -3′.



Statistics Analysis

The data were presented as mean ± standard deviation (SD) with more than three independent experiments. The significance of statistics was determined by a Student's t-test or one-way ANOVA. * and # p < 0.05, ** and ## p < 0.01, *** and ### p < 0.001. We used the Graph Pad (Software Inc., San Diego, California, USA) to evaluate all of the study data.




RESULTS


Rik-203 Decreased by Sevoflurane and Is Critically Involved in the Neural Differentiation

In our previous study, we found that LncRNA Rik-203 contributes to anesthesia induced inhibition of neural differentiation (26). Rik-203 expression level was significantly lower in the hippocampus of mice exposed with 3% sevoflurane 2 h daily for 3 days (Figure 1A). Moreover, LncRNA Rik-203 was especially enriched in the mouse brain than in other tissues, such as limb, heart and liver (Figure 1B). We then performed the induction of neural differentiation from mouse embryonic stem cells (ESCs) 46c and found that the amount of Rik-203 was also upregulated significantly during the neural differentiation from mESCs to neural stem cells (NSCs) (Figure 1C). In the contrary we repressed the process of neural differentiation derived from 46C mESCs, the Sox1-promoter GFP transgenic ESCs (36), by treating the cells with sevoflurane, which is a widely used anesthetic and induces neural development neurotoxicity in developing brain (37–39). To investigate whether Rik-203 could regulate the neural differentiation, we knocked down the Rik-203 (Figure 1D) and found that the neural differentiation form mESCs was inhibited by Rik-203 knockdown (Figure 1E). Flow cytometry assay confirmed our findings in Figure 1E, and the proportion of Sox1-GFP positive cells was indeed repressed by Rik-203 knockdown (Figure 1F). Additionally, the expression of Nestin, Sox1, and N-cadherin, which are critical neural development marker genes, was significantly decreased in Rik-203 knockdown groups (Figure 1G).


[image: Figure 1]
FIGURE 1. Rik-203 regulatese neural differentiation. (A) Sevoflurane decreased the Rik-203 level in the mice hippocampus (n = 6). (B) qRT-PCR indicated that Rik-203 level is highest in brain compared with other tissues of mice. (C) Level of Rik-203 expression during the neural differentiation from ESCs to NSCs. (D) Knockdown of the Rik-203 expression by shRNAs and repressed the neural differentiation (E). (F) Flow cytometry assay showed the proportion of Sox1-GFP positive cells was repressed by Rik-203 knockdown. (G) qRT-PCR showed that levels of Sox1, Nestin, N-cadherin were decreased through Rik-203 knockdown. The scale bar represents 100 μm. Ctrl means control; *p < 0.05, **p < 0.01.




Rik-203 Targeted the miR-466l-3p During the Neural Differentiation

We examined the downstream mediator of Rik-203 during neural differentiation. There are more Rik-203 distributing in the cytoplasm than in the nucleus (Figure 2A), which indicates the competing endogenous RNAs (ceRNA) function of Rik-203 in the cytoplasm. Bioinformatics assay and RNA pull down analysis showed that mmu-miR-466l-3p could bind with the Rik-203 (Figure 2B). Additionally, sevoflaurne treatment did not alter miR-466l-3p expression (Figure 2C), which further suggested the regulatory function of Rik-203 over ceRNA. Overexpression of miR-466l-3p significantly repressed the neural differentiation (Figures 2D,E) as well as the expression of NSCs markers, namely Sox1, Nestin and N-cadherin (Figure 2F). In addition, subsequent rescue experiments found that inhibition of miR-466l-3p by specific miRNA inhibitors could restore the repressed neural differentiation (Figures 2G,H) as well as the decrased NSCs related gene expression (Figure 2I) caused by Rik-203 knockdown. These findings suggest that Rik-203 can bind to miR-466l-3p during the neural differentiation process.
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FIGURE 2. Rik-203 targeted the miR-466l-3p during the neural differentiation. (A) Cytoplasmic and nucleus distribution of Rik-203 was detected by RT-PCR and showed that there were higher Rik-203levels in the cytoplasm. (B) RNA pull-down assay showed that miR-466l-3p bind to Rik-203. (C) Sevoflurane could not affect the level of miR-466l-3p in mice hippocampus. (D) Overexpression of miR-466l-3p significantly repressed the neural differentiation. (E) Flow cytometry assay also confirmed the inhibition of proportion of Sox1-GFP positive cells. (F) qRT-PCR showed the downregulation of NSCs related genes Sox1, Nestin, N-cadherin by miR-466l-3p. (G) Rescue experiment showed that inhibition of miR-466l-3p restored the neural differentiation repression caused by Rik-203 knockdwon. miR-inhibitor means the miR-466l-3p inhibitor that is the chemically modified RNA single chain competing with mature miR-446l-3p. Ctrl means the plko-tet-on vector and miR-inhibitor control. (H) Flow cytometry assay also indicated the inhibition of mir-466l-3p recued the neural differentiation in (G). (I) Detection of the NSCs related genes expression in the rescue experiments. The scale bar represents 100 μm. *p < 0.05, **p < 0.01, ***P < 0.001; ** or ##p < 0.01.




BDNF Is Directly Targeted by miR-466l-3p and Mediates Neural Differentiation

We next addressed the interaction of Brain derived neurotrophic factor (BDNF) and miR-466l-3p under anesthesia exposure. Brain derived neurotrophic factor (BDNF) is involved in the differentiation from iPSCs to NSCs (40) while promoting the growth of neurons and NSCs (41). Sevoflurane, on the other hand, has been shown to significantly inhibit the BDNF expression and cognitive functions (39). We detected the downregulation of the BDNF in cells treated by sevoflurane during the neural differentiation (Figure 3A). MiR-466l-3p is predicted to target BDNF(Figure 3B) by TargetScan (42), miRBase (43). To investigate whether BDNF could be directly targeted by miR-466l-3p, we engineered luciferase reporters with either the wild-type 3′ UTRs or mutant UTRs with deletion of 6 base pair (bp) miRNA seed sequence binding sites. A scrambled control with no homology to the mouse genome was used to control the nonspecific effects of endogenous miRNA expression. Overexpression of miR-466l-3p repressed the luciferase expression. In contrast, mutant reporter was not repressed by miR-466l-3p (Figure 3C). Overexpression in the NSCs also induced the downregulation of BDNF (Figure 3D). These data indicated that 3′UTR of BDNF was directly targeted by miR-466l-3p. Knockdown of the BDNF could inhibit the neural differentiation (Figures 3E,F) while repressing the expression of Sox1, Nestin and N-cadherin (Figure 3G), which was similar with the phenomenon of the overexpression of miR-466l-3p. Additionly, we performed the rescue experiments to study whether miR-466l-3p/BDNF pathway could function as the regulator of neural differentiation. Indeed, overexpression of BDNF significantly mitigated the repression of neural differentiation caused by miR-466l-3p overexpression (Figures 3H,I). The expression of NSCs markers Sox1, Nestin and N-cadherin expression was also restored by BDNF in the miR-466l-3p overexpressing cells (Figure 3J). These findings together suggest that BNDF is the direct target of miR-466l-3p during sevoflurane exposure and mediates neural differentiation.
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FIGURE 3. MiR-466l-3p targeted BDNF to mediate neural differentiation. (A) Western blot indicated the downregulation of BDNF cause by sevoflurane treatment in mice hippocampus (n = 6). (B) Target validation of the binding of BDNF 3′UTR by miR-466l-3p. (C) Luciferase report assay indicated that miR-466l-3p targeted wild-type BDNF 3′UTR but not mutant UTR. (D) Overexpression of miR-466l-3p decreased the protein level of BDNF. (E) Knockdown of the BDNF inhibited the neural differentiation. (F) Flow cytometry assay confirmed the downregulation of BDNF repressed the proportion of Sox1-GFP positive cells. (G) Detection of the NSCs related genes Sox1, Nestin, N-cadherin expression by qRT-PCR. (H) Overexpression of BDNF blocked the neural differentiation caused by miR-466l-3p, which was also confirmed in (I). (J) Detection of the expression of Sox1, Nestin, and N-cadherin in the (H). The scale bar represents 100 μm. *p < 0.05, **p < 0.01; ** or ##p < 0.01.




BDNF Restored the Neural Differentiation Repression Caused by Rik-203 Downregulation

Knockdown of BDNF induced the neural differentiation repression, which was similar with the phenomenon following Rik-203 knockdown. miR-466l-3p has also been confirmed to be the downstream target of Rik-203. Next we found that overexpression of BDNF could be the downstream target of RIk-203 to rescue the repression of neural differentiation cause by Rik-203 (Figures 4A,B) and also the expression of NSCs marker genes expression (Figure 4C).


[image: Figure 4]
FIGURE 4. BDNF restored the repression of neural differentiation caused by Rik-203 downregulation. (A) Overexpression of BDNF restored the neural differentiation repressed by Rik-203 knockdown. (B) Flow cytometry assay showed that BDNF rescue the proportion of Sox1-GFP positive cells repressed by Rik-203 knockdown. (C) The expression level of Sox1, Nestin and N-cadherin is also restored by BDNF in Rik-203 knockdown cells. The scale bar represents 100 μm. *p < 0.05, **p < 0.01; or #p < 0.05.





DISCUSSION

In the current studies, we were able to show that sevoflurane decreased levels of LncRNA Rik-203 in the brain tissues of the mice. Such reductions resulted in the inhibition of neural differentiation via the miR-466l-3p /BDNF signaling. These data also suggest that Rik-203 would involved in the underling mechanism for sevoflurane anesthesia neurotoxicity.

LncRNAs are known to function as epigenetic modulators (44) andplay crucial roles in developmental and neurodegenerative diseases (45). Among five 5 transcripts (splice variants) in LncRNA Riken,LncRNA Rik-201 and Rik-203 have functional role in regulating neural differentiation. Previous studies have shown that anesthetics may regulate LncRNAs expression (32). Sevoflurane increased the level of LncRNA Gadd45a in the rat hippocampus neural stem cells and induced neurotoxicity (46). Our findings showed that Rik-203 was upregulated gradually during the neural differentiation and downregulated by sevofalurne treatment in mice brain. Rik-203 is mainly located in the cytoplasm to function as the ceRNA and to inhibit downstream miR-466l-3p effects of repressing the neural differentiation. Sevoflurane decreased the levels of Rik-203, which led to the release of the miR-466l-3p from Rik-203. The released miR-466l-3p then decreased the levels of BDNF.These results indicated that Rik-203/ miR-466l-3p/BDNF pathway might contributed to sevoflurane induced neural differentiation process inhibition.

Sevoflurane was also reported to decrease the expression of BDNF and induced cognitive impairment in 18 month-old rats (39). BDNF is critically involved in the differentiation of NSCs from iPSCs (40) and promotes neurons and NSCs growth (41). We found that miR-466l-3p directly targets BDNF, leading to the inhibition of the neural differentiation. BDNF overexpression could restore the neural differentiation repressed by the Rik-203 knockdown or miR-466l-3p overexpression. These data indicated that BDNF construct the Rik-203/miR-466l-3p/BDNF signaling pathway regulating the neural differentiation and mediating sevoflurane neurotoxicity.

There are several limitations in the studies. First, we did not perform in vivo relevance studies to investigate the neural differentiation inhibition in miR-466l-3p knockout in mice. However, the in vitro findings demonstrated that sevoflurane could inhibit neural differentiation via the Rik-203/miR-466l-3p/BDNF signaling pathway. Second, we also did not perform dose-response curve of sevoflurane on cells and mice in this study. In our previous study, we found that sevoflurane also decreased Rik-203 mRNA levels in the hippocampus tissues of mice in a dose-dependent manner (26).



CONCLUSION

We identified the functional role of sevoflurane regulating LncRNA Rik-203 in facilitating neural differentiation and elucidated the underlying miR-466l-3p/BDNF associated molecular pathway mechanisms. Moreover, these findings have identified Rik-203 as a potential target for prevention and treatment of anesthesia neurotoxicity in young mice and children.
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DNA Methylation Manipulation of Memory Genes Is Involved in Sevoflurane Induced Cognitive Impairments in Aged Rats
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DNA methylation is an essential epigenetic mechanism involving in gene transcription modulation. An age-related increase in promoter methylation has been observed for neuronal activity and memory genes, and participates in neurological disorders. However, the position and precise mechanism of DNA methylation for memory gene modulation in anesthesia related cognitive impairment remained to be determined. Here, we studied the effects of sevoflurane anesthesia on the transcription of memory genes in the aged rat hippocampus. Then, we investigated changes in DNA methylation of involved genes and verified whether dysregulated DNA methylation would contribute to anesthesia induced cognitive impairment. The results indicated that sevoflurane anesthesia down-regulated the mRNA and protein levels of three memory genes, Arc, Bdnf, and Reln, which were accompanied with promoter hypermethylation and increased Dnmt1, Dnmt3a, and Mecp2 expression, and finally impaired hippocampus dependent memory. Furthermore, inhibition of DNA hypermethylation by 5-Aza rescued sevoflurane induced memory gene expression decrease and cognitive impairment. These findings provide an epigenetic understanding for the pathophysiology of cognitive impairment induced by general anesthesia in aged brain.
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INTRODUCTION

A progressive loss of cognitive function characterized by impairments in memory is common in aging and creates a context favorable for the development of neurodegenerative diseases such as Alzheimer’s disease (AD) (Barter and Foster, 2018). However, the rate and severity of cognitive aging vary widely across the elderly. Recently, epigenetic modification emerges as a crucial mechanism in shaping phenotypic differences of cognitive aging through gene−environment interactions (Barter and Foster, 2018). DNA methylation, one of the most extensively investigated epigenetic mechanisms, is an essential mediator of memory associated gene transcription, typically resulting in transcriptional silencing and loss of gene function. DNA methylation is catalyzed by DNA methyltransferases (DNMTs), including DNMT1, DNMT3a and 3b. These enzymes transfer a methyl group from S-adenosylmethionine (SAM) to a cytosine, and most commonly occurs at cytosines followed by a guanine residue, referred to as CpG sites of DNA promoter regions (Okano et al., 1999). An age-related increase in promoter methylation has been observed for neuronal activity and memory genes and is involved in neurological disorders (Delgado-Morales et al., 2017). Affected genes implicated in learning and memory notably include the brain derived neurotrophic factor (Bdnf) (Lubin et al., 2008), activity-regulated cytoskeletal-associated protein (Arc) (Epstein and Finkbeiner, 2018), early growth response 1 (Egr1, also known as Zif268) (Sun et al., 2019), Reln (Stranahan et al., 2013; Pujadas et al., 2014) and Ppp3ca (also known as calcineurin) (Miller et al., 2010).

Approximately 30% of the population aged 65 years or more are exposed to some form of anesthesia annually (Evered et al., 2017). Aging induced neural degenerative changes predispose them to a higher incidence of perioperative neurocognitive disorders (PNCD), including postoperative cognitive dysfunction (POCD) (Moller et al., 1998; Monk et al., 2008; Evered et al., 2018). Although the causes of POCD are complicated and remain to be elucidated, inhaled anesthetics are now being recognized as a potentially significant risk to cognitive performance at extreme age (Jevtovic-Todorovic et al., 2013; Schulte et al., 2018). Our studies and others revealed that exposure to inhaled anesthetics could result in synaptic and cognitive dysfunction (Ni et al., 2015, 2017). Recent work has begun to investigate anesthesia triggered epigenetic modifications within the neonatal rats (Chastain-Potts et al., 2019). However, the manipulation of DNA methylation and its precise mechanism for memory genes in the aged hippocampus and their relationships with anesthesia related cognitive variation remained to be determined. In the present study, we tested whether sevoflurane, one of the most commonly used inhaled anesthetics for general anesthesia, would suppress the transcription of memory genes in the hippocampus of aged rats. Then, we investigated changes in the profile of DNA methylation of involved genes and verify whether dysregulated DNA methylation within hippocampus would contribute to anesthesia induced cognitive impairment. We aim to elucidate the epigenetic mechanisms underlying neurocognitive disorders induced by anesthesia in the aged brain.



MATERIALS AND METHODS


Animals and Anesthesia

Male Sprague-Dawley rats, 18-month old, weighing 550–600 g, were used in the studies. Before sevoflurane anesthesia, the rats were maintained on a standard housing condition with food and water ad libitum for 2 weeks. The animal experiments were performed in accordance with the guide for the care and use of laboratory animals and the protocol was approved by the local biomedical ethics committee (No. LA2018085).

Minimum alveolar concentration (MAC) of sevoflurane for rats has been reported as 2.4∼2.7% (Li et al., 2014). In our study, rats were randomly assigned to control or sevoflurane group. The rats in anesthesia group received 2.5% sevoflurane in 100% oxygen for 4 h in an anesthetizing chamber, while the control group received 100% oxygen at an identical flow rate for 4 h in an identical chamber. The rats breathed spontaneously, and sevoflurane and oxygen concentrations were monitored continuously (Datex, Tewksbury, MA, United States). The temperature of the anesthetizing chamber was controlled to maintain the rectal temperature of rats at 37 ± 0.5°C. This anesthesia protocol has been shown not to significantly alter values of blood pressure and blood gas in the preliminary studies. Anesthesia was terminated by discontinuing sevoflurane and placing animals in a chamber containing 100% oxygen until 20 minutes after the recovery of consciousness. The animals were then returned to individual home cages until sacrifice. Rats were sacrificed by decapitation 3 h after anesthesia. The brain tissues were removed rapidly, and the hippocampus was dissected out and frozen in liquid nitrogen.



Cell Culture and Treatments

C6 rat glioma cells were used in the studies. The cells were cultured in F-12K medium (GibcoTM, Thermo Fisher Scientific, Waltham, MA, United States) containing 2.5% fetal bovine serum, 15% horse serum, 100 U/ml penicillin, and 100 μg/ml streptomycin. Before treatments, cells were seeded in 6-well plates, with one million cells in 1.5 ml cell culture media per well, as described in our previous studies (Ni et al., 2017). The cells were randomly assigned to a treatment or control group. In treatment group, the cells were treated in a sealed plastic box in a 37°C incubator, with 4.1% sevoflurane, plus 21% O2 and 5% CO2, delivered from an anesthesia machine for 4 h as described previously (Dong et al., 2009). The cells in the control group received vehicle gas in the same condition. A Datex infrared gas analyzer (Puritan-Bennett, Tewksbury, MA, United States) was used to continuously monitor the delivered concentrations of carbon dioxide, oxygen and sevoflurane. Then the treated cells were harvested and frozen in liquid nitrogen.



DNA Methylation Modulation

To conduct the in vivo induction of DNA hypomethylation, rats were randomly assigned to control, 5-Aza-2′-deoxycytidine (5-Aza), sevoflurane or sevoflurane +5-Aza group. 5-Aza (Abcam, Cambridge, United Kingdom) is a DNMT1 activity inhibitor and could induce DNA hypomethylation (Christman, 2002). It was dissolved in sterile water and injected intraperitoneally 30 min before anesthesia with 0.5 mg/kg dosage chosen based on the preliminary study and a previous study (Williams-Karnesky et al., 2013). The control and sevoflurane groups received a vehicle injection (sterile water).

For the in vitro induction of DNA hypomethylation, the cells were randomly assigned to control, 5-Aza, sevoflurane or sevoflurane +5-Aza group. 5-Aza was given 60 min before sevoflurane treatment in 5-Aza or sevoflurane +5-Aza group, and the concentration was 10 μM based on a previous study (Tan et al., 2017). For the in vitro induction of DNA hypermethylation, the cells were randomly assigned to control, S-(5-Adenosyl)-L-methionine disulfate tosylate (SAM), sevoflurane or sevoflurane + SAM group. SAM (Methyl donor, Abcam, Cambridge, United Kingdom) was also given 60 min before sevoflurane treatment in SAM or sevoflurane + SAM group, and the concentration was 100 μM based on a previous study (Maddocks et al., 2016).



RNA Extraction and Quantification

Total RNAs were isolated from the hippocampi and cells using TRIzol reagent (Invitrogen, Carlsbad, CA, United States), then were digested with RNase-Free DNase to remove residual DNAs. The RNA concentrations were analyzed using the Nanodrop 2000 (Thermo Fisher Scientific), then total RNA (2 μg) was reverse-transcribed using the GoScriptTM Reverse Transcription System (Promega).



Quantitative Real-Time PCR (qPCR)

Quantitative real-time PCR was performed on CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States). Amplification mixture consisted of PowerUpTM SYBR® Green master mix (Thermo Fisher Scientific), 10 μM forward and reverse primers (Invitrogen, Carlsbad, CA, United States) and approximately 1.5 μl of cDNA template. Primer sequences were obtained from the literature and checked for their specificity through in silico PCR. The forward and reverse primers are shown in Table 1. Amplification was carried out with an initial denaturation step at 95°C for 2 min followed by 45 cycles of 95°C for 10 s, 55°C for 30 s and 60°C for 30 s, then 65°C for 2 min in 10 μl reaction volume. All reactions were run in duplicate and the results were averaged from 6 independent studies. qPCR was quantified in two steps. First, β-actin levels were used to normalize target gene levels (ΔCycle threshold (ΔCt) = Cttarget gene − Ctβ–actin, target gene level = 2−ΔCt). Second, the target gene levels of sevoflurane group were presented as the percentage of those of control group, and 100% of the target gene levels referred to the control levels.


TABLE 1. The primer sequences used for qPCR.
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Immunofluorescence

Immunofluorescence was performed in order to determine the expression of Arc, BDNF and Reelin in the hippocampus, as described in our previous studies (Ni et al., 2015). The rat hippocampus was fixed with 4% paraformaldehyde for 24 h, cryoprotected with 30% sucrose for 48 h, and sectioned using a cryostat (Cryotome E, Thermo Fisher, MA, United States). Coronal sections (10 μm thickness) were incubated with Arc antibody (1:200 dilution; Abcam, Cambrige, United Kingdom), BDNF antibody (1:1000 dilution; Abcam, Cambrige, United Kingdom) or Reelin antibody (1:500 dilution; Abcam, Cambrige, United Kingdom) overnight at 4°C, followed by incubation with goat anti-rabbit IgG conjugated to Alexa Fluor® 488 (1:400 dilution; Servicebio, Wuhan, China) for 50 min at room temperature. Nuclei were subsequently counterstained with DAPI (1:5000 dilution; Servicebio, Wuhan, China) for 10 min at room temperature. Images were captured using a Nikon Eclipse Ti confocal microscope. Due to the results of previous studies (Lee and Kesner, 2002), the hippocampal subregions CA1 and DG serve important roles in retrieving contextual memory after a long time period (i.e., 24 h), these two regions were analyzed for Arc, BDNF and Reelin expressions. Images were acquired by Nikon Eclipse Ti-S microscope (Nikon Corp., Tokyo, Japan).



MassARRAY EpiTYPER Assay

DNA methylation was quantified by the mass spectrometry-based method MassARRAY EpiTYPER compact MALDI-TOF (Agena Bioscience Inc., San Diego, CA, United States), and the result data were deposited in Dryad Digital Repository1. In brief, DNA was extracted from C6 glioma cells and rat hippocampi using Cell/Tissue DNA Extraction Kit (BioTeke, Beijing, China), then was bisulfite converted using Zymo Research EZ DNA Methylation Kit (Zymo Research, Irvine, CA, United States). Primers were designed using the EpiDesigner Software2, and their sequences are listed in Table 2. PCR amplification was carried out in an 8 μl reaction volume containing 0.8 μl of 10 × PCR Buffer, 0.8 μl of dNTPs, 0.1 μl PCR enzyme, 0.2 μl of each primer, 1.0 μl of bisulfite-converted DNA and H2O, and the amplification was carried out with an initial denaturation step at 94°C for 4 min followed by 45 cycles of 94°C for 20 s, 56°C for 30 s, and 72°C for 1 min, then final extension at 72°C for 3 min. After PCR and Shrimp Alkaline Phosphatase treatment, fragments were ligated to a T7 promoter segment, and then transcribed into RNA. The synthesized RNA was cleaved with RNase A and all cleavage products were analyzed on a mass spectrometer, according to the manufacture’s protocol. The generated mass signal patterns were translated into quantitative DNA methylation levels of different CpG sites of the selected genes by MassARRAY EpiTYPER Analyzer software. The locations of promoter regions encompassing the transcription start and the number of CpG sites assessed in the promoter regions are listed in Table 2. The results were processed and analyzed by the MassARRAY Workstation software. All measurements were performed in triplicate and the average was used for statistical analysis.


TABLE 2. The primer sequences and assessed locations for Bisulfite sequencing PCR.
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Fear Conditioning Test (FCT)

The FCT (Xeye CPP, Beijing MacroAmbition S&T Development, Beijing, China) was performed as described in previous studies (Dong and Li, 2014; Cheng et al., 2015) with modification. Briefly, 3 h after the sevoflurane anesthesia, rats were placed in the context chamber to acclimate for 180 s. Then they received a 2-Hz pulsating tone (80 dB, 3,600 Hz) for 60 s co-terminated with a mild foot shock (0.8 mA, a 0.5 s). Contextual FC memory was assessed 48 h and then 7 days after conditioning, respectively. A contextual test was performed in the same chamber for but with no cues (tone or shock). A cued test was performed by the presentation of same tone without shock in an alternative context with distinct visual and tactile cues. Freezing behavior, recognized as lack of movement except for respiratory efforts, was recorded for 180 s by video and analyzed using Xeye FCT software. The freezing time was used as an indicator of memory formation during training and memory retrieval after anesthesia. Hippocampal dependent memory was assessed by the freezing time during exposure to a novel context, while hippocampal independent memory was assessed by the freezing time during exposure to the conditional stimulus (tone) (Chowdhury et al., 2005).



Statistical Analysis

Statistical analysis was performed with Graphpad Prism 7.0 software. Quantitative data were presented as the mean ± SD and tested to be normally distributed. Based on the preliminary data, six rats per group was chosen as the sample size for qPCR and DNA methylation studies while twelve per group was selected for FCT experiment to yield a 90% power and 95% significance. The Shapiro-Wilk normality test has been used to test if the values of each group come from normal distribution. Non-paired two-tailed Student’s t-test was used to determine significant differences between two groups. One-way ANOVA was used to analyze significant differences between multiple groups, Bonferroni post hoc analyses were conducted if the main effects were significant. Two-way ANOVA was used to assess the interaction of 5-Aza or SAM with sevoflurane and to test the hypothesis of whether sevoflurane could influence memory gene expression through DNA methylation pathway. Bonferroni post hoc analyses were conducted if the main effects were significant. P < 0.05 was considered statistically significant.



RESULTS


Sevoflurane Anesthesia Decreased Arc, Bdnf, and Reln mRNA and Protein Expression Levels in the Hippocampus of Aged Rats and C6 Glioma Cells

To find out the gene markers affected by sevoflurane anesthesia within hippocampus of aged rats, we began by examining the expression of five memory genes Arc, Bdnf, Reln, Egr1 and Ppp3ca (Hendrickx et al., 2014; Sachser et al., 2016; Duclot and Kabbaj, 2017) using quantitative real-time PCR. Compared with control condition, the mRNA levels of Arc (48.36 ± 13.82 vs. 100.00 ± 26.58, P = 0.0005), Bdnf (46.11 ± 15.36 vs. 100.00 ± 13.4, P = 0.0001), and Reln (63.61 ± 22.24 vs. 100.00 ± 18.60, P = 0.0181) decreased significantly 3 h after 2.5% sevoflurane anesthesia for 4 h. The decreased mRNA expression of Arc (54.30 ± 13.30, P = 0.0015), Bdnf (51.26 ± 16.62. P = 0.0001) persisted for 24 h after anesthesia, but not for Reln (74.00 ± 22.10, P = 0.0984, Figures 1A–C). No significant differences were observed in the mRNA levels of Egr1 and Ppp3ca 3 h and 24 h after sevoflurane anesthesia versus control condition (Egr1, 98.22 ± 18.71 and 99.70 ± 16.29 vs. 100.00 ± 15.44, P = 0.9759 and 0.9993, respectively; Ppp3ca, 98.06 ± 20.21 and 98.20 ± 21.12 vs. 100.00 ± 23.22, P = 0.9822 and 0.9848 respectively, Figures 1D,E). The time points for observation in the present study were selected based on previous studies and the preliminary study (Lubin et al., 2008; Dyrvig et al., 2015).
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FIGURE 1. Sevoflurane decreased mRNA levels of Arc, Bdnf and Reln in the hippocampus of aged rats and C6 glioma cells. The mRNA levels of Arc, Bdnf and Reln in the hippocampus of aged rats decreased significantly 3 h after 4 h 2.5% sevoflurane anesthesia as compared with control condition, and the mRNA levels of Arc and Bdnf, but not Reln, still decreased significantly 24 h after anesthesia (A–C). The mRNA levels of Egr1 and Ppp3ca did not change after anesthesia (D,E). The mRNA levels of Arc, Bdnf, and Reln in C6 glioma cells decreased significantly after sevoflurane treatment (F–H), but Egr1 and Ppp3ca did not change after treatment (I,J). n = 6 in each group of in vitro and in vivo studies. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control group.


To determine the inherent effects of sevoflurane and to obviate the possible physiologic effects of anesthesia, C6 glioma cells were used. After exposure to 2.5% sevoflurane for 4 h, the mRNA levels of Arc (50.34 ± 5.635 vs. 100.00 ± 12.14, P < 0.0001), Bdnf (62.83 ± 12.92 vs. 100.00 ± 15.76, P = 0.0012), and Reln (73.77 ± 16.75 vs. 100.00 ± 20.99, P = 0.0378) in C6 glioma cells also decreased significantly (Figures 1F–H). The mRNA levels of Egr1 (100.90 ± 12.53 vs. 100.00 ± 9.48, P = 0.8917) and Ppp3ca (104.10 ± 18.46 vs. 100.00 ± 19.79, P = 0.7185) were unchanged after anesthesia (Figures 1I,J). Taken together, these data suggested that anesthesia with sevoflurane decreased mRNA expression levels of Arc, Bdnf and Reln both in vitro and in vivo condition.

Next, we evaluated the immunolabeling of hippocampal Arc, BDNF and Reelin (encoded by Arc, Bdnf, and Reln, respectively) 3 h after exposure to after 2.5% sevoflurane for 4 h to determine whether the changes in protein production were corresponded to the alterations in gene transcription. Cytoplasmic and perinuclear Arc staining were detected in the pyramidal cells within CA1 region and in the granule cells within the dentate gyrus (DG). The staining decreased significantly in the sevoflurane group compared to the control condition (Figure 2A). BDNF staining was most prominently observed in the cell bodies and axon terminals in the pyramidal cells within CA1 region and in the granule cells within DG, and the staining decreased significantly in the sevoflurane group (Figure 2B). Reelin is a large secreted extracellular matrix glycoprotein and has been reported to accumulate in oligomeric amyloid-like plaques in the hippocampus of several aged species (Knuesel et al., 2009). Compared to the anesthesia group, Reelin positive cells in the control condition were more numerous and polymorphous, with smaller interneuron dots possibly representing extracellular Reelin aggregates (Figure 2C).


[image: image]

FIGURE 2. Immunoreactivities of Arc, BDNF, and Reelin decreased in the CA1 region and DG in the hippocampus of aged rats after sevoflurane anesthesia. Immunofluorescence images of hippocampal sections staining with antibodies (green), cell nuclei counter-stained with DAPI (blue) and merged images. Arc staining was detected in the cytoplasm and around the nucleus, and decreased in anesthesia group (A). BDNF staining was most prominently observed in the cell bodies and axon terminals, and decreased in anesthesia group (B). Compared to the anesthesia group, Reelin positive cells were more numerous and polymorphous in control condition (C). In each panel, arrows point to the regions that present typical staining, which are provided as high magnification images in the corresponding right panels. Magnification 400×, scale bar 100 and 25 μm.




Sevoflurane Anesthesia Induced Cognitive Impairment in Aged Rats

To assess whether sevoflurane anesthesia leads to hippocampus-dependent cognitive impairments, a subgroup of aged rats was subjected to the fear conditioning test (FCT) 48 h and 7 days after anesthesia. The results of the context test, mainly used to assess hippocampal function (Li et al., 2014), showed that sevoflurane anesthesia did not alter freezing time at 48 h (34.71 ± 19.77 vs. 46.59 ± 20.33, P = 0.1609, Figure 3A), however on day 7, rats exposed to sevoflurane displayed reduced freezing time (21.75 ± 11.32 vs. 36.29 ± 13.50, P = 0.0091, Figure 3C) compared to the control group, which suggested that sevoflurane induced hippocampal-dependent cognitive deficits persisted for a relatively long time period. During the tone test, which is related to amygdala function (Li et al., 2014), sevoflurane anesthesia did not alter freezing time at 48 h (61.7 ± 31.05 vs. 59.87 ± 26.55, P = 0.8777, Figure 3B) or on day 7 (45.49 ± 20.75 vs. 42.3 ± 18.19, P = 0.6933, Figure 3D), suggesting that amygdala function is not grossly impaired.
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FIGURE 3. Sevoflurane induced hippocampus dependent memory impairment in aged rats 48 h after sevoflurane anesthesia, the freezing time did not change in both contextual and tone test of fear conditioning test (A,B). 7 days after sevoflurane anesthesia, the freezing time reduced significantly in context test (hippocampus dependent, C), but did not change in tone test (hippocampus independent, D). n = 12 in each group. **P < 0.01 compared with the control group.




Sevoflurane Altered Dnmts and Mecp2 Expression in the Hippocampus of Aged Rats and C6 Glioma Cells

DNA methylation is catalyzed by three DNA methyltransferases (DNMTs) in mammals, DNMT1, DNMT3a, and DNMT3b. DNMT3a and 3b catalyze de novo methylation, while DNMT1 is responsible for the maintenance of previously methylated sites in the adult brain (Robertson et al., 1999). Methyl-CpG binding protein 2 (MeCP2) typically acts as a transcriptional repressor that binds to methylated CpG and is involved in the maintenance of synaptic plasticity and cognitive functions in the mammal brain (Nan et al., 1997; Fasolino and Zhou, 2017). Given their roles in memory related neuronal plasticity in brain regions such as hippocampus (Lubin et al., 2008; Feng et al., 2010; Halder et al., 2016), we investigated whether Dnmts and Mecp2 mRNA levels in the hippocampus of aged rats were altered by sevoflurane. The mRNA levels of Dnmt1 (189.10 ± 35.94 vs. 100.00 ± 28.46, P = 0.0014), Dnmt3a (152.40 ± 37.15 vs. 100.00 ± 26.9, P = 0.0202) and Mecp2 (226.70 ± 51.79 vs. 100.00 ± 24.20, P = 0.0001) significantly increased 3 h after sevoflurane exposure compared to the control. The increased transcriptional expression of Dnmt1 (171.30 ± 43.52 vs. 100.00 ± 28.46, P = 0.0076) and Mecp2 (201.80 ± 30.15 vs. 100.00 ± 24.20, P = 0.0005) persisted up to 24 h after sevoflurane treatment, but not for Dnmt3a (128.40 ± 28.70 vs. 100.00 ± 26.9, P = 0.2302, Figures 4A,B,D). However, the Dnmt3b mRNA levels decreased both 3 h and 24 h after sevoflurane exposure (49.51 ± 16.61 and 50.97 ± 12.47 vs. 100.00 ± 25.65, P = 0.0007 and 0.0009, respectively, Figure 4C).
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FIGURE 4. Sevoflurane increased Dnmt1, Dnmt3a, and MeCP2 mRNA levels and decreased Dnmt3b mRNA levels in the hippocampus of aged rats and C6 glioma cells. The mRNA levels of Dnmt1, Dnmt3a, and MeCP2 in the hippocampus of aged rats increased significantly 3 h after 4 h 2.5% sevoflurane anesthesia as compared with control condition, and the mRNA levels of Dnmt1 and MeCP2, but not Dnmt3a, still increased significant 24 h after anesthesia (A,B,D). Dnmt3b mRNA levels in the hippocampus of aged rats decreased significantly 3 h and 24 h after anesthesia (C). The mRNA levels of Dnmt1, Dnmt3a and MeCP2 in C6 glioma cells increased significantly after sevoflurane treatment (E,F,H), and the mRNA levels of Dnmt3b in C6 glioma cells decreased significantly after treatment (G). n = 6 in each group of in vitro and in vivo studies. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control group.


The same pattern can be seen with in vitro experiment results. In C6 glioma cells, the mRNA levels of Dnmt1 (141.00 ± 26.30 vs. 100.00 ± 21.41, P = 0.0142, Figure 4E), Dnmt3a (132.20 ± 23.42 vs. 100.00 ± 25.62, P = 0.0464, Figure 4F) and Mecp2 (140.30 ± 31.41 vs. 100.00 ± 30.37, P = 0.0472, Figure 4G) increased and Dnmt3b mRNA levels decreased (100.00 ± 16.62, 77.72 ± 17.15, P = 0.0453, Figure 4H) after sevoflurane anesthesia. Assuming that Dnmts mRNA and protein levels correlate with DNA methylation levels (Fasolino and Zhou, 2017), therefore it is reasonable to speculate from these data that sevoflurane triggers hippocampal hypermethylation by dynamically upregulating Dnmt1, Dnmt3a and Mecp2 expression.



Sevoflurane Altered the Promoter Methylation Status of Arc, Bdnf, and Reln in the Hippocampus of Aged Rats and C6 Glioma Cells

To evaluate whether anesthesia induced hypermethylation in the hippocampus was responsible for the reduced transcripts, we then went on to investigate the methylation status of the promoter regions of Arc, Bdnf and Reln in the hippocampus of aged rats. Thus, methylation-specific qPCR was applied. Analysis of the overall methylation of the CpG sites revealed a substantial increase in the Arc promoter regions after anesthesia (P = 0.0143, Figure 5A). More specifically, a significant increase in DNA methylation was observed at the following individual CpG sites (P < 0.05): TSS (transcription start site) −147, TSS +11, TSS +30, TSS +58, TSS +98, TSS +121, TSS +141, TSS +207 and TSS +252. Also, sevoflurane induced a significant increase in the overall methylation at Bdnf promoter I (P = 0.0418, Figure 5B). The highly methylated CpG sites were: TSS −176, TSS −180, TSS −254, TSS −329, TSS −380, TSS −528, and TSS −577 (P < 0.05). The overall methylation of Bdnf promoter III, IV, VI was not different between control and sevoflurane groups (Figures 5D–F), but a significant increase in DNA methylation were observed in 5 CpG residues of Bdnf promoter III (TSS −1115, TSS −1005, TSS −884, TSS −868, and TSS −817; P < 0.05, Figure 5D), 4 residues of Bdnf promoter IV (TSS-197, TSS −176, TSS −24, and TSS +216; P < 0.05, Figure 5E) and 3 residues of Bdnf promoter VI (TSS −98, TSS +164, and TSS +292; P < 0.05, Figure 5F) in the sevoflurane group. Bdnf promoter II showed no change of methylation status in any of the CpG sites after anesthesia (Figure 5C). Overall methylation of Reln promoter was not different for control and anesthetized rats (Figure 5G). However, a significant increase in DNA methylation was observed in 2 CpG residues of Reln promoter (TSS −967 and TSS −1333) in the sevoflurane group (P < 0.05, Figure 5G).
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FIGURE 5. Sevoflurane induced hypermethylation status of Arc, Bdnf and Reln promoters in the hippocampus of aged rats. The frequency of methylation was observed at each CpG site in the Arc, Bdnf and Reln promoter regions in the hippocampus of aged rats after sevoflurane anesthesia. The overall methylation increased significantly in the Arc promoter and Bdnf promoter I, The DNA methylation increased at individual CpG sites in the Arc promoter, Bdnf promoter I, III, IV, VI, and Reln promoter, but not Bdnf promoter II (A–G). n = 6 in each group. *P < 0.05 and **P < 0.01 compared with the control group.


In vitro experiments with C6 glioma cells exhibited the same trends of increased methylation in the Arc promoter (P = 0.0037) and Bdnf promoter I (P = 0.0120) regions after sevoflurane treatment. Arc promoter was hypermethylated at TSS −147, TSS −61, TSS −51, TSS +30, TSS +58, TSS +98, TSS +121, TSS +141 and TSS +207 (P < 0.05, Figure 6A). And Bdnf promoter I was hypermethylated at TSS −180, TSS −268, TSS −329, TSS −528, and TSS −577 (P < 0.05, Figure 6B). We observed no significant difference in the overall methylation status of Bdnf promoter II, III, IV, VI and Reln promoters. However, sevoflurane induced several hypermethylated CpG sites in Bdnf promoter III (TSS-1115 and TSS −868; P < 0.05, Figure 6D), promoter IV (TSS-197, TSS −176, and TSS +216; P < 0.05, Figure 6E), promoter VI (TSS +120, TSS +164, and TSS +277; P < 0.05, Figure 6F), and Reln promoter (TSS −863, TSS −967, and TSS −1333; P < 0.05, Figure 6G). There was no change of methylation status in any of the CpG sites in Bdnf promoter II (Figure 6C). These data suggest that CpGs hypermethylation at particular sites in the promoter could involve in transcriptional suppression of Arc, Bdnf and Reln in response to sevoflurane treatment.
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FIGURE 6. Sevoflurane induced hypermethylation status of Arc and Bdnf promoters in C6 glioma cells. The frequency of methylation was observed at each CpG site in the Arc, Bdnf and Reln promoter regions in C6 glioma cells after sevoflurane treatment. The overall methylation increased significantly in the Arc promoter and Bdnf promoter I, The DNA methylation increased at individual CpG sites in the Arc promoter, Bdnf promoter I, III, IV, VI and Reln promoter, but not Bdnf promoter II (A–G). n = 6 in each group. *P < 0.05 and **P < 0.01 compared with the control group.




DNA Methylation Manipulation Affected the Sevoflurane Induced Memory Gene Transcription Decrease in C6 Glioma Cells

To determine whether the increased DNA methylation could account for decreased expression of Arc, Bdnf and Reln gene after sevoflurane, we firstly treated C6 glioma cells with pharmacological inhibitor 5-Aza-2′-deoxycytidine (5-Aza, 10 μM in cell culture) 60 min before sevoflurane anesthesia. 5-Aza is a nucleoside inhibitor incorporated into DNA by covalent binding and thereby blocking its DNA methyltransferase function (Navada et al., 2014). In the control condition, 5-Aza alone did not affect Arc (125.20 ± 18.01 vs. 100.00 ± 18.02, P = 0.0512), Bdnf (109.50 ± 20.87 vs. 100.00 ± 14.62, P = 0.5509) or Reln (103.90 ± 19.12 vs. 100.00 ± 18.92, P = 0.8985) mRNA levels. However, 5-Aza was found to attenuate decreased mRNA expression of Arc (46.17 ± 19.91 vs. 102.90 ± 16.61, P < 0.0001), Bdnf (70.86 ± 10.84 vs. 109.20 ± 17.87, P = 0.0013) and Reln (72.13 ± 13.79 vs. 97.27 ± 11.14, P = 0.0272) induced by sevoflurane. Two-way ANOVA yielded that the interaction of 5-Aza and sevoflurane treatment was significant for the mRNA levels of Arc (P = 0.0467), Bdnf (P = 0.0449), but not for Reln (P = 0.1217, Figures 7A–C).
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FIGURE 7. DNA methylation manipulation affected the sevoflurane induced Arc, Bdnf and Reln transcription decrease in C6 glioma cells. DNMT antagonist 5-Aza administration 60 min before sevoflurane treatment attenuated sevoflurane induced Arc, Bdnf, and Reln mRNA level decrease, but 5-Aza alone did not affect Arc, Bdnf and Reln mRNA levels in C6 glioma cells (A–C). Methyl donor SAM C6 glioma cells administered with 60 min before treatment did not affect Arc, Bdnf and Reln mRNA level after sevoflurane treatment, but SAM alone decreased the mRNA expression of Arc, Bdnf and Reln mRNA levels in C6 glioma cells (D–F). n = 6 in each group. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control or sevoflurane group. N.S., not significant.


Next, we treated C6 glioma cells with methyl donor S-Adenosyl methionine (SAM, 100 μM in cell culture) 60 min before sevoflurane treatment to induce DNA hypermethylation. Decreased the mRNA expressions of Arc (67.57 ± 11.69 vs. 100.00 ± 18.02, P = 0.0042), Bdnf (81.45 ± 9.97 vs. 100.00 ± 14.62, P = 0.0386) and Reln (61.57 ± 16.49 vs. 100.00 ± 18.92, P = 0.0009) were observed in the control condition. But SAM had no effect on Arc (45.11 ± 16.54 vs. 45.17 ± 19.91, P = 0.9222), Bdnf (68.11 ± 14.47 vs. 70.90 ± 10.85, P = 0.9136) and Reln (61.42 ± 13.40 vs. 72.13 ± 13.79, P = 0.4437) mRNA levels in the sevoflurane group. The interaction of SAM and sevoflurane treatment was significant for the mRNA levels of Arc (P = 0.0336) and Reln (P = 0.0441), but not for Bdnf (P = 0.1428, Figures 7D–F). Therefore, manipulating DNA methylation by 5-Aza is sufficient to restore suppressed memory genes transcription by sevoflurane.



DNA Methylation Inhibition Attenuated the Sevoflurane Anesthesia Induced Hippocampal Memory Gene Transcription Decrease and Cognitive Impairment in the Aged Rats

As DNA methylation inhibition partially restored the down-regulation of memory gene transcription induced by sevoflurane in vitro, we further investigated its effects on hippocampal memory genes and cognitive function in the aged rats. 5-Aza treatment (0.5 mg/kg i.p., 30 min before anesthesia) attenuated decreased mRNA levels of Arc (100.5 ± 14.56 vs. 58.34 ± 13.35, P = 0.0012), Bdnf (96.49 ± 20.04 vs. 56.92 ± 10.41, P = 0.0007) and Reln (94.03 ± 14.35 vs. 70.94 ± 9.06, P = 0.0082) in the hippocampus resulting from sevoflurane anesthesia. But 5-Aza alone did not significantly affect hippocampal Arc (100.5 ± 14.56 vs. 58.34 ± 13.35, P = 0.5372), Bdnf (110.60 ± 18.12 vs. 100.00 ± 23.86, P = 0.3946) or Reln (114.30 ± 13.80 vs. 100.00 ± 11.43, P = 0.1127) mRNA levels. The interaction of 5-Aza and sevoflurane treatment was significant for the mRNA levels of Arc (P = 0.0435) and Bdnf (P = 0.0454), but not for Reln (P = 0.3947, Figures 8A–C).
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FIGURE 8. DNA methylation inhibition attenuated the sevoflurane induced hippocampal Arc, Bdnf and Reln transcription decrease and cognitive impairment in the aged rats. DNMT antagonist 5-Aza administration 30 min before sevoflurane anesthesia attenuated sevoflurane induced Arc, Bdnf and Reln mRNA level decrease, but 5-Aza alone did not affect Arc, Bdnf and Reln mRNA levels in the hippocampus of aged rats (A–C). 5-Aza attenuated sevoflurane induced freezing time decrease, but 5-Aza alone did not affect the freezing time in the context test of FCT in aged rats at 7 days after anesthesia (D). n = 6 in each group for qPCR, and n = 12 in each group for FCT. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control or sevoflurane group. N.S., not significant.


Having confirmed that the cognitive impairment was evident at 7 days after sevoflurane in context test, and correlated with the changes in transcriptional and methylation profiles of memory genes in the aged rats, we then examined the effect of DNA methylation inhibition on cognitive function in context test at 7 days after anesthesia. The results indicated that 5-Aza treatment attenuated the reduced freezing time (33.47 ± 14.41 vs. 13.93 ± 9.268, P = 0.0042) in aged rats after sevoflurane anesthesia. But 5-Aza alone did not significantly affect the freezing time in the control condition (36.53 ± 17.24 vs. 37.17 ± 16.29, P = 0.9930). The interaction of 5-Aza and sevoflurane treatment was significant for a relatively long period (P = 0.0213, Figure 8D). Collectively, these findings indicate that decreased Arc, Bdnf and Reln expressions in the hippocampus are medicated by promoter hypermethylation, which is involved in the upstream mechanisms for sevoflurane induced cognitive impairment in aged rats.



DISCUSSION

In the present study, we found that sevoflurane anesthesia down-regulated the mRNA and protein levels of three memory genes, Arc, Bdnf and Reln, which were accompanied with promoter hypermethylation and increased Dnmt1, Dnmt3a and Mecp2 expression, and finally impaired hippocampus dependent memory. Furthermore, inhibition of DNA hypermethylation by 5-Aza rescued sevoflurane induced memory gene expression decrease and cognitive impairment. These findings suggest that anesthesia induced epigenetic modulations could be responsible for the long term cognitive impairment in aged rats.

Cognitive processes, such as the fear conditioning test, require transcription of a wide array of genes encoding neurotrophins, pre-synaptic, and post-synaptic proteins and cytoskeletal elements responsible for different types of plasticity events and memory processes in hippocampus, a brain region vulnerable to the aging process (Lubin et al., 2008; Carmichael and Henley, 2018). Both loss and gain of function manipulations to these activity-regulated genes, including Arc, Bdnf, Reln, Egr1 and Ppp3ca, have been associated with cognitive deficits during physiological aging and pathological conditions like dementia, neurodegenerative diseases and neuropsychiatric problems (Nonaka et al., 2014). In the present study, we report that attenuated transcriptions and protein synthesis of Arc, Bdnf and Reln genes may contribute to hippocampus dependent memory deficits in the aged rats after sevoflurane anesthesia. Combined with previous studies with isoflurane (Bunting et al., 2015; Dalla Massara et al., 2016), we further investigate the transcriptional regulatory mechanisms to drive the coordinated response of multiple memory genes to inhaled anesthesia.

Epigenetic changes in the brain are critical for the long term memory storage through altering genes transcription that are associated with synaptic plasticity during development and throughout adult life (Hwang et al., 2017). Growing number of studies suggest that anesthesia induces a variety of epigenetic modifications in neonatal brain, leading to developmental neurological disorders in animal models (Dalla Massara et al., 2016; Ju et al., 2016; Wu et al., 2016; Jia et al., 2017; Joksimovic et al., 2018). In the present study, we focused on the contribution of DNA methylation to memory genes during anesthesia in aged rats. DNMT inhibition can impair memory formation as well as long-term potentiation (LTP) at CA1 synapses (Feng et al., 2010). DNMT activity and global DNA methylation are decreased in rat brain during aging (Liu et al., 2009) and brain samples from AD patients (Liu et al., 2011). Our results showed that sevoflurane increased Dnmt1, Dnmt3a and Mecp2 expressions, resulted in DNA hypermethylation in the promoter regions of Arc, Reln and Bdnf, and suppressed transcription of these genes. These results are consistent with work in the hippocampus by Levenson et al. (2006), Dyrvig et al. (2015).

DNA methylation has been reported to play key roles in memory formation and maintenance. Accumulating evidence suggests that DNA methylation is dynamically regulates the function of neurons in response to learning experience (Miller et al., 2010). Abnormal hypermethylation or hypomethylation could both lead to memory dysfunction (Ehrlich, 2019), and correlate with multiple neurological disorders, including AD (manifested as neuronal loss and dementia) (Semick et al., 2019). DNA methylation modulation related gene transcription variations play a key role during these processes. DNA methylation occurs preferentially on CpG sites. There are a large number of CpG islands in promoter regions, which could change the original configuration of the promoters in the genes, interfere the combination of specific transcription factors and specific recognition sites, affect the transcription of downstream genes, and result in the abnormal transcription of memory genes (Zhu et al., 2016).

Our intervention studies indicated that SAM decreased the expressions of Arc, Bndf and Reln in control condition (the DNA methylation status were in normal levels and relatively sensitive to the supplementation of methyl donor), but not after sevoflurane in cells (with anesthetic induced hypermethylation). Meanwhile, 5-Aza affect the gene expressions after sevoflurane exposure (with hypermethylation), but not in control condition. The interactions were significant in both studies, which indicated that DNA methylation modification could be a pivotal mechanism for the effects of sevoflurane exposure on memory genes. Furthermore, accompanied with memory gene expression increase, 5-Aza also attenuated sevoflurane induced cognitive impairment in aged rats. Thus, the combination of external factor (sevoflurane) and internal factor (aging) increased the susceptibility to DNA methylation in the hippocampus, which in turn led to the decrease of memory gene expressions and cognitive impairment.

Among these memory genes, BDNF is a member of neurotrophins, which influence neuronal proliferation and differentiation, modulate LTP induction and maintenance, and contribute to the maintenance of synaptic plasticity in the central neurons (Lubin et al., 2008). The rodent Bdnf gene has nine exons, eight of which have their own promoter contains multiple promoters that are specifically regulated by different stimuli (Aid et al., 2007). Kainic acid, a glutamate analog, induced transcription of Bdnf exons I, IV, V VII, VIII and IXA in rat hippocampus while N-methyl-d-aspartate (NMDA) treatment identified Bdnf exons II and IV, but not I and III, as fast reacting exons (Aid et al., 2007; Palomer et al., 2016a). This epigenetic modification of Bdnf transcription may largely change its expression and contribute to the pathogenesis of several neurological disorders. For instance, aging reduced basal levels, while fear conditioning increased expression of total Bdnf mRNA and exon IV specific transcripts (Chapman et al., 2012). In animal models of AD, occupancy of HDAC2 in the promoter region of Bdnf exon IV contribute to the reduction of BDNF in APP/PS1 mice (Hsiao et al., 2017) and infusion of amyloid fibrils into the hippocampus of rats induces HDAC2 occupancy at promoter VI of Bdnf and thus decreases Bdnf expression (Hendrickx et al., 2014). In our study, increased cytosine methylations were observed in the promoter region of Bdnf exon I, III, IV, and VI, which may contribute to the long lasting hippocampal BDNF reduction induced by general anesthesia.

The immediate early gene Arc, which interacts with the NMDA receptor complex, is activated during synaptic activation and memory consolidation (Gao et al., 2018). Arc promoter contains CpG sites and intragenic locus that recruit methyl-DNA binding proteins (Epstein and Finkbeiner, 2018). Penner et al. (2011) reported that increased methylation of Arc in aged rats might be responsible for age related processes. Calcium influx through NMDA receptors could activate a signaling cascade resulting in CREB phosphorylation and CREB binding protein association. Subsequently, phosphorylated MeCP2 is dissociated from methylated DNA and leads to transcriptionally active chromatin, then affects Arc (Epstein and Finkbeiner, 2018) and Bdnf (Palomer et al., 2016a, b) expression. Inhaled anesthetic at clinically relevant concentrations has been shown to inhibit NMDA currents (Haseneder et al., 2013). Thus, NMDA receptor activation could be the upstream mechanism for the epigenetic regulation of Arc, Bdnf and other memory genes.

Reln encodes an extracellular matrix protein that contacts postsynaptic dendritic spines to controls glutamatergic neurotransmission through differential modulation of NMDA and AMPA receptor activity, and is critical for synaptic plasticity and memory formation (Doehner and Knuesel, 2010; Telese et al., 2015). Impaired Reelin signaling has a devastating effect on the gross morphology of the hippocampus and involves in pathological forms of aging, such as late-onset AD (Doehner and Knuesel, 2010; Pujadas et al., 2014). Consistent with the present results, changes in MeCP2 binding and hypermethylation in Reln promoter are associated with major mental illnesses such as Schizophrenia, bipolar disorder (Mitchell et al., 2005; Zhubi et al., 2014; Teroganova et al., 2016). The results showed that 5-Aza, DNA methyltransferase inhibitor, has a potential therapeutic effect on anesthesia induced memory impairment through affecting the methylation status of Arc, Bdnf and Reln. Moreover, 5-Aza has also been reported to induce demethylation by blocking DNMT enzyme activity at Arc promoter in rat hippocampus (Singh et al., 2015), Bdnf promoter I in mouse Neuro-2a cells (Ishimaru et al., 2010), Reln promoter in NT-2 neuronal precursor cells (Kundakovic et al., 2009), and restore recognition memory consolidation in ovariectomized mice (Zhao et al., 2010).

There are several limitations in the present study. First, there are multiple mechanisms during the sevoflurane related cognitive impairment, including neuroinflammation, metabolic alterations, electrophysiological changes, etc. DNA methylation variation and gene expressions could involve in these processes, and related investigations, including electrophysiology, should be performed in the future investigations. Second, as behavioral abnormal has multiple manifestations, combined behavior tests with Morris water maze, FCT and open field test should be performed in the future investigation to provide a comprehensive behavioral function during anesthesia and hippocampal DNA methylation modulation.

Taken together, sevoflurane anesthesia significantly reduced the expressions of Arc, Bdnf and Reln through inducing promoter hypermethylation in the hippocampus, which substantially contributed to cognitive impairment in aged rats. These impairments could be attenuated by 5-Aza pretreatment. Our study provides an epigenetic understanding for the pathophysiology of cognitive impairment induced by general anesthesia in the aged brain.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the Dryad Digital Repository (https://doi.org/10.5061/dryad.69p8cz8xw).



ETHICS STATEMENT

The animal study was reviewed and approved by the Peking University Biomedical Ethics Committee Experiment Animal Ethics Branch.



AUTHOR CONTRIBUTIONS

CN designed the project, performed the experiments, analyzed the data, and wrote and revised the manuscript. MQ wrote the original draft of the manuscript. JG, YT, and SL contributed to data analysis and manuscript revision. YQ and NY contributed to the experiments. HZ designed and supervised the project, and revised the manuscript. All authors read and approved the final manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (Nos. 81771146, 81970994, and 81400869).

FOOTNOTES

1
https://doi.org/10.5061/dryad.69p8cz8xw

2
http://www.epidesigner.com/index.html


REFERENCES

Aid, T., Kazantseva, A., Piirsoo, M., Palm, K., and Timmusk, T. (2007). Mouse and rat BDNF gene structure and expression revisited. J. Neurosci. Res. 85, 525–535. doi: 10.1002/jnr.21139

Barter, J. D., and Foster, T. C. (2018). Aging in the brain: new roles of epigenetics in cognitive decline. Neuroscientist 24, 516–525. doi: 10.1177/1073858418780971

Bunting, K. M., Nalloor, R. I., and Vazdarjanova, A. (2015). Influence of Isoflurane on Immediate-Early Gene Expression. Front. Behav. Neurosci. 9:363. doi: 10.3389/fnbeh.2015.00363

Carmichael, R. E., and Henley, J. M. (2018). Transcriptional and post-translational regulation of Arc in synaptic plasticity. Semin. Cell Dev. Biol. 77, 3–9. doi: 10.1016/j.semcdb.2017.09.007

Chapman, T. R., Barrientos, R. M., Ahrendsen, J. T., Hoover, J. M., Maier, S. F., and Patterson, S. L. (2012). Aging and infection reduce expression of specific brain-derived neurotrophic factor mRNAs in hippocampus. Neurobiol. Aging 33, 832.e831–814. doi: 10.1016/j.neurobiolaging.2011.07.015

Chastain-Potts, S. E., Tesic, V., Tat, Q. L., Cabrera, O. H., Quillinan, N., and Jevtovic-Todorovic, V. (2019). Sevoflurane Exposure Results in Sex-Specific Transgenerational Upregulation of Target IEGs in the Subiculum. Mol. Neurobiol. 57, 11–22. doi: 10.1007/s12035-019-01752-0

Cheng, B., Zhang, Y., Wang, A., Dong, Y., and Xie, Z. (2015). Vitamin C attenuates isoflurane-induced caspase-3 activation and cognitive impairment. Mol. Neurobiol. 52, 1580–1589. doi: 10.1007/s12035-014-8959-3

Chowdhury, N., Quinn, J. J., and Fanselow, M. S. (2005). Dorsal hippocampus involvement in trace fear conditioning with long, but not short, trace intervals in mice. Behav. Neurosci. 119, 1396–1402. doi: 10.1037/0735-7044.119.5.1396

Christman, J. K. (2002). 5-Azacytidine and 5-aza-2′-deoxycytidine as inhibitors of DNA methylation: mechanistic studies and their implications for cancer therapy. Oncogene 21, 5483–5495. doi: 10.1038/sj.onc.1205699

Dalla Massara, L., Osuru, H. P., Oklopcic, A., Milanovic, D., Joksimovic, S. M., Caputo, V., et al. (2016). General Anesthesia Causes Epigenetic Histone Modulation of c-Fos and Brain-derived Neurotrophic Factor, Target Genes Important for Neuronal Development in the Immature Rat Hippocampus. Anesthesiology 124, 1311–1327. doi: 10.1097/aln.0000000000001111

Delgado-Morales, R., Agís-Balboa, R. C., Esteller, M., and Berdasco, M. (2017). Epigenetic mechanisms during ageing and neurogenesis as novel therapeutic avenues in human brain disorders. Clin. Epigenet. 9:67. doi: 10.1186/s13148-017-0365-z

Doehner, J., and Knuesel, I. (2010). Reelin-mediated Signaling during Normal and Pathological Forms of Aging. Aging Dis. 1, 12–29.

Dong, X., and Li, Y. (2014). Peritraumatic startle response predicts the vulnerability to develop PTSD-like behaviors in rats: a model for peritraumatic dissociation. Front. Behav. Neurosci. 8:14. doi: 10.3389/fnbeh.2014.00014

Dong, Y., Zhang, G., Zhang, B., Moir, R. D., Xia, W., Marcantonio, E. R., et al. (2009). The common inhalational anesthetic sevoflurane induces apoptosis and increases beta-amyloid protein levels. Arch. Neurol. 66, 620–631. doi: 10.1001/archneurol.2009.48

Duclot, F., and Kabbaj, M. (2017). The Role of Early Growth Response 1 (EGR1) in Brain Plasticity and Neuropsychiatric Disorders. Front. Behav. Neurosci. 11:35. doi: 10.3389/fnbeh.2017.00035

Dyrvig, M., Gotzsche, C. R., Woldbye, D. P., and Lichota, J. (2015). Epigenetic regulation of Dnmt3a and Arc gene expression after electroconvulsive stimulation in the rat. Mol. Cell Neurosci. 67, 137–143. doi: 10.1016/j.mcn.2015.06.011

Ehrlich, M. (2019). DNA hypermethylation in disease: mechanisms and clinical relevance. Epigenetics 14, 1141–1163. doi: 10.1080/15592294.2019.1638701

Epstein, I., and Finkbeiner, S. (2018). The Arc of cognition: signaling cascades regulating Arc and implications for cognitive function and disease. Semin. Cell Dev. Biol. 77, 63–72. doi: 10.1016/j.semcdb.2017.09.023

Evered, L., Scott, D. A., and Silbert, B. (2017). Cognitive decline associated with anesthesia and surgery in the elderly: does this contribute to dementia prevalence? Curr. Opin. Psychiatry 30, 220–226. doi: 10.1097/yco.0000000000000321

Evered, L., Silbert, B., Knopman, D. S., Scott, D. A., DeKosky, S. T., Rasmussen, L. S., et al. (2018). Recommendations for the Nomenclature of Cognitive Change Associated with Anaesthesia and Surgery-2018. Anesthesiology 129, 872–879. doi: 10.1097/aln.0000000000002334

Fasolino, M., and Zhou, Z. (2017). The Crucial Role of DNA Methylation and MeCP2 in Neuronal Function. Genes 8:141. doi: 10.3390/genes8050141

Feng, J., Zhou, Y., Campbell, S. L., Le, T., Li, E., Sweatt, J. D., et al. (2010). Dnmt1 and Dnmt3a maintain DNA methylation and regulate synaptic function in adult forebrain neurons. Nat. Neurosci. 13, 423–430. doi: 10.1038/nn.2514

Gao, X., Castro-Gomez, S., Grendel, J., Graf, S., Süsens, U., Binkle, L., et al. (2018). Arc/Arg3.1 mediates a critical period for spatial learning and hippocampal networks. Proc. Natl. Acad. Sci. U.S.A. 115, 12531–12536. doi: 10.1073/pnas.1810125115

Halder, R., Hennion, M., Vidal, R. O., Shomroni, O., Rahman, R. U., Rajput, A., et al. (2016). DNA methylation changes in plasticity genes accompany the formation and maintenance of memory. Nat. Neurosci. 19, 102–110. doi: 10.1038/nn.4194

Haseneder, R., Starker, L., Berkmann, J., Kellermann, K., Jungwirth, B., Blobner, M., et al. (2013). Sevoflurane anesthesia improves cognitive performance in mice, but does not influence in vitro long-term potentation in hippocampus CA1 stratum radiatum. PLoS One 8:e64732. doi: 10.1371/journal.pone.0064732

Hendrickx, A., Pierrot, N., Tasiaux, B., Schakman, O., Kienlen-Campard, P., De Smet, C., et al. (2014). Epigenetic regulations of immediate early genes expression involved in memory formation by the amyloid precursor protein of Alzheimer disease. PLoS One 9:e99467. doi: 10.1371/journal.pone.0099467

Hsiao, Y. H., Hung, H. C., Yu, Y. J., Su, C. L., Chen, S. H., and Gean, P. W. (2017). Co-housing reverses memory decline by epigenetic regulation of brain-derived neurotrophic factor expression in an animal model of Alzheimer’s disease. Neurobiol. Learn. Mem. 141, 1–8. doi: 10.1016/j.nlm.2017.02.020

Hwang, J. Y., Aromolaran, K. A., and Zukin, R. S. (2017). The emerging field of epigenetics in neurodegeneration and neuroprotection. Nat. Rev. Neurosci. 18, 347–361. doi: 10.1038/nrn.2017.46

Ishimaru, N., Fukuchi, M., Hirai, A., Chiba, Y., Tamura, T., Takahashi, N., et al. (2010). Differential epigenetic regulation of BDNF and NT-3 genes by trichostatin A and 5-aza-2′-deoxycytidine in Neuro-2a cells. Biochem. Biophys. Res. Commun. 394, 173–177. doi: 10.1016/j.bbrc.2010.02.139

Jevtovic-Todorovic, V., Absalom, A. R., Blomgren, K., Brambrink, A., Crosby, G., Culley, D. J., et al. (2013). Anaesthetic neurotoxicity and neuroplasticity: an expert group report and statement based on the BJA Salzburg Seminar. Br. J. Anaesth. 111, 143–151. doi: 10.1093/bja/aet177

Jia, M., Ji, M. H., and Yang, J. J. (2017). Epigenetic regulation of general anesthesia-induced neonatal neurodegeneration. Oncotarget 8, 5652–5653. doi: 10.18632/oncotarget.14568

Joksimovic, S. M., Osuru, H. P., Oklopcic, A., Beenhakker, M. P., Jevtovic-Todorovic, V., and Todorovic, S. M. (2018). Histone Deacetylase Inhibitor Entinostat (MS-275) Restores Anesthesia-induced Alteration of Inhibitory Synaptic Transmission in the Developing Rat Hippocampus. Mol. Neurobiol. 55, 222–228. doi: 10.1007/s12035-017-0735-8

Ju, L. S., Jia, M., Sun, J., Sun, X. R., Zhang, H., Ji, M. H., et al. (2016). Hypermethylation of Hippocampal Synaptic Plasticity-Related genes is Involved in Neonatal Sevoflurane Exposure-Induced Cognitive Impairments in Rats. Neurotox Res. 29, 243–255. doi: 10.1007/s12640-015-9585-1

Knuesel, I., Nyffeler, M., Mormede, C., Muhia, M., Meyer, U., Pietropaolo, S., et al. (2009). Age-related accumulation of Reelin in amyloid-like deposits. Neurobiol. Aging 30, 697–716. doi: 10.1016/j.neurobiolaging.2007.08.011

Kundakovic, M., Chen, Y., Guidotti, A., and Grayson, D. R. (2009). The reelin and GAD67 promoters are activated by epigenetic drugs that facilitate the disruption of local repressor complexes. Mol. Pharmacol. 75, 342–354. doi: 10.1124/mol.108.051763

Lee, I., and Kesner, R. P. (2002). Differential contribution of NMDA receptors in hippocampal subregions to spatial working memory. Nat. Neurosci. 5, 162–168. doi: 10.1038/nn790

Levenson, J. M., Roth, T. L., Lubin, F. D., Miller, C. A., Huang, I. C., Desai, P., et al. (2006). Evidence that DNA (cytosine-5) methyltransferase regulates synaptic plasticity in the hippocampus. J. Biol. Chem. 281, 15763–15773. doi: 10.1074/jbc.M511767200

Li, X. Q., Cao, X. Z., Wang, J., Fang, B., Tan, W. F., and Ma, H. (2014). Sevoflurane preconditioning ameliorates neuronal deficits by inhibiting microglial MMP-9 expression after spinal cord ischemia/reperfusion in rats. Mol. Brain 7:69. doi: 10.1186/s13041-014-0069-7

Liu, L., van Groen, T., Kadish, I., Li, Y., Wang, D., James, S. R., et al. (2011). Insufficient DNA methylation affects healthy aging and promotes age-related health problems. Clin. Epigenet. 2, 349–360. doi: 10.1007/s13148-011-0042-6

Liu, L., van Groen, T., Kadish, I., and Tollefsbol, T. O. (2009). DNA methylation impacts on learning and memory in aging. Neurobiol. Aging 30, 549–560. doi: 10.1016/j.neurobiolaging.2007.07.020

Lubin, F. D., Roth, T. L., and Sweatt, J. D. (2008). Epigenetic regulation of BDNF gene transcription in the consolidation of fear memory. J. Neurosci. 28, 10576–10586. doi: 10.1523/jneurosci.1786-08.2008

Maddocks, O. D., Labuschagne, C. F., Adams, P. D., and Vousden, K. H. (2016). Serine Metabolism Supports the Methionine Cycle and DNA/RNA Methylation through De Novo ATP Synthesis in Cancer Cells. Mol. Cell 61, 210–221. doi: 10.1016/j.molcel.2015.12.014

Miller, C. A., Gavin, C. F., White, J. A., Parrish, R. R., Honasoge, A., Yancey, C. R., et al. (2010). Cortical DNA methylation maintains remote memory. Nat. Neurosci. 13, 664–666. doi: 10.1038/nn.2560

Mitchell, C. P., Chen, Y., Kundakovic, M., Costa, E., and Grayson, D. R. (2005). Histone deacetylase inhibitors decrease reelin promoter methylation in vitro. J. Neurochem. 93, 483–492. doi: 10.1111/j.1471-4159.2005.03040.x

Moller, J. T., Cluitmans, P., Rasmussen, L. S., Houx, P., Rasmussen, H., Canet, J., et al. (1998). Long-term postoperative cognitive dysfunction in the elderly ISPOCD1 study. ISPOCD investigators. International Study of Post-Operative Cognitive Dysfunction. Lancet 351, 857–861. doi: 10.1016/s0140-6736(97)07382-0

Monk, T. G., Weldon, B. C., Garvan, C. W., Dede, D. E., van der Aa, M. T., Heilman, K. M., et al. (2008). Predictors of cognitive dysfunction after major noncardiac surgery. Anesthesiology 108, 18–30. doi: 10.1097/01.anes.0000296071.19434.1e

Nan, X., Campoy, F. J., and Bird, A. (1997). MeCP2 is a transcriptional repressor with abundant binding sites in genomic chromatin. Cell 88, 471–481. doi: 10.1016/s0092-8674(00)81887-5

Navada, S. C., Steinmann, J., Lübbert, M., and Silverman, L. R. (2014). Clinical development of demethylating agents in hematology. J. Clin. Invest. 124, 40–46. doi: 10.1172/jci69739

Ni, C., Li, C., Dong, Y., Guo, X., Zhang, Y., and Xie, Z. (2017). Anesthetic Isoflurane Induces DNA Damage Through Oxidative Stress and p53 Pathway. Mol. Neurobiol. 54, 3591–3605. doi: 10.1007/s12035-016-9937-8

Ni, C., Li, Z., Qian, M., Zhou, Y., Wang, J., and Guo, X. (2015). Isoflurane induced cognitive impairment in aged rats through hippocampal calcineurin/NFAT signaling. Biochem. Biophys. Res. Commun. 460, 889–895. doi: 10.1016/j.bbrc.2015.03.083

Nonaka, M., Kim, R., Sharry, S., Matsushima, A., Takemoto-Kimura, S., and Bito, H. (2014). Towards a better understanding of cognitive behaviors regulated by gene expression downstream of activity-dependent transcription factors. Neurobiol. Learn. Mem. 115, 21–29. doi: 10.1016/j.nlm.2014.08.010

Okano, M., Bell, D. W., Haber, D. A., and Li, E. (1999). DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation and mammalian development. Cell 99, 247–257. doi: 10.1016/s0092-8674(00)81656-6

Palomer, E., Carretero, J., Benvegnù, S., Dotti, C. G., and Martin, M. G. (2016a). Neuronal activity controls Bdnf expression via Polycomb de-repression and CREB/CBP/JMJD3 activation in mature neurons. Nat. Commun. 7:11081. doi: 10.1038/ncomms11081

Palomer, E., Martín-Segura, A., Baliyan, S., Ahmed, T., Balschun, D., Venero, C., et al. (2016b). Aging Triggers a Repressive Chromatin State at Bdnf Promoters in Hippocampal Neurons. Cell Rep. 16, 2889–2900. doi: 10.1016/j.celrep.2016.08.028

Penner, M. R., Roth, T. L., Chawla, M. K., Hoang, L. T., Roth, E. D., Lubin, F. D., et al. (2011). Age-related changes in Arc transcription and DNA methylation within the hippocampus. Neurobiol. Aging 32, 2198–2210. doi: 10.1016/j.neurobiolaging.2010.01.009

Pujadas, L., Rossi, D., Andrés, R., Teixeira, C. M., Serra-Vidal, B., Parcerisas, A., et al. (2014). Reelin delays amyloid-beta fibril formation and rescues cognitive deficits in a model of Alzheimer’s disease. Nat. Commun. 5:3443. doi: 10.1038/ncomms4443

Robertson, K. D., Uzvolgyi, E., Liang, G., Talmadge, C., Sumegi, J., Gonzales, F. A., et al. (1999). The human DNA methyltransferases (DNMTs) 1, 3a and 3b: coordinate mRNA expression in normal tissues and overexpression in tumors. Nucleic Acids Res. 27, 2291–2298. doi: 10.1093/nar/27.11.2291

Sachser, R. M., Santana, F., Crestani, A. P., Lunardi, P., Pedraza, L. K., Quillfeldt, J. A., et al. (2016). Forgetting of long-term memory requires activation of NMDA receptors, L-type voltage-dependent Ca2+ channels, and calcineurin. Sci. Rep. 6:22771. doi: 10.1038/srep22771

Schulte, P. J., Roberts, R. O., Knopman, D. S., Petersen, R. C., Hanson, A. C., Schroeder, D. R., et al. (2018). Association between exposure to anaesthesia and surgery and long-term cognitive trajectories in older adults: report from the Mayo Clinic Study of Aging. Br. J. Anaesth. 121, 398–405. doi: 10.1016/j.bja.2018.05.060

Semick, S. A., Bharadwaj, R. A., Collado-Torres, L., Tao, R., Shin, J. H., Deep-Soboslay, A., et al. (2019). Integrated DNA methylation and gene expression profiling across multiple brain regions implicate novel genes in Alzheimer’s disease. Acta Neuropathol. 137, 557–569. doi: 10.1007/s00401-019-01966-5

Singh, P., Konar, A., Kumar, A., Srivas, S., and Thakur, M. K. (2015). Hippocampal chromatin-modifying enzymes are pivotal for scopolamine-induced synaptic plasticity gene expression changes and memory impairment. J. Neurochem. 134, 642–651. doi: 10.1111/jnc.13171

Stranahan, A. M., Erion, J. R., and Wosiski-Kuhn, M. (2013). Reelin signaling in development, maintenance, and plasticity of neural networks. Ageing Res. Rev. 12, 815–822. doi: 10.1016/j.arr.2013.01.005

Sun, Z., Xu, X., He, J., Murray, A., Sun, M. A., Wei, X., et al. (2019). EGR1 recruits TET1 to shape the brain methylome during development and upon neuronal activity. Nat. Commun. 10:3892. doi: 10.1038/s41467-019-11905-3

Tan, W., Zhu, Z., Ye, L., and Leung, L. K. (2017). Methylation dictates PI.f-specific CYP19 transcription in human glial cells. Mol. Cell Endocrinol. 452, 131–137. doi: 10.1016/j.mce.2017.05.029

Telese, F., Ma, Q., Perez, P. M., Notani, D., Oh, S., Li, W., et al. (2015). LRP8-Reelin-Regulated Neuronal Enhancer Signature Underlying Learning and Memory Formation. Neuron 86, 696–710. doi: 10.1016/j.neuron.2015.03.033

Teroganova, N., Girshkin, L., Suter, C. M., and Green, M. J. (2016). DNA methylation in peripheral tissue of schizophrenia and bipolar disorder: a systematic review. BMC Genet. 17:27. doi: 10.1186/s12863-016-0332-2

Williams-Karnesky, R. L., Sandau, U. S., Lusardi, T. A., Lytle, N. K., Farrell, J. M., Pritchard, E. M., et al. (2013). Epigenetic changes induced by adenosine augmentation therapy prevent epileptogenesis. J. Clin. Invest. 123, 3552–3563. doi: 10.1172/JCI65636

Wu, J., Bie, B., and Naguib, M. (2016). Epigenetic Manipulation of Brain-derived Neurotrophic Factor Improves Memory Deficiency Induced by Neonatal Anesthesia in Rats. Anesthesiology 124, 624–640. doi: 10.1097/aln.0000000000000981

Zhao, Z., Fan, L., and Frick, K. M. (2010). Epigenetic alterations regulate estradiol-induced enhancement of memory consolidation. Proc. Natl. Acad. Sci. U.S.A. 107, 5605–5610. doi: 10.1073/pnas.0910578107

Zhu, H., Wang, G., and Qian, J. (2016). Transcription factors as readers and effectors of DNA methylation. Nat. Rev. Genet. 17, 551–565. doi: 10.1038/nrg.2016.83

Zhubi, A., Chen, Y., Dong, E., Cook, E. H., Guidotti, A., and Grayson, D. R. (2014). Increased binding of MeCP2 to the GAD1 and RELN promoters may be mediated by an enrichment of 5-hmC in autism spectrum disorder (ASD) cerebellum. Transl. Psychiatry 4:e349. doi: 10.1038/tp.2013.123

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ni, Qian, Geng, Qu, Tian, Yang, Li and Zheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 20 October 2020
doi: 10.3389/fmed.2020.549081






[image: image2]

Combination of Isoflurane and Propofol as General Anesthesia During Orthopedic Surgery of Perioperative Cerebral Hypoperfusion Rats to Avoid Cognitive Impairment

Xinyue Bu1,2†, Tang Li1,2†, Haiyun Wang1,2,3,4*, Zhengyuan Xia5, Di Guo1,2, Jinxin Wang1,2, Yi Sun2,3, Chenyi Yang2,3, Guoqiang Liu2,3, Ji Ma2,3, Zhuo Yang6 and Guolin Wang7


1Department of Anesthesiology, The Third Central Clinical College of Tianjin Medical University, Tianjin, China

2Tianjin Key Laboratory of Extracorporeal Life Support for Critical Diseases, Artificial Cell Engineering Technology Research Center, Tianjin Institute of Hepatobiliary Disease, Tianjin, China

3The Third Central Hospital of Tianjin, Tianjin, China

4Tianjin Third Central Hospital, Nankai University, Tianjin, China

5Department of Anesthesiology, University of Hong Kong, Hong Kong, China

6State Key Laboratory of Medicinal Chemical Biology, Key Laboratory of Bioactive Materials for Ministry of Education, College of Medicine, Nankai University, Tianjin, China

7Tianjin Research Institute of Anesthesiology, Tianjin, China

Edited by:
Zhongcong Xie, Massachusetts General Hospital and Harvard Medical School, United States

Reviewed by:
Wolfgang Weihs, Medical University of Vienna, Austria
 Cheng Ni, Chinese Academy of Medical Sciences and Peking Union Medical College, China

*Correspondence: Haiyun Wang, why819@126.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Intensive Care Medicine and Anesthesiology, a section of the journal Frontiers in Medicine

Received: 23 April 2020
 Accepted: 08 September 2020
 Published: 20 October 2020

Citation: Bu X, Li T, Wang H, Xia Z, Guo D, Wang J, Sun Y, Yang C, Liu G, Ma J, Yang Z and Wang G (2020) Combination of Isoflurane and Propofol as General Anesthesia During Orthopedic Surgery of Perioperative Cerebral Hypoperfusion Rats to Avoid Cognitive Impairment. Front. Med. 7:549081. doi: 10.3389/fmed.2020.549081



Background: Perioperative cerebral hypoperfusion (CH) is common, although the underlying mechanism of cognitive impairment that results due to perioperative cerebral hypoperfusion remains to be determined. Isoflurane anesthesia induces neuronal injury via endoplasmic reticulum (ER) stress, whereas a sub-anesthetic dose of propofol improves postoperative cognitive function. However, the effects of the combination of isoflurane plus propofol, which is a common aesthetic combination administered to patients, on ER stress and cognition remain unknown.

Methods: We sought to determine the effects of isoflurane plus propofol on ER stress and cognitive function in rats insulted by cerebral hypoperfusion. Ligation of the bilateral common carotid arteries (CCA) was adopted to develop the cerebral hypoperfusion rat model. A second surgery, open reduction and internal fixation (ORIF), requiring general anesthesia, was performed 30 days later so that the effects of anesthetics on the cognitive function of CH rats could be assessed. Rats received isoflurane alone (1.9%), propofol alone (40 mg·kg−1·h−1) or a combination of isoflurane and propofol (1% and 20 mg·kg−1·h−1 or 1.4% and 10 mg·kg−1·h−1). Behavioral studies (contextual fear conditioning [FC] test), histological analyses (Nissl staining) and biochemical analyses (western blotting of the harvested rat brain tissues) were employed.

Results: Hippocampus-dependent memory of rats in group IP1 (1% isoflurane plus 20 mg·kg−1·h−1 propofol) was not impaired, and expression level of γ-aminobutyric acid A type receptor α1 subunit, a key cognition-related protein, remained normal. ER stress alleviator, binding immunoglobulin protein, increased extremely while ER stress transcription factor, C/EBP homologous protein, showed no statistical difference compared with the control group. Numbers of surviving neurons confirmed the substantial neuronal damage caused by propofol or isoflurane alone.

Conclusions: These data suggest that ER stress contributes to the underlying mechanism of cognitive impairment and that the combination of isoflurane and propofol did not aggravate cognitive impairment and ER stress in aging rats with CH that were further subjected to ORIF surgery.

Keywords: cerebral hypoperfusion, cognitive function, isoflurane, propofol, GABAAR α1, BiP


INTRODUCTION

Perioperative neurocognitive disorders (PND) have become the most common complications after routine surgical procedures, particularly in the elderly (1, 2). Following surgery (e.g., common orthopedic procedures), up to 50% of patients experience cognitive disturbances that can lead to serious complications, including poorer prognosis and a higher 1-year mortality rate in subjects with pre-existing neurodegeneration (3). Carotid artery stenosis (CAS) can be detected in 75% of men and 62% of women aged ≥65, with a stenosis extent of ≥50% occurring in 7% of men and 5% of women in this age group (4). CAS is an independent risk factor for chronic cerebral hypoperfusion (CH) (5), which reduces tissue oxygen levels and leads to oxidative stress and endothelial injury (6). In rodents, experimental chronic CH can be initiated by occlusion of the major arterial supply. And chronic CH could lead to mitochondrial dysfunction and protein synthesis inhibition. These effects may destroy the balance of anti-oxidases and reactive oxygen species (ROS) and produce oxidative damage. Oxidative injury to vascular endothelial cells, glia, and neurons also impair vascular function and neurovascular coupling, which may result in a vicious cycle that further reduces cerebral perfusion (7). Taking all these factors into account, aging orthopedic patients with preoperative carotid stenosis make up a population that needs to be treated carefully. Special caution on the selection of anesthetic drugs is needed to protect cognitive function.

We and others (8–10) previously reported that two commonly used anesthetics, isoflurane, and propofol, have opposite effects on cognitive function at certain doses. Isoflurane induces neuronal injury upon prolonged exposure to high doses (11), with an underlying mechanism linked to endoplasmic reticulum (ER) stress. By contrast, propofol at a sub-anesthetic dosage protects against neuronal damage due to cerebral ischaemia reperfusion injury, and such protective effects were not observed at a higher dose (12). We, therefore, tested the effect of partially replacing isoflurane with a sub-anesthetic dose of propofol (combined use of isoflurane and propofol) on the cognitive function of rats with CH in the current study. Previous studies showed that isoflurane minimum alveolar concentration (MAC) value was 1.45 ± 0.17%. 1.9% isoflurane, equivalent to 1.3 MAC, was sufficient to induce general anesthesia in rats (13), while a minimal infusion rate at 40 mg·kg−1·h−1 was required using propofol alone to induce general anesthesia in rats (14). Therefore, in our study, doses were carefully selected combining isoflurane and propofol (1% and 20 mg·kg−1·h−1 or 1.4% and 10 mg·kg−1·h−1) to ensure the required depth of general anesthesia.

γ-aminobutyric acid (GABA) is the main inhibitory neurotransmitter (15). The major subtype of GABAA receptor (GABAAR) contains the α1 subunit. According to a previous study, GABA receptors in the central nervous system are divided into three types: A, B, and C. Among the three receptors, GABAAR is the earliest expressed and most widely distributed, found mainly in the hippocampus, the prefrontal cortex and the striatum. Studies have confirmed that most GABAergic synaptic transmission in the mammalian brain is mediated by GABAAR. It is also an important target receptor for central nervous system (CNS) general anesthetics, such as propofol and isoflurane. GABAAR consists of five subunits embedded in the cell membrane of neurons. At the center, a 0.5 mm diameter GABA-gated Cl− channel is formed. When GABA binds to GABAAR, the Cl− channel of the postsynaptic membrane is opened, and Cl− enters the cell due to the concentration gradient. The potential increases to produce hyperpolarization, which in turn causes neuronal inhibition (16, 17). In 2014, Labrakakis et al. confirmed that the post-synaptic membrane GABAAR subunit composition determines the heterogeneity of inhibitory postsynaptic potential (IPSP), namely, GABAAR function (18). The native GABAARs present in the mammalian brain are mainly composed of α, β, and γ subunits. The most common configuration is a transmembrane pentamer composed of 2α12β2γ2, accounting for 43% of all GABAAR configurations and representing the most abundant configuration in the hippocampus and the cerebral cortex (18). The GABAAR α1 subunit, which is related to cognition, is the most widely distributed in the mammalian brain, (19, 20). Its main function is to maintain CNS arousal and the sensitivity of the receptor to sedative hypnotics (propofol, isoflurane, etc.). Mutation of the M2 domain Ser270 and the M3 domain Ala291 in the α1 subunit affects the potency of isoflurane and propofol on GABAARs (21). Kelley et al. confirmed that cerebral ischaemia can induce miniature inhibitory postsynaptic current (mIPSC) reduction and GABA-activated current inhibition (22). Further studies found that mIPSC frequency and kinetic parameters did not change, only amplitude decreased, while oxygen-glucose deprivation (OGD) inhibited neuronal GABAAR α1 subunit expression (22). This finding suggests that the change in GABAAR activity is triggered by a decrease in the expression of its functional subunit α1. Furthermore, our previous study showed that a sub-anesthetic dose (20 mg·kg−1·h−1) of propofol exerts post-treatment brain protection by activating the KCC2-GABAAR pathway. Propofol post-treatment can reverse the decrease in hippocampal IPSCs after OGD injury, promote KCC2 expression, and maintain the normal function of GABAAR. However, administration of KCC2 antagonists only partially reversed the effect of propofol on mIPSC (23). IT remains unknown whether or not cerebral ischaemia triggers the expression change and structural regulation of GABAAR functional subunit protein. Is there any upstream mechanism other than KCC2 that regulates the GABAAR structure, thereby affecting its function? To answer these questions, we chose the GABAAR α1 subunit as a target of research in this study.

GABAAR undergoes post-synthesis modification and folding in the ER. Prolonged ER stress has been well-known to be related with neurodegenerative diseases (24, 25). The unfolded protein response (UPR) triggered by ER stress is an important quality control system for maintaining protein homeostasis (Proteostasis). Proteostasis refers to an equilibrium state of specific protein synthesis, folding and unfolding, modification and degradation in the intracellular proteome at a specific time point. The ER of the cell is a site for the folding and post-translational processing of secreted proteins and membrane proteins (~1/3 of the human proteome). Binding immunoglobulin protein (BiP), also known as glucose-regulated protein 78 (GRP78), is an ER chaperone protein whose expression is part of the UPR and is required to alleviate ER stress (26). Once ER stress occurs, BiP binds to unfolded proteins and activates downstream receptor proteins, increasing molecular chaperone expression, reducing global protein translation, and increasing unfolded/misfolded proteins. It degrades and reduces ER stress and protects cells through endoplasmic reticulum-associated degradation (ERAD).

The expression of C/EBP homologous protein (CHOP) is acknowledged as a specific and transcription factor of ER stress (27). It expresses at a very low level in normal physiology, but cellular stress leads to high-level expression (28). During stress, UPR attempts to increase protein-folding capacity and remove misfolded and unfolded proteins. If homeostasis is inadequately restored under chronic ER stress, terminal UPR will trigger apoptosis through abundant signaling mechanisms, mainly mediated by CHOP, c-Jun N-terminal kinase (JNK), and caspase-12, with CHOP as the most widely studied (29).

Thus, the expression levels of BiP, CHOP and the GABAAR α1 subunit were used to evaluate the cellular mechanisms accounting for the neural substrate conditions that allow normal cognitive functions in this study.

The objective of the current study was to explore general anesthetics for rats with CH that are subjected to ORIF surgery to protect cognitive function. By using behavioral and biochemical analyses, we tested the hypothesis that a combination of isoflurane and propofol better protects cognitive function than isoflurane or propofol administered alone during ORIF surgery.



MATERIALS AND METHODS

In our study, a ligation of bilateral CCA surgery (30) was adopted to prepare rats as CH animal model (31). A second surgery, ORIF (32), requiring general anesthesia, was operated 30 days later so that the effects of anesthetics on cognitive function of these CH rats could be assessed.


Animals

Male Wistar rats, 16–18 months of age and 450–570 g in weight, were purchased from the Academy of Military Medical Science of the Chinese People's Liberation Army and housed in groups of six per cage (545 mm in length, 395 mm in width, and 200 mm in hight) with ad libitum access to food and water. The housing environment was maintained at a temperature of 20–22°C and a humidity of 45–65% under a 12 h light/dark cycle. All animal experiments were carried out according to the Guide for the Care and Use of Laboratory Animals (33) and were approved by the Institutional Animal Care and Use Committee of Tianjin Medical University. Rats were housed individually per cage (380 mm in length, 325 mm in width, and 180 mm in hight) 3 days before ligation of the CCA and fasted 12 h before surgery a normally supply of drinking water. After surgery, rats were also housed individually per cage for recovery.



Ligation of the CCA

Rats were first anesthetized with intraperitoneal (i.p.) injection of 10% thiobutabarbital (100 ml/kg). After disappearance of body motion and the righting reflex, the rat was fixed on the operation platform. The surgical field was maintained sterile throughout the entire procedure. The skin of the rat's neck was shaved and disinfected with iodine tincture. A median incision of ~2–3 cm was made in the neck. The muscles and surrounding tissues were separated to expose the CCA. The CCA and a blunt end syringe needle (0.45 mm in diameter, 1 cm in length) were ligated tightly at the proximal side 1.5 cm from the bifurcation of the internal and external carotid arteries. The slipknot was firmly fixed, and the needle was carefully removed. The wound was sutured and disinfected. During surgery, a heating lamp was used to help maintain the body temperature of anesthetized rats at 37 ± 0.5°C (30).



Anesthesia and ORIF Surgery

During ORIF surgery, rats were administered isoflurane via inhalation or propofol through tail vein injection. For the induction phase of anesthesia, the rat was placed in a transparent chamber (W 25 cm × D 15 cm × H 10 cm) connected to a vaporizer and anesthetized with 5% isoflurane and 40% oxygen. When the rat's righting reflex disappeared, the chamber was replaced by a mask. Each rat was then assigned to one of the following 5 groups (n = 32/group) and administered the respective anesthesia as maintenance: (1) Group C: local administration of anesthesia with 2% lidocaine and inhalation with air containing 40% oxygen via the mask for 3 h; (2) Group I: inhalation with air containing 40% oxygen and 1.9% isoflurane for 3 h; (3) Group P: venous transfusion with 40 mg·kg−1·h−1 propofol and inhalation with air containing 40% oxygen via the mask for 3 h; (4) Group IP1: venous transfusion with 20 mg·kg−1·h−1 propofol and inhalation with air containing 40% oxygen and 1% isoflurane for 3 h; and (5) Group IP2: venous transfusion with 10 mg·kg−1·h−1 propofol and inhalation with air containing 40% oxygen and 1.4% isoflurane for 3 h. The concentration of isoflurane was detected continuously by a gas monitor (Puritan-Bennett; Tewksbury, MA, USA) during the surgery.

ORIF surgical model: Under different modes of general anesthesia, the rats underwent an open tibial fracture of the left hind paw with intramedullary fixation. Supplemental analgesia was provided using <1 ml buprenorphine (0.3 mg/kg in saline) administered intraperitoneally (32). Surgery was carried out via aseptic techniques. The left hind paw of the rat was shaved and disinfected with iodine tincture. After the skin was incised, a 0.38 mm pin was inserted into the intramedullary canal. Once the tibia was internally fixated, the bone was fractured at the middiaphysis (tibial, midshaft) using surgical pliers. The skin was sutured with 8/0 Prolene sutures. In Group C, only the skin was incised and sutured. During surgery, a heating lamp was used to help maintain the body temperature of the anesthetized rats at 37 ± 0.5°C. Postintervention rats were moved to heated pads for recovery and then returned to their home cage supplied with sufficient food and water. For post-procedural pain relief, the rats were administered buprenorphine (0.05 mg/kg, subcutaneous) twice daily for 3 days (34).



Contextual Fear Conditioning Test

The contextual FC test was utilized to evaluate cognitive function (35). The contextual FC test consisted of a training phase at 24 h prior to ORIF surgery and an evaluation phase on days 1 and 7 after ORIF (36), when hippocampal-dependent memory was assessed (37).

During the training phase, rats were placed in a chamber (Ugo Basile, Italy) and allowed to adapt to the environment for 120 s. After adaption, a 20 s 70-dB tone (conditional stimulus) was delivered, followed by an interval of 25 s. After the interval, an 0.70 mA electrical foot shock was delivered to the rat for 2 s (unconditional stimulus). After six pairs of conditional-unconditional stimuli, the rats learned the association and had established long-term memory. The pairs of conditional-unconditional stimuli were separated by 60 s inter-training intervals. Each training chamber was cleaned with 75% ethyl alcohol before placement of the next rat and was illuminated only with a 10 W bulb in a dark experimental room.

During the evaluation phase, rats were placed again in the training chamber for 5 min without tone and foot shock (38). Each animal's freezing behavior (without any movements) was analyzed by using the ANY-Maze Video Tracking System (Stoelting, Illinois, USA). The percentage of time spent exhibiting freezing behavior was calculated using the formula of 100*f/5 min, where f was the total of freezing time within 5 min. The results in this experiment were used to assess hippocampus-dependent memory (35, 37).



Nissl Staining

On days 1 and 7 after ORIF, rats (n = 8/group) were first anesthetized with 10% thiobutabarbital (100 ml/kg, i.p.). Rats were perfused with saline before the heart stopped, followed by perfusion with 4% paraformaldehyde solution. Then, the brain was taken out and fixed in 4% paraformaldehyde for 24 h. Coronal slices (3.0-mm thick) from each brain containing the dorsal hippocampus and the medial dorsal prefrontal cortex were dehydrated and embedded in paraffin. A series of 10-μm-thick coronal sections was obtained from each slice, and the sections were stained with cresyl violet (39). For each brain, five sections at the dorsal hippocampus located at coordinates −3.14 from the bregma to −4.52 from bregma were analyzed for Ammon's horn pyramidal cell counts (40). Sections were examined by an observer who was blinded to the experimental conditions under light microscopy at a magnification of 200x. The number of surviving neurons in a 30,000 μm2 area of the CA1 was counted in each section. Only pyramidal neurons showing normal morphology with distinct cytoplasmic and nuclear outlines and a visible nucleolus were counted. Analysis of the data was performed by using Image Pro Plus 6.0 software (Media Cybernetics Co., USA).



Western Blotting

On days 1 and 7 after ORIF, rats (n = 8/group) were sacrificed with sodium pentobarbital (240 mg/ml, Department of Pharmacy, Tianjin Medical University General Hospital, i.p., 800 mg/kg) (41). After ensuring that the heart of the rat had stopped, the brain was removed, and the hippocampal tissue was separated. To obtain total cellular protein, the hippocampus was homogenized in RIPA solution (Biomart, Beijing, China) buffer and then centrifuged at 4°C at 12,000 r/min for 10 min (Sigma 3–30KS, Sigma Laboratory Centrifuges, Germany). Membrane protein fractions were obtained with a Mem-PER Plus Membrane Protein Extraction Kit (Thermo Fisher Scientific, USA). The quantity of protein in the supernatant was determined using a bicinchoninic acid (BCA) protein assay kit (Beyotime Biotechnology, Beijing, China). Equal amounts of protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride membranes. Then, the membranes were blocked by 5% skim milk Tris-buffered saline containing 0.1% Tween (TBST) buffer for 90 min and washed with TBST buffer for 5 min. The membranes were incubated with the following primary antibodies: anti-GABAAR α1 (1:1,000, Abcam, Cambridge, UK), anti-BiP (1:1,000; Abcam), anti-pan-cadherin (1:2,000, Sigma, St. Louis, MO, USA), and anti-β-actin (1:10,000, Proteintech, Wuhan, China) overnight at 4°C. After washing with TBST 5 times (each for 5 min), the membranes were incubated with a secondary polyclonal antibody conjugated to horseradish peroxidase, anti-rabbit immunoglobulin G (IgG) (1:5,000, KPL, Gaithersburg, MD), and anti-mouse IgG (1:5,000, KPL) at room temperature for 1 h. The membranes were again washed 5 times (each for 5 min) and treated with an enhanced chemiluminescence detection kit (EMD Millipore, Billerica, MA, USA). The intensity of each band was quantified by densitometry using a gel image analysis software (Image Pro Plus, Media Cybernetics, USA). Relative expression was normalized to the expression of anti-pan-cadherin (1:2,000, Sigma) and anti-β-actin (1:10,000, Proteintech).



Statistical Analysis

The data were analyzed using SPSS 20.0 software (IBM Corp., Armonk, NY, USA). Data are presented as the mean ± standard deviation (SD). Behavioral data were tested using a two-way analysis of variance (ANOVA) with repeated measures. Other data were analyzed using a one-way ANOVA with Tukey post-hoc comparisons. P < 0.05 was the criterion for statistical significance.




RESULTS


Combination Treatment With 1% Isoflurane and 20 mg·kg−1·h−1 Propofol Protected Cognitive Function in Aging Rats With CH and Being Subjected to an ORIF Surgery

To observe the effects of different dosages of isoflurane and propofol on cognitive function, a contextual FC test was performed on the first and seventh days after ORIF. The percentage of freezing time in Group C and Group IP1 was not significantly different on the first day (C vs. IP1: 44.23 ± 6.60 vs. 42.86 ± 7.12, P = 1.00) or the seventh day (C vs. IP1: 35.70 ± 5.21 vs. 34.85 ± 5.02, P = 1.000) after ORIF (Figure 1A). However, in Groups IP2, I, and P, the percentage of freezing time was significantly reduced compared with Group C on day 1 (C vs. IP2: 44.23 ± 6.60 vs. 31.55 ± 5.68; C vs. I: 44.23 ± 6.60 vs. 22.86 ± 3.53; C vs. I: 44.23 ± 6.60 vs. 21.32 ± 3.42; all P < 0.05) and day 7 (C vs. IP2: 35.70 ± 5.21 vs. 28.48 ± 2.54; C vs. I: 35.70 ± 5.21 vs. 21.34 ± 2.12; C vs. I: 35.70 ± 5.21 vs. 22.16 ± 2.74; all P < 0.05) (Figure 1A). The results suggest that the combination of 1% isoflurane and 20 mg·kg−1·h−1 propofol could protect cognitive function, while other dosages could not.
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FIGURE 1. Combined treatment with 1% isoflurane and 20 mg·kg−1·h−1 propofol protected cognitive function and survival neurons in CH rats. (A) Hippocampus-dependent memory was evaluated as the percentage of freezing time on day 1 and day 7 after ORIF. Data are expressed as the mean ± SD (n = 8/group). Note that ORIF resulted in a significant reduction in the time of freezing behavior in the CA1 in Groups IP2, I, and P, which was prevented by the anesthetic schedule in Group IP1. (B) Nissl staining images of the hippocampal CA1 region were used to evaluate neuronal damage on day 1 and day 7 after ORIF. Note that ORIF resulted in a significant reduction in the number of remaining pyramidal neurons in the CA1 in Groups IP2, I, and P, which was prevented by the anesthetic schedule in Group IP1. (C) Quantification of surviving neurons in the CA1 on day 1 and day 7 after ORIF. Data are expressed as the mean ± SD (n = 8/group). *P < 0.05 compared with Group C; #P < 0.05 compared with Group IP1; ∧P < 0.05 compared with Group IP2. Scale bars = 50 μm.




Treatments With Isoflurane or Propofol Alone Were Not Able to Prevent CA1 Neuronal Death in Aging Rats With CH That Were Subjected to ORIF Surgery

Hippocampal slices were stained with cresyl violet (Nissl staining) to investigate potential neuronal damage caused by anesthetics on days 1 and 7 after ORIF. Compared with Group C, the number of surviving neurons decreased 1 day after ORIF only in Group I (C vs. I: 193.13 ± 23.94 vs. 150.88 ± 20.19, P = 0.039, Figures 1B,C). On the seventh day after ORIF, the number of surviving neurons in Groups I and P was significantly lower than that in Group C (C vs. I: 187.38 ± 19.86 vs. 146.75 ± 16.70, P = 0.008; C vs. P: 187.38 ± 19.86 vs. 148.13 ± 18.39, P = 0.011). No significant changes were found in Groups IP1 and IP2 on day 1 (C vs. IP1: 193.13 ± 23.94 vs. 179.75 ± 26.60, P = 0.923; C vs. IP2: 193.13 ± 23.94 vs. 175.75 ± 35.94, P = 0.799) or day 7 (C vs. IP1: 187.38 ± 19.86 vs. 179.13 ± 19.96, P = 0.975; C vs. IP2: 187.38 ± 19.86 vs. 177.25 ± 26.02, P = 0.940) (Figures 1B,C).



Combination Treatment With 1% Isoflurane and 20 mg·kg−1·h−1 Propofol Maintained the Expression Level of Cell GABAAR α1 in the Hippocampus

As described above, GABAAR α1 is a key functional component of the neural substrate involved in cognitive functions. Therefore, western blotting was performed on the first and seventh days after ORIF to evaluate the membrane expression of the GABAAR α1 subunit. Cadherin was used as positive control membrane marker (42, 43). There was no difference in the expression of GABAAR α1 between Group C and Group IP1 on day 1 (C vs. IP1: 100.00 ± 18.48 vs. 91.86 ± 15.45, P = 0.629) or day 7 (C vs. IP1: 100.00 ± 14.72 vs. 112.39 ± 20.17, P = 0.261) after ORIF. The expression of GABAAR α1 was downregulated after ORIF in Groups IP2, I, and P compared with Group C on day 1 (C vs. IP2: 100.00 ± 18.48 vs. 57.57 ± 8.39, P < 0.005; C vs. I: 100.00 ± 18.48 vs. 18.02± 3.07, P < 0.001; C vs. P: 100.00 ± 18.48 vs. 16.90 ±3.45, P < 0.001) and day 7 (C vs. IP2: 100.00 ± 14.72 vs. 56.23 ± 8.12, P < 0.001; C vs. I: 100.00 ± 14.72 vs. 27.92 ± 4.39, P < 0.001; C vs. P: 100.00 ± 14.72 vs. 24.71 ±4.01, P < 0.001) (Figure 2).
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FIGURE 2. Combined treatment with 1% isoflurane and 20 mg·kg−1·h−1 propofol maintained the expression of the GABAAR α1 subunit. (A,B) The expression of the GABAAR α1 subunit in the hippocampus was determined by western blotting on day 1 and day 7 after ORIF. (C) Statistical graph of the expression of the GABAAR α1 subunit on day 1 and day 7 after ORIF. Data are expressed as the mean ± SD (n = 8/group). Note that ORIF resulted in a significant reduction in the expression of the GABAAR α1 subunit in the CA1 in Groups IP2, I, and P, which was prevented by the anesthetic schedule in the Group IP1. *P < 0.05 compared with Group C; #P < 0.05 compared with Group IP1; ∧P < 0.05 compared with Group IP2.




Combination Treatment With 1% Isoflurane and 20 mg·kg−1·h−1 Propofol Protected Neurons From ER Stress-Related Damage

To analyse ER stress-related damage, the expression of CHOP was evaluated by western blotting. There was no difference between Group C and Group IP1 on day 1 (C vs. IP1: 100.00 ± 13.63 vs. 76.93 ± 13.74, P = 0.409) or day 7 (C vs. IP1: 100.00 ± 20.70 vs. 82.77 ± 11.96, P = 0.876). Compared with Group C, the expression of CHOP in Group IP2 did not markedly change on the first day (C vs. IP2: 100.00 ± 13.63 vs. 136.70 ± 17.07, P = 0.058) but increased markedly on the seventh day after ORIF (C vs. IP2: 100.00 ± 20.70 vs. 191.85 ± 37.16, P < 0.001). The expression of CHOP was significantly upregulated in Groups I and P on day 1 (C vs. I: 100.00 ± 13.63 vs. 256.72 ± 33.15, P < 0.001; C vs. P: 100.00 ± 13.63 vs. 270.81 ± 40.61, P < 0.001) and day 7 (C vs. I: 100.00 ± 20.70 vs. 277.16 ± 50.77, P < 0.001; C vs. P: 100.00 ± 20.70 vs. 304.08 ± 45.71, P < 0.001) after ORIF (Figure 3).
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FIGURE 3. Combined treatment with 1% isoflurane and 20 mg·kg−1·h−1 propofol prevented ER stress-related damage. (A,B) The expression of CHOP in the hippocampus was determined by western blotting on day 1 and day 7 after ORIF. (C) Statistical graph of the expression of CHOP on day 1 and day 7 after ORIF. Data are expressed as the mean ± SD (n = 8/group). Note that ORIF resulted in a significant increase in the expression of CHOP in the CA1 in Groups IP2, I, and P, which was prevented by the anesthetic schedule in Group IP1. *P < 0.05 compared with Group C; #P < 0.05 compared with Group IP1; ∧P < 0.05 compared with Group IP2.




1% Isoflurane and 20 mg·kg−1·h−1 Propofol Protect Neurons by Elevating the Expression of BiP

The expression levels of BiP in Groups IP1, IP2, I, and P were all upregulated compared with that in Group C on day 1 (C vs. IP1: 100.00 ± 18.58 vs. 442.86 ± 69.09, C vs. IP2: 100.00 ± 18.58 vs. 248.02 ± 35.15, C vs. I: 100.00 ± 18.58 vs. 165.13 ± 25.53, C vs. P: 100.00 ± 18.58 vs. 188.54 ± 27.90, all P < 0.05). The highest expression level was found in Group IP1, and the lowest expression level was found in Group I. On day 7, the expression of BiP fell in all four groups, and there was no significant difference between Group I and Group C (C vs. I: 100.00 ± 13.91 vs. 142.57 ±18.70, P = 0.053). However, the expression of BiP in Groups IP1, IP2, and P was significantly higher than that in Group C (C vs. IP1: 100.00 ± 13.91 vs. 268.27 ± 46.51, C vs. IP2: 100.00 ± 13.91 vs. 199.47 ±31.66, C vs. P: 100.00 ± 13.91 vs. 154.64 ± 27.93, all P < 0.05, Figure 4). The highest expression was observed in Group IP1 (Figure 4).
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FIGURE 4. Combined treatment with 1% isoflurane and 20 mg·kg−1·h−1 propofol maintained the adaptive ability of neurons by increasing the expression of BiP. (A,B) The expression of BiP in the hippocampus was determined by western blotting on day 1 and day 7 after ORIF. (C) Statistical graph of the expression of BiP on day 1 and day 7 after ORIF. Data are expressed as the mean ± SD (n = 8/group). Note that ORIF resulted in a significant increase in the expression of BiP in the CA1 in Groups IP2, I, and P, which was prevented by the anesthetic schedule in Group IP1. *P < 0.05 compared with Group C; #P < 0.05 compared with Group IP1; ∧P < 0.05 compared with Group IP2.





DISCUSSION

In our study, aging (16–18 month) rats were chosen as test subjects. All rats received ligation of the bilateral CCA to mimic the pathological process of CAS. Thirty days after ligation surgery, ORIF surgery was performed under different anesthesia regimes according to the group. After ORIF surgery, behavioral experiments (FC test) were carried out to evaluate the cognitive function of the rats. Histological analyses (Nissl staining) were performed to explore neuronal damage, and biochemical analyses (western blotting) of harvested rat brain tissues were performed to detect molecular changes.

The first consideration that must discussed is the selection and intervention of the test subject. The incidence of PND in orthopedic patients varies from 16 to 45%, although it can be as high as 72% (44), and it has been proven that aging is a risk factor (45). Therefore, we chose aging rats as test subjects. CH has been reported to be a key factor in the development of cognitive impairment (7). The underlying mechanism could be hypoxia-induced white matter damage, microvascular inflammation, and neuro-glio-vascular dysfunction (6). We deem that aging patients with perioperative CH require more attention to be paid to the selection of surgery and anesthesia. Moreover, CAS has been detected in 75% of men and 62% of women older than 65 years, with a prevalence of ≥50% stenosis of 7% in men and 5% in women (46). Taking incidence into account, we therefore used ligation of the CCA to induce CH in aging rats in this study. Moreover, our previous study has confirmed that ligation of the CCA contributes to cognitive impairment and histopathologic changes in aging rats (47). As it is difficult to separate clinical anesthesia and surgery, and our main purpose was to explore the combined effects of the two factors, no separate anesthesia group was used, which is consistent with most recent studies (48–50).

The FC test is a very sensitive and effort-independent test of learning and memory (51). To eliminate effects on motor ability caused by tibial fracture, the FC test was chosen to inspect cognitive function after ORIF surgery. Isoflurane has been reported to suppress learning in a dose-dependent fashion. Hence, we trained animals before surgery and anesthesia to remove the influence of the acquisition phase on the assessment of memory postoperatively (36). After ORIF surgery and anesthesia, the rats were placed in the same chamber that was used during the FC training phase. No tone or shock was delivered while the rats were in the chamber. In this circumstance, freezing behaviors rely on hippocampal memory (35, 37). It was demonstrated that medial temporal lobe regions, including the hippocampus, are most commonly affected in mild cognitive impairment and early AD (52–54). Thus, in our study, we focus on measurement of hippocampus-dependent memory. We found that the freezing time of rats was significantly shorter in Groups I, P, and IP2 than in Group C, while there was no obvious difference between Groups C and IP1. The only difference in the intervention among Groups I, P, IP2, and IP1 was the anesthesia method. Our results suggest that hippocampal-dependent memory impairment was not exhibited by the rats anesthetized with 1% isoflurane and 20 mg·kg−1·h−1 propofol, in contrast to all other groups of rats. Such an obvious difference aroused our interest in evaluating the state of related anatomic structures.

The hippocampal CA1 area is crucial for context-specific memory retrieval and spatial memory. After CA1 lesions, both recent and remote memory are impaired (55). Furthermore, this area is vulnerable to ischaemia injury (56). Thus, we chose the hippocampal CA1 area to measure the number of survival neurons and the expression of certain protein. On day 1, the number of neurons in Group I decreased obviously compared with Group C, and on day 7, the number of neurons in Groups I and P were markedly decreased compared with Group C. The difference between Group C and the combined anesthesia groups was not significant. Thus, we can draw the conclusion that, compared with the combination groups, the high dose of isoflurane or propofol alone can cause irreversible damage to the nervous system.

The GABAAR α1 subunit has also been linked to brain cognitive functions (57). More recently, the expression level of GABAAR α1 in the hippocampal CA1 region was found to be significantly downregulated in rats with chronic ischaemic encephalopathy (57). Proteostasis of GABAAR α1 subunit highly relies on ER function. Neuronal failure of the proteostasis network may cause protein aggregation that leads to neurodegeneration (58, 59). In our study, the expression of GABAAR containing the α1 subunit decreased in all but one group (the 1% isoflurane and 20 mg·kg−1·h−1 propofol group). It indicated that protein homeostasis was altered in all but not IP1 groups, which was coincident with the change in freezing time.

Accumulated evidence could support our study. Previous in vitro study showed that high dose isoflurane (treatment at a dose of 2% for 6 h) induced apoptosis by causing ER stress through ryanodine receptors but lower dose isoflurane (treatment at a dose of 1% for 1, 3, 6 h) did not (60). In vivo study suggested that ER stress-mediated apoptotic pathway was involved in isoflurane (treatment at a dose of 1.3% for 4 h) neurotoxicity in aged rats. Inhibition of ER stress overactivation contributed to the relief of isoflurane-induced histopathologic changes (61). Moreover, Coghlan et al. confirmed that the induction of ER stress by isoflurane (treatment at a dose of 1.1% for 4 h) occurred after the initiation of protein misfolding (62). These results indicate that cytotoxicity of isoflurane is in a dose-dependent way and related to ER stress. Analogously, propofol has a dose-dependent neuroprotective effect. Our previous study showed that propofol at doses of 10 or 20 mg·kg−1·h−1 infused at the onset of reperfusion for 30 min could provide neuroprotection to transient MCAO rats but 30 mg·kg−1·h−1 could not (12). Another study showed that infusion of propofol (36 or 72 mg·kg−1·h−1) resulted in aggravation of neurologic dysfunction, increased 28-day mortality rate, and impaired posttraumatic neurogenesis (63). In vitro study showed that the neuroprotective effect of propofol increased in a dose-dependent manner within 10 uM and decreased in a dose-dependent manner beyond 10 uM. Increase of endogenous BiP was the key of propofol's neuroprotection (64). In the present study, we only quantified CHOP and BiP. However, it is these two key factors that could confirm the neuroprotection of 1% isoflurane and 20 mg·kg−1·h−1 propofol. BiP, the key molecular chaperone in the ER, can help to alleviate ER stress and maintain calcium homeostasis (65), overexpression or induction of BiP possesses anti-apoptosis potential (66, 67). In our experiments, the expression of BiP was the highest in rats anesthetized with 1% isoflurane and 20 mg·kg−1·h−1 propofol among all four general anesthesia groups. CHOP is acknowledged as a specific transcription factor of ER stress (27). Unlike ER chaperones, CHOP is not generally synthesized under normal physiological conditions, or is present in the cytosol at very low levels under non-stressed conditions. Stress leads to the induction of CHOP and its accumulation in the nucleus (68). CHOP overactivation was closely related to neurodegenerative disease (28). In consistent with this, our study showed that elevated expression of CHOP in all but not IP1 groups. In group I and P, expression of CHOP was extremely high, while the mount of surviving neurons showed a distinguished decrease, which could provide a more intuitionistic result of cell damage.

In this study, hippocampus-dependent memory of rats in group IP1 was not impaired, and expression level of GABAAR α1, a key cognition-related protein, remained normal. ER stress alleviator, BiP, increased extremely while ER stress transcription factor, CHOP, showed no statistical difference compared with the control group. Numbers of surviving neurons confirmed the substantial neuronal damage caused by propofol or isoflurane alone.

Taking the above results into consideration, we consider that 1% isoflurane and 20 mg·kg−1·h−1 propofol is a more favorable aesthetic combination to avoid further damage to cognitive function of aging rats with CH during orthopedic surgery. The potential mechanism of this phenomenon may be related to alleviation of ER stress, but it remains to be verified.

With the advent of the aging society, clinical anesthesia is facing a variety of complex challenges, more exploration is needed to ensure the overall safety of patients. The harm caused by the application of large dose of a single anesthetic drug has been paid more and more attention. Therefore, this experiment explores the combined application of low-dose anesthetics to ensure the safety of anesthesia while minimizing the adverse effects of drugs, so as to provide new ideas for the practical clinical work. The experimental results show that the combination of low-dose anesthetics can enhance the protection of cognitive function. At the same time, more comprehensive and in-depth research is needed to explore related mechanisms and lay a solid foundation for personalized and precise anesthesia.
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Background: The mechanism underlying delirium, a common acute fluctuating mental state, may be related to the activation of a neuroinflammatory response. In this study, we attempted to investigate whether plasma inflammatory response markers, vascular and cerebrovascular injury-related markers, and neurodegeneration-associated markers were associated with emergence delirium (ED).

Methods: Patients aged 50 years or above who underwent elective laparoscopic surgery under general anesthesia were included in this study. Delirium was assessed postoperatively with the Richmond Agitation Sedation Scale (RASS) and the Confusion Assessment Method for the Intensive Care Unit (CAM-ICU) scale. Plasma samples were collected from ED patients and non-ED patients to test concentrations of inflammation markers, including interleukin 6 (IL-6), chitinase 3-like 1 (CHI3L1), S100 calcium-binding protein B (S100B), lipoprotein-associated phospholipase-A2 (Lp-PLA2), and macrophage migration inhibitory factor (MIF); vascular and cerebrovascular injury-related markers, including intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule (VCAM-1); and neurodegeneration-associated markers, including alpha-synuclein (α-Syn) and β-secretase 1 (BACE1). Binary logistic regression analysis was performed to analyze the relationship between biomarkers and ED, and receiver operating characteristic (ROC) curves were used to analyze the diagnostic value of biomarkers.

Results: A total of 104 patients were included in this study, with an average age of 63.69 ± 7.21. IL-6 (OR = 2.73, 95% CI: 1.66–6.44, P = 0.022), S100B (OR = 4.74, 95% CI: 1.88–11.95, P = 0.001), and BACE1 (OR = 6.54, 95% CI: 2.57–16.65, P < 0.000) were independent biological indicators for the occurrence of ED.CHI3L1, Lp-PLA2, MIF, ICAM-1, VCAM-1, and α-Syn were unrelated to ED. Plasma BACE1 level had a possible diagnostic value for ED [area under curve (AUC) = 0.75, 95% CI: 0.66–0.85], whereas plasma IL-6 (AUC = 0.62, 95% CI: 0.51–0.73) and S100B (AUC = 0.65, 95% CI: 0.54–0.76) levels had little diagnostic value for distinguishing ED vs. non-ED.

Conclusion: Higher levels of systemic inflammation marker IL-6, cerebral inflammation marker S100B, and neurodegeneration-associated marker BACE1 are related to ED. Plasma BACE1 may be a potential diagnostic biomarker for ED.

Keywords: general anesthesia, emergence, delirium, biomarker, BACE1


BACKGROUND

Delirium, a common acute fluctuating mental state, mainly manifests as a fluctuating state of consciousness, distractibility, loss of orientation, and confusion (Inouye et al., 2014). Depending on the time of onset, delirium following surgery may be emergence delirium (ED) or postoperative delirium (POD). ED refers to an altered mental state during the recovery stage from anesthesia, which is usually transient and is closely related to the type of anesthesia, duration of surgery, and each patient’s underlying condition (Scott and Gold, 2006). Studies show that ED occurs in 6 to 80% of patients and often results in adverse events such as a prolonged stay in post-anesthesia care units (PACUs), patient self-removal of the endotracheal tube, and drainage tube (Lepousé et al., 2006; Scott and Gold, 2006). Current data show that ED and POD are closely related (Sharma et al., 2005; Schenning and Deiner, 2015).

To diagnose delirium, the gold standard is a bedside comprehensive neuropsychiatric assessment by an experienced specialist according to the five criteria specified in the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-V). General practitioners may use widely accepted delirium screening tools, including the Confusion Assessment Method (CAM) scale and the Confusion Assessment Method for the Intensive Care Unit (CAM-ICU) scale (Ely et al., 2001; Inouye et al., 2014). Currently, ED is mainly diagnosed based on subjective scale assessments without objective, specific laboratory indicators. Therefore, it is of great importance to find ED-related biomarkers for early diagnosis, which could contribute to outcome predictions and improve patient prognosis.

The mechanism of delirium is unknown, but a growing body of evidence suggests that activation of a neuroinflammatory response, including the activation of systemic inflammation and the activation of inflammation in the central nervous system, is one of the causes of acute cognitive impairment (Subramaniyan and Terrando, 2019). Beingtraumatic stress, surgery activates the immune system, enhances the secretion of inflammatory mediators such as cytokines and chemokines, and activates immune cells to induce a systemic inflammatory response. Next, the integrity of the blood-brain barrier is compromised, and inflammatory mediators and peripheral immunoreactive cells activate microglia and astrocytes, triggering an inflammatory response in the central nervous system and leading to cognitive impairment (Subramaniyan and Terrando, 2019). Studies have reported that the occurrence and duration of delirium following surgery are related to changes in biomarkers related to inflammatory responses and nerve damage in critical care and elderly patients (McNeil et al., 2019).

In this study, we assessed ED with clinical scales and collected plasma samples to test and screen ED-related biomarkers, such as inflammation markers, including interleukin 6 (IL-6; Sun et al., 2017), chitinase 3-like 1 (CHI3L1; Zhang et al., 2018), S100 calcium-binding protein B (S100B; Hall et al., 2013), lipoprotein-associated phospholipase-A2 (Lp-PLA2; Pokharel et al., 2019), and macrophage migration inhibitory factor (MIF; Oikonomidi et al., 2017); vascular and cerebrovascular injury-related markers, including intercellular cell adhesion molecule-1 (ICAM-1; Janelidze et al., 2018) and vascular cell adhesion molecule (VCAM-1; Janelidze et al., 2018); and neurodegeneration-associated markers, including alpha-synuclein (α-Syn; Fayyad et al., 2019) and β-secretase 1 (BACE1; Shen et al., 2018).



MATERIALS AND METHODS


Subjects

Subjects of this study are ED and non-ED patients aged 50 or above who underwent elective laparoscopic surgery under general anesthesia at Xiangya Hospital, Central South University, China, between May 2018 and June 2019. The exclusion criteria were as follows: refusal to participate, inability to cooperate with assessments, preoperative cognitive impairment, and preoperative neuropsychiatric conditions (stroke, epilepsy, Alzheimer’s disease, and schizophrenia). A total of 592 patients were assessed and enrolled for delirium assessment. We analyzed 104 blood samples from ED patients (n = 50) and non-ED patients (n = 54), respectively (Figure 1). The non-ED patients were selected according to demographic features. Each patient signed an informed consent form before the study. This study was approved by the Ethics Committee of Xiangya Hospital Central South University (201612631) and was registered at the Chinese Clinical Trial Registry (ChiCRT2000031201).


[image: image]

FIGURE 1. Flow diagram.



At the end of the surgery, the patients were sent to the post-anesthesia care unit (PACU) and were assessed with the Richmond Agitation Sedation Scale (RASS) and CAM-ICU scale 20 min after the tracheal extubation. The CAM-ICU scale was used if the RASS score was −3 or above (Ely et al., 2003). The CAM-ICU scale assesses the following items:

[image: image] acute fluctuations in mental state; [image: image] distractibility; [image: image] confusion; and [image: image] altered level of consciousness. ED was diagnosed if the patient presented [image: image] + [image: image] and [image: image] or [image: image]. Otherwise, CAM-ICU assessment was negative, and non-ED was diagnosed (Ely et al., 2001; Lepousé et al., 2006). If the RASS score was −4 or −5, the assessment was terminated, and the patient was reassessed after the RASS score was −3 or above.



Sample Processing and Marker Testing

After the assessment, a peripheral blood sample was collected, centrifuged, and then stored at −80°C. An enzyme-linked immunosorbent assay (ELISA) was performed to determine the BACE1 level (DY931/DY008, DuoSet-ELISA Kit, R&D Systems, Minneapolis, MN, USA); and a Luminex assay (Luminex assay kits, R&D Systems, Minneapolis, MN, USA) was performed to determine the plasma level of IL-6, CHI3L1, S100B, Lp-PLA2, MIF, ICAM-1, VCAM-1, and α-Syn. The Concentration of plasma BACE1 was detected by ELISA. Briefly, the plate wells are coated the whole night, then blocked for 1 h. And human plasma was diluted in 0.05% PBST (1:6) and incubated for 4 h. The second antibody, strep-HRP, color reagent AB and stop buffer was added followed the kit instructions. Washing wells with washing buffer were repeated for three times between each step. Quantification of other factors was using Luminex assay kits. Briefly, after centrifugation and vortexing, premixed beads (50 μl well−1) were added to 96-well plates. Standards, blanks, and diluted plasma samples (1:1; 50 μl well−1) were then added and incubated on a plate shaker (800 rpm) for 2 h. After washing (three times), a biotinylated antibody mixture (50 μl−1 well) was added, followed by incubation for 1 h (800 rpm). Repeated washing (three times), the diluted streptavidin-biotin-peroxidase (50 μl−1 well) was added, followed by incubation for 30 min (800 rpm). The beads were washed three times and then resuspended in wash buffer. The plate was shaken for 2 min and then analyzed with the Luminex 200 system. All samples were repeated for detection.



Statistical Analysis

For all biomarkers, the measurements were log-transformed to base-10 to minimize the effect of extreme values. Normally distributed measurement data are expressed as the mean ± standard deviation (x ± SD) and were analyzed with the independent sample t-test; nonnormally distributed measurement data are expressed as the median (interquartile range) [M (IQR)] and were analyzed with the rank-sum test; count data were analyzed with the chi-square test. We compared the distributions of biomarker values between the ED and non-ED patients using the independent sample t-test. Binary logistic regression analysis was individually performed to analyze the independent correlation between each biomarker and ED after adjusting for patient age, American Society of Anesthesiologists (ASA) rating, body mass index (BMI), education level, operation time, and duration of anesthesia. Each biomarker is divided into two categories based on the median to reduce potential interference. For biomarkers with independent correlations with ED, receiver operating characteristic (ROC) curves were used to analyze the diagnostic value of each marker. Since our research focused on the correlation between various laboratory indicators and ED diagnosis, we did not adjust our results for multiple comparisons. SPSS v20.0 was used for statistical analysis (IBM Inc., Armonk, NY, USA).




RESULTS


Baseline Data of Patients in the Two Groups

A total of 104 patients were included in the study. Table 1 shows patient age, sex, BMI, ASA rating, preoperative Mini-Mental State Examination (MMSE) score, duration of education, preoperative comorbidities (hypertension, diabetes, and coronary heart disease), smoking history, duration of anesthesia, and duration of surgery. No significant between-group difference was observed in baseline data (P > 0.05; Table 1).

TABLE 1. Main characteristics of the study participants.
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Plasma Biomarker Levels

No significant between-group difference was observed in the levels of ICAM-1, VCAM-1, MIF, PLA2G7, or α-Syn. For inflammatory markers, the levels of IL-6, chitinase 3-like 1, and S100B were higher in the ED group than in the non-ED group (P < 0.05). For neurodegeneration-associated markers, the level of BACE1 was significantly higher in the ED group than in the non-ED group (P < 0.05; Table 2).

TABLE 2. The laboratory indexes of patients with or without ED.
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Relationship Between Plasma Biomarkers and ED

Binary logistics regression analysis of potential risk factors showed that after adjusting for age, ASA rating, BMI, education level, operation time, and duration of anesthesia, among the inflammatory markers, IL-6 (OR = 2.73, 95% CI: 1.66–6.44, P = 0.022) and S100B (OR = 4.74, 95% CI: 1.88–11.95, P = 0.001) were independent biological indicators for ED; among the neurodegeneration-associated markers, BACE1 was an independent biological indicator for ED (OR = 6.54, 95% CI: 2.57–16.65, P < 0.000; Supplementary Table 1).



The Diagnostic Value of Plasma IL-6, S100B, and BACE1 for ED

We plotted ROC curves to analyze the diagnostic value of plasma IL-6, S100B, and BACEl for ED (Figure 2). The results showed that plasma IL-6 (Sensitivity = 58.00%, Specificity = 66.67%, AUC = 0.62, 95% CI: 0.51–0.73) and S100B (Sensitivity = 64.00%, Specificity = 75.93%, AUC = 0.65, 95% CI: 0.54–0.76) had little diagnostic value for distinguishing ED with non-ED, whereas plasma BACE1 had possible diagnostic value for distinguishing ED with non-ED (Sensitivity = 70.00%, Specificity = 77.78%, AUC = 0.75, 95% CI: 0.66–0.85; Table 3).
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FIGURE 2. Receiver operating characteristic (ROC) curve for the diagnostic value of plasma IL-6, S100B, and BACEl for ED.



TABLE 3. Diagnostic capability of IL-6, S100B, and BACE1.
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DISCUSSION

This study showed that plasma IL-6, S100B, and BACE1 were independent biological indicators for ED. Inflammation markers CHI3L1, Lp-PLA2, and MIF, vascular and cerebrovascular injury-related markers ICAM-1 and VCAM-1, and neurodegeneration-associated marker α-Syn were not independent biological indicators for ED.

Our study found that the BACE1 level was significantly higher in ED patients than in non-ED patients and the BACE1 level was a potential biological indicator with possible diagnostic value for ED. However, there was no direct research showing that BACE1 is associated with delirium currently. BACE1 is a rate-limiting enzyme for the production of β-amyloid protein (Aβ). Most studies on BACE1 focused on Alzheimer’s disease (Vassar, 2014; Yan and Vassar, 2014). A study showed that the BACE1 level is related to mild cognitive impairment (MCI) due to Alzheimer’s disease (Alexopoulos et al., 2018; Shen et al., 2018). A cross-sectional study reported that increased plasm BACE1 level was associated with MCI in type two diabetes (Tian et al., 2020). The growing evidence shows that neuroinflammation makes an important impact on the pathophysiology of delirium (Alam et al., 2018). Nuclear factor-kappa B(NF-κB) is implicated in inflammation, apoptosis, and the transcription of BACE1, which enhances Aβ generation (Sambamurti et al., 2004; Chen et al., 2012). Some studies showed that some compounds could mitigate amyloidogenesis and cognitive impairment via inhibiting the NFKB signal pathway to reduce the activity of BACE1 (Choi et al., 2012; Satomoto et al., 2018). These results indicated that BACE1 may be related to ED associated with a neuroinflammatory response, and ED may be a preclinical phase of Aβ related cognitive impairment.

In critical care patients, plasma IL-6 is related to the severity and duration of delirium, suggesting that systemic inflammation is involved in the occurrence and development of delirium (McNeil et al., 2019). This is consistent with the results of this study showing that the IL-6 level was significantly higher in ED patients than in non-ED patients and that IL-6 level was an independent biological indicator for ED, suggesting that a systemic inflammatory response was relevant to ED. However, as a systemic inflammatory marker, IL-6 has little diagnostic value for ED. S100B is secreted by astrocytes and is a marker of cerebral inflammation; its expression level is related to cognitive changes associated with various diseases (Baptista et al., 2017; Lapa et al., 2017). However, its correlation with delirium is inconclusive. In critical care patients, no significant difference of S100B level was observed between delirium patients and non-delirium ones (McNeil et al., 2019); nevertheless, S100B level was significantly associated with delirium in elderly patients with hip fracture surgery (van Munster et al., 2010). Although our study showed that the S100B level was independently correlated with ED, further research is still needed to confirm its diagnostic value for ED.

Our study indicated that there was no significant difference in other inflammatory markers, such as MIF and PLA2G7, between ED patients and non-ED ones. Due to the complexity of the systemic inflammatory responses, diverse inflammatory molecules are produced at different times. We surmise our result might be related to the fact that these inflammatory markers were not produced or already decomposed at the time of detection. ICAM-1 and VCAM-1 are cytokines produced by endothelial cells during vascular wall injury. They enable various inflammatory cells to adhere and infiltrate around brain tissue, thereby amplifying the inflammatory response (Seth et al., 1991; Janelidze et al., 2018). Their levels are significantly elevated in critical care patients but not in ED patients. Also, we analyzed plasma CHI3L1 levels. Some studies have shown that elevated CHI3L1 in cerebrospinal fluid may predict Alzheimer’s disease (Abu-Rumeileh et al., 2019) and that CHI3L1 is also an inflammatory biomarker for multiple sclerosis (Gil-Perotin et al., 2019). In our study, the CHI3L1 level was higher in ED patients than in non-ED patients; however, CHI3L1 was unrelated to ED after adjusting for risk factors, which may be due to different pathological and physiological processes of delirium, Alzheimer’s disease, and multiple sclerosis. Moreover, it should be noted that we analyzed CHI3LI levels in peripheral blood samples, not cerebrospinal fluid. As a marker of neurodegeneration-associated, α-Syn can be detected in cerebrospinal fluid and peripheral blood. In many studies, serum and plasma α-Syn levels have been used as candidate biomarkers for Parkinson’s disease and Lewy body-related dementia, but researchers are still debating whether there is a significant difference in total α-Syn in blood between these patients and healthy subjects (Irwin and Hurtig, 2018). Some studies show that the α-Syn level in the myenteric plexus is an effective biological indicator for POD after gastrointestinal surgery (Sunwoo et al., 2013); this study showed that there was no significant difference in plasma α-Syn levels between ED patients and non-ED ones and the plasma α-Syn level was unrelated to ED. This may be related to variation in α-Syn levels between plasma, cerebrospinal fluid, and the myenteric plexus; plasma α-Syn levels cannot predict ED.

In summary, plasma IL-6, S100B, and BACE1 are related to ED. ROC curves show that plasma BACE1 levels may be a potential biomarker for ED diagnosis and prediction. However, in this study, we only analyzed biomarkers in blood samples, not cerebrospinal fluid. Also, we only analyzed biomarkers after the onset of ED and did not investigate the evolving trends of these biomarkers. This study shows that some inflammatory markers and neurodegeneration-associated markers are related to ED, but we are unable to evaluate whether these markers can predict ED. In the future, further research is needed to analyze changes in biomarkers before (baseline), during, and after delirium, to further clarify the relationship between these markers and ED.



CONCLUSION

In this study of patients undergoing elective laparoscopic surgery under general anesthesia, higher levels of systemic inflammation marker IL-6, cerebral inflammation marker S100B, and neurodegeneration-associated marker BACE1 are related to ED. Plasma BACE1 may be a potential diagnostic biomarker for ED.
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Postoperative delirium (POD) is the most common postoperative complication affecting elderly patients, yet the underlying mechanism is elusive, and effective therapies are lacking. The neuroinflammation hypothesis for the pathogenesis of POD has recently emerged. Accumulating evidence is supporting the role of specialized proresolving lipid mediators (SPMs) in regulating inflammation. Neuroprotectin D1 (NPD1), a novel docosahexaenoic acid (DHA)-derived lipid mediator, has shown potent immunoresolvent and neuroprotective effects in several disease models associated with inflammation. Here, using a mouse model of POD, we investigated the role of NPD1 in postoperative cognitive impairment by assessing systemic inflammatory changes, the permeability of the blood–brain barrier (BBB), neuroinflammation, and behavior in aged mice at different time points. We report that a single dose of NPD1 prophylaxis decreased the expression of tumor necrosis factor alpha TNF-α and interleukin (IL)-6 and upregulated the expression of IL-10 in peripheral blood, the hippocampus, and the prefrontal cortex. Additionally, NPD1 limited the leakage of the BBB by increasing the expression of tight junction (TJ)-associated proteins such as ZO-1, claudin-5, and occludin. NPD1 also abolished the activation of microglia and astrocytes in the hippocampus and prefrontal cortex, which is associated with improved general and memory function after surgery. In addition, NPD1 treatment modulated the inflammatory cytokine expression profile and improved the expression of the M2 marker CD206 in lipopolysaccharide (LPS)-stimulated macrophages, which may partly explain the beneficial effects of NPD1 on inflammation. Collectively, these findings shed light on the proresolving activities of NPD1 in the pro-inflammatory milieu both in vivo and in vitro and may bring a novel therapeutic approach for POD.

Keywords: macrophage polarization, neuroinflammation, neuroprotectin D1, specialized proresolving lipid mediators, postoperative delirium


INTRODUCTION

Postoperative delirium (POD), defined as delirium occurring mainly within 1 week after surgery, is a common neuropsychiatric complication characterized by fluctuating and concurrent disturbances of attention, cognition, psychomotor behavior, emotion, and sleep–wake rhythm (Auerbach et al., 2018). POD has been linked to higher mortality, prolonged hospitalization, and an increased risk of long-term cognitive impairment (Robinson and Eiseman, 2008; Inouye et al., 2014), and it imposes an additional medical burden on governments and society (Inouye et al., 2014; Partridge et al., 2018). The morbidity of POD ranges from 14% in general medical units to 82% in intensive care units, with an increased prevalence in elderly patients in particular (Bruce et al., 2006; Marcantonio, 2011; American Geriatrics Society Expert Panel on Postoperative Delirium in Older, 2015). With the growing aging population, the number of elderly patients who need surgery/anesthesia treatments has been increasing, as well as the prevalence of POD. However, there are no effective therapies for this complication due to the undefined underlying pathophysiology.

Recent studies highlight the importance of neuroinflammation in the development of POD (Maclullich et al., 2008; Hirsch et al., 2016; Forsberg et al., 2017). Surgical trauma activates the innate immune system, leading to the systemic release of cytokines (Hirsch et al., 2016). Humoral pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-α) and interleukin-6 (IL-6), have been reported to be associated with the leakage of the blood–brain barrier (BBB), which leads to the entry of pro-inflammatory cytokines and monocyte-derived macrophages, resulting in the activation of glia, including microglia and astroglia (Terrando et al., 2011; Hu et al., 2018). The interaction between the peripheral and central immune systems amplifies inflammation in the brain (D’Mello et al., 2009; Perry and Teeling, 2013), and the cascade of neuroinflammation induces synaptic dysfunction and neuronal apoptosis, which ultimately impairs cognitive function (Munster et al., 2011; Plaschke et al., 2016; Skvarc et al., 2018). On this basis, treatments targeting the regulation of neuroinflammation show great potential as candidate therapies for POD.

Along with passive termination of inflammation, POD resolution actively participates in the restoration of acute inflammation as a coordinated process, which is regulated by specialized proresolving lipid mediators (SPMs; Serhan et al., 2014). SPMs are endogenously biosynthesized from essential fatty acids with potent anti-inflammatory and immunoregulatory properties (Serhan et al., 2002; Hong et al., 2003). Protectin D (PD), which is known as neuroprotectin D1 (NPD1) when synthesized in the neural system, is one of the SPMs derived from omega-3-polyunsaturated fatty acid docosahexaenoic acid (DHA). NPD1 shares biological activities with other lipid mediators such as resolvins and maresins, including accelerating nonphlogistic macrophage phagocytosis, inhibiting neutrophil infiltration, and regulating the production of cytokines and chemokines (Serhan et al., 2002; Mukherjee et al., 2004; Hong et al., 2014). Additionally, NPD1 has been demonstrated to be neuroprotective in preclinical models of Alzheimer’s disease, which shares some characteristics with POD, such as memory impairment (Lukiw et al., 2005; Safavynia and Goldstein, 2019).

Based on these discoveries, we proposed the hypothesis that prophylaxis with NPD1 could improve cognitive behavior in a POD model of laparotomy in aged mice through its proresolving effect on inflammation induced by surgical trauma. To validate this hypothesis, we assessed the natural and learned behaviors of aged mice with or without NPD1 pretreatment and the inflammation events both in the periphery and in the central nervous system (CNS). Furthermore, we aimed to determine whether NPD1 exerts anti-inflammatory and proresolving properties by promoting macrophage polarization, which is pivotal in promoting the restorative process in acute inflammation.



MATERIALS AND METHODS


Animals

The experimental protocol was approved by the Animal Ethics Committee of Zhongnan Hospital of Wuhan University, and all experiments were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Female C57BL/6 mice (Changsha Tianqin Biotechnology Company Limited, Changsha, China; 18 months old and weighing 30–40 g) were group-housed with four to five mice per cage under a 12-h light/dark cycle in a temperature-controlled (25 ± 2°C) room with free access to standard rodent water and food.



Surgical Model

The mice were randomly divided into the control group, surgery group, NPD1 group, or NPD1+surgery group. NPD1 (Cayman Chemical, Ann Arbor, MI, USA) at 2 μg/ml in saline with 1.4% ethanol was administered i.p. at a dose of 600 ng (300 μl) per mouse in the NPD1 group and NPD1+surgery group, while an equal volume of 1.4% ethanol in saline was administered in the control group and surgery group. The NPD1 dose was based on studies using other models of acute inflammation with slight modification (Li et al., 2014; Yang et al., 2019). One hour after administration of NPD1 or vehicle, the mice in the surgery group and NPD1+surgery group were subjected to a simple laparotomy under isoflurane anesthesia. Specifically, each mouse was induced with 1.4% isoflurane in 100% oxygen in a transparent acrylic chamber. Fifteen minutes after induction, the mouse was removed from the chamber and placed on a heating pad to maintain body temperature between 36 and 37°C during the surgery. Isoflurane anesthesia was maintained via a cone device with a 16-gauge needle sensor monitoring the concentration of isoflurane. A longitudinal midline incision was made from the xiphoid to 0.5 cm proximal to the pubic symphysis through the skin, abdominal muscles, and peritoneum. Abdominal organs were partially exposed for 2 min, and the incision was then sutured layer by layer with 5-0 Vicryl thread. The procedure for each mouse lasted approximately 10 min, and the mouse was then returned to the anesthesia chamber for up to 2 h to receive the rest of the anesthesia. Blood pressure was monitored with a mouse-tail blood pressure cuff (Softron BP-2010A, Softron Beijing Biotechnology Company Limited Beijing, China), and blood gas and blood glucose levels were tested with a blood gas analyzer (i-STAT, Abbott Point of Care Inc., Princeton, NJ, USA). Analgesia with EMLA cream (2.5% lidocaine and 2.5% prilocaine) was administered before skin incision, at the end of the procedure, and every 8 h for 1 day postoperatively. The mice in the control group and the NPD1 group were placed in their home cages with 100% oxygen for 2 h without surgery treatment.



Behavioral Tests

POD is characterized by acute concurrent disturbances at different cognitive levels, including effects on natural and learned behaviors (Auerbach et al., 2018). Therefore, we performed multiple behavioral tests in the order of buried food test, open field test, and Y maze test at 24 h before the surgery (baseline) and at 6, 9, or 24 h after the surgery in groups of three mice and finished them within 50 min, to mimic the certain features of clinical diagnosis of POD in patients, which were described in our previous studies (Peng et al., 2016).

To evaluate the natural tendency of mice to use olfactory cues, buried food tests were performed. Two days before the test, each mouse was given one to two pieces of sweetened cereal. The mice were placed within their home cage in the testing room for at least 1 h prior to testing to allow them to habituate to the environment. During habituation, the test cage was prepared by filling it with 3-cm-deep clean bedding, and a piece of sweetened cereal was randomly buried 0.5 cm below the surface of the bedding. Then, the mouse was placed in the center of the test cage for 5 min, and the latency to eat the food was measured as the time required for the mouse to uncover the food pellet and grasp it in its forepaws and/or teeth. If the mouse failed to find the pellet within 5 min, the latency was defined as 300 s.

Then, mice underwent testing in the open field test to measure their exploratory and general activity. Each mouse was placed in the center of an open field chamber (40 × 40 × 40 cm) in a quiet, illuminated room and allowed to freely explore the chamber for 5 min. The movement parameters of the mouse were monitored and analyzed via a video camera connected to the Any-Maze animal tracking system software (Xinruan Information Technology Company Limited, Shanghai, China). Parameters of the total distance moved, freezing time, and time spent in the center were recorded and analyzed.

To further assess spatial learning and memory ability following surgery/anesthesia, the Y maze test was also executed in a two-trial task. The Y maze apparatus consisted of three arms (width 8 × length 30 × height 15 cm) positioned at 120° angles extending from a central space, and each wall of the arms was pasted with cardboard in different patterns as visual cues. The three arms of the Y maze were randomly allocated as the novel arm, which was blocked in the first trial but opened in the second trial; the start arm, in which the mouse started to explore; and the other arm was always open. The first trial was the training trial, which allowed the mouse to explore the start arm and the other arm for 10 min, with the novel arm being blocked. After 2 h (for the tests 6 and 24 h after surgery) or 4 h (for the tests 9 h after surgery), the second trial was conducted as the retention trial. The mouse was again placed in the maze in the same start arm with free access to all three arms for 5 min. A video camera linked to the Any-Maze animal tracking system software was installed 60 cm above the chamber to monitor and analyze the number of entries and the time spent in each arm.



Enzyme-Linked Immunosorbent Assay

The hippocampus and prefrontal cortex are two major structures involved in cognitive impairment (Flores et al., 2016a,b). Therefore, we examined the changes in inflammatory cytokines not only at the periphery but also in the hippocampus and prefrontal cortex. The concentrations of TNF-α, IL-6, and IL-10 in the plasma and brain tissues of mice at 6, 9, and 24 h after surgery were determined using enzyme-linked immunosorbent assay (ELISA) kits (eBioscience) according to the manufacturer’s instructions. The levels of IL-6, IL-10, and IL-12 in the culture supernatants of primary bone marrow-derived macrophages were also measured by ELISA kits (eBioscience) according to the manufacturer’s instructions after treatment.



BBB Permeability Assay

Fluorescent dextran was used to measure BBB permeability, which was based on the established dye-injection assay with slight modification (Ben-Zvi et al., 2014; Yang et al., 2017). Specifically, 6 h after surgery, each mouse was injected intravenously with 100 μl 10-kDa dextran–Texas Red lysine fixable (4 mg/ml, Invitrogen, D1863). Fifteen minutes after injection, each mouse was anesthetized and decapitated. The brains were harvested and fixed by immersion in 4% paraformaldehyde (PFA) overnight at 4°C, then cryopreserved in 30% sucrose and frozen in TissueTek OCT (Sakura). Frozen sections of 20 μm were collected and postfixed in 4% PFA at room temperature (20–25°C) for 15 min, washed in PBS, blocked with 10% goat serum (Boster Biologic Technology, China) for 2 h, permeabilized with 0.5% Triton X-100, and then incubated with isolectin B4 (20 μg/ml, I21411, Molecular Probes, San Francisco, CA, USA) for immunostaining to visualize blood vessels. A Zeiss LSM 510 META microscope was used to obtain fluorescence images of the injected tracer and isolectin under a 40× objective lens. For each mouse, 20 images of 10 different slices of the hippocampus and prefrontal cortex were randomly selected, and the level of dextran found outside the vessels was analyzed using ImageJ (NIH).

Spectrophotometric quantification of 10-kDa dextran–Texas Red from the extracts of the hippocampus and prefrontal cortex was carried out at the same time point. Specifically, each mouse was injected intravenously with 100 μl 10-kDa dextran–Texas Red lysine fixable (4 mg/ml, Invitrogen, D1863) at 6 h after surgery. Fifteen minutes after injection, each of the mice was deeply anesthetized and perfused with phosphate-buffered saline (PBS) transcardially (150 ml for 5 min). Then, the mice were decapitated, and the hippocampal and prefrontal cortex tissues were harvested and homogenized in 1% Triton X-100 in PBS (100 μl/100 mg brain tissue). Tissue lysates were centrifuged at 16,000 rpm for 20 min, and the relative fluorescence of the supernatant was measured on a POLARstar Omega fluorometer (BMG LABTECH; ex/em 595/615 nm).



Western Blot Analysis

At 6 and 9 h after surgery, mice were anesthetized and decapitated to harvest the hippocampus and prefrontal cortex tissues. Total protein samples from the brain tissues were homogenized using RIPA lysis buffer (150 mM NaCl, 1 mM EDTA, 50 mM Tris, 1% Triton, 0.1% sodium dodecyl sulfate, and 0.5% deoxycholate) containing protease and phosphatase inhibitors. The lysate was centrifuged at 12,000 rpm for 5 min at 4°C to remove the sediment. The supernatants were collected, and the protein concentration was determined with a bicinchoninic acid (BCA) protein assay kit (Aspen, Wuhan, China). After the determination of protein contents, the proteins were separated by SDS-PAGE (8–12%) and then transferred to PVDF membranes (Aspen, Wuhan, China). After being blocked with 5% skim milk for 1 h at room temperature, the membranes were incubated overnight at 4°C with the following primary antibodies: anti-ZO-1 (1:500, Abcam, ab96587), anti-occludin (1:2,000, Abcam, ab167161), and anti-claudin-5 (1:500, Biorbyt, orb214680). Anti-β-actin (1:10,000, TDY Biotech, ab37168) was used to normalized and control for loading differences in the protein levels. Then, the membranes were washed three times with TBST (20 mM Tris–HCl, 150 mM NaCl, and 0.05% Tween-20) and incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:10,000, ASPEN, AS1107) for 0.5 h at room temperature. Specific immunoreactivity was detected using enhanced chemiluminescence (Aspen, Wuhan, China), and the signal intensity was measured using image analysis software (AlphaEaseFC software).



Immunofluorescence

At 24 h after surgery, mice were deeply anesthetized with isoflurane and perfused transcardially with ice-cold 0.1 M PBS followed by 4% PFA in 0.1 M PBS at pH 7.4. Their brains were harvested and postfixed in 4% PFA in 0.1 M PBS at 4°C overnight, and then cryoprotected in 0.1 M PBS containing 30% sucrose for 72 h. The brains were freeze-mounted in TissueTek OCT (Sakura) and were cut sequentially to 20-μm-thick coronal sections. After washing in PBS and permeabilization in 0.5% Triton X-100, the coronal sections were blocked with 10% goat serum in PBS for 2 h at room temperature to block nonspecific binding. Then, the following primary antibodies were used: mouse anti-glial fibrillary acidic protein (GFAP; 1:500, Abcam, I21411) and rabbit anti-Iba-1 (1:200, Abcam, ab178847) at 4°C overnight. For secondary detection, goat anti-mouse and goat anti-rabbit antibodies conjugated with Alexa Fluor dyes (405 and 488) from Invitrogen (1:500) were used. The immunolabeled sections were coverslipped with 40, 6-diamidino-2-phenylindole (DAPI; Invitrogen) and analyzed by microscopy (LSM5 Exciter; Zeiss, Jena, Germany). Five high magnification areas were chosen in three nonoverlapping fields randomly acquired in the hippocampal and prefrontal cortex subregions using a counting frame size of 0.4 mm2. The images were processed, and the area of the astrocytes and microglia was quantified using ImageJ software (NIH). The area of the selected cells was converted into a binary image using the dilation method, and the cell outline was measured. Total immunoreactivity was calculated as the percentage area density, defined as the number of pixels (positively stained areas) divided by the total number of pixels (sum of positively and negatively stained areas) in the imaged field.



Primary Cell Culture and Grouping

Bone marrow-derived macrophages (BMDMs) were purchased from iCell Bioscience Inc. (MIC-iCELL-i017, Shanghai, China) and cultured in DMEM/F-12 containing 10% fetal bovine serum (FBS), 100 μg/ml streptomycin, and 100 U/ml penicillin and supplementary factor (iCell Bioscience Inc., PriMed-iCell-011) at 37°C under 5% CO2 and 95% air. Cells were then stimulated with 10 ng/ml lipopolysaccharide (LPS, Sigma, L2880) with or without NPD1 (80 ng/ml) for 24 h. Batches of the same BMDMs were left untreated as a control.



Flow Cytometry Analysis

For cell staining, anti-mouse CD16/CD32-PE-Cy7 and CD206-PE (Invitrogen) were used. The cells were detached and suspended in flow cytometry staining buffer and treated with Fc-receptor blocker antibody for 20 min at 4°C to eliminate nonspecific binding. Then, the cells were stained with these antibodies for 30 min at 4°C in the dark. After washing twice in flow cytometry staining buffer and resuspension in the staining buffer, samples were analyzed using a BD FACSCalibur system.



Statistical Analysis

The sample size reported in each of the figure legends was based on our preliminary studies and was calculated by power analysis using G*Power v 3.1 to ensure a power = 0.8 and P < 0.05. The statistical analyses were performed with SPSS 19.0 (IBM, New York, NY, USA) or GraphPad Prism 6 (GraphPad, New York, NY, USA). Quantitative data are expressed as the means ± standard error of the mean (SEM). Statistical significance was determined using one-way or two-way analysis of variance (ANOVA), followed by the Bonferroni post hoc test. A P-value of less than 0.05 was considered statistically significant.




RESULTS


POD-Like Behavior Induced by Surgery/Anesthesia in Aged Mice Is Improved by NPD1 Prophylaxis

To determine whether surgery/anesthesia affects general and cognitive behavior of aged mice, we performed a battery of behavioral tests with the food buried test, open field test, and Y maze test at 24 h before surgery and 6, 9, and 24 h after surgery in the present study as we previously reported (Peng et al., 2016; Lu et al., 2020).

We first executed the buried food test to explore whether surgery/anesthesia affected the ability of the mice to associate an odorant with a food reward (Yang and Crawley, 2009). The latency to eat food was markedly increased in the surgery group compared with the control group at 6 h after surgery [210.3 (46.4) vs. 65.7 (19.2)%, P < 0.01, Figure 1A], while pretreatment with NPD1 (600 ng/mouse) improved the impaired ability to find and eat food induced by surgery/anesthesia [90.7 (22.0)% vs. surgery, P < 0.05, Figure 1A]. No significant changes were observed between the NPD1 group and the control group.
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FIGURE 1. Surgery/anesthesia induces postoperative delirium (POD)-like behavior of aged mice, which can be ameliorated by preemptive administration of neuroprotectin D1 (NPD1). At 6, 9, and 24 h after surgery/anesthesia, the buried food test (A), open field test (B–D), and Y maze test (E–G) were executed ordinally. Data are presented as individuals and the lines mark the mean ± standard error of the mean (SEM). Statistics: two-way analysis of variance (ANOVA) followed by Bonferroni post hoc comparison. (A–G) n = 8–10 per group. *P < 0.05 vs. the control group, **P < 0.01 vs. the control group, #P < 0.05 vs. the surgery group.



Then, we executed the open field test to examine the locomotor ability and exploratory behavior of the mice subjected to surgery/anesthesia or NPD1 treatment (Gould et al., 2009). There were no significant differences in the total distance traveled by the mice among the four groups at any time point (P > 0.05, Figure 1B), indicating that surgery/anesthesia did not affect the motor function of aged mice. Surgery/anesthesia significantly decreased the time spent in the center at 6 and 9 h after surgery [11.0 (5.3)% vs. control and 55.0 (7.3)% vs. control, P < 0.05, Figure 1C], and the preemptive administration of NPD1 alleviated this phenomenon at 9 h after surgery [92.5 (15.2)% vs. control, P < 0.05, Figure 1C]. In addition, surgery/anesthesia significantly decreased the freezing time at 6, 9, and 24 h after surgery [139.4 (33.5)% vs. control, 127.2 (21.6)% vs. control, 151.7 (18.3)% vs. control, P < 0.05, Figure 1D], while preoperative treatment with NPD1 increased the freezing time at 9 and 24 h after surgery [223.0 (14.1)% vs. surgery, 256.9 (29.3)% vs. surgery, P < 0.05, Figure 1D]. NPD1 administration alone did not change these parameters compared with the control condition (P > 0.05, Figures 1B–D).

Finally, we conducted the Y maze test to assess hippocampus-dependent spatial memory in aged mice as previously validated (Wheelan et al., 2015). Surgery/anesthesia did not alter the number of arm visits among the four groups (P > 0.05, Figure 1E). However, surgery/anesthesia significantly reduced the number of entries into the novel arm at 6 h after surgery [38.6 (4.3)% vs. control, P < 0.05, Figure 1F] and the duration spent in the novel arm at 6 and 9 h after surgery [58.8 (5.2)% vs. control, 69.9 (5.4)% vs. control, P < 0.05, Figure 1G] compared with the control condition. Pretreatment with NPD1 increased the number of entries into the novel arm and the duration spent in the novel arm at 6 h after surgery [10.2.5 (6.9)% vs. surgery, P < 0.05, Figures 1F,G]. NPD1 administration per se did not affect the performance of aged mice in the Y maze test at any time point.

In conclusion, prophylaxis with NPD1 attenuated the impairment of general behavior (buried food test and open field test) and learned behaviors (Y maze test) induced by surgery/anesthesia in aged mice in a time-dependent order.



NPD1 Modulates the Expression of Inflammatory Cytokines After Surgery Both at the Periphery and in the CNS

To assess the effects of NPD1 on systemic inflammation and neuroinflammation, we first measured the changes in TNF-α, IL-6, and IL-10 in blood plasma after surgery. Surgery/anesthesia significantly increased the levels of TNF-α and IL-6 at 6 and 9 h after surgery (P < 0.05, Figures 2A,B) but did not change the expression of IL-10 (P > 0.05, Figure 2C). Although a single dose of NPD1 did not completely reverse the increase in pro-inflammatory cytokines to the control condition, it markedly reduced the levels of TNF-α and IL-6 at 6 h after surgery (P < 0.05, Figures 2A,B). In addition, pretreatment with NPD1 increased the expression of IL-10, a crucial cytokine during the resolution phase of inflammation, at 6 h after surgery (P < 0.05, Figure 2C). Second, we measured these cytokines in the hippocampus and prefrontal cortex, two key brain regions related to the memory network (Place et al., 2016). Surgery/anesthesia induced a marked increase in the expression of TNF-α and IL-6 at 6 and 9 h after surgery in both the hippocampus and prefrontal cortex compared with the control condition (P < 0.05, Figures 2D,E,G,H). Prophylaxis NPD1 significantly decreased the expression of TNF-α and IL-6 at 6 and 9 h compared with the surgery group in these brain regions (P < 0.05, Figures 2D,E,G,H). Notably, pretreatment with NPD1 increased the expression of IL-10 not only in the hippocampus at 6 and 9 h after surgery (P < 0.05, Figure 2F) but also in the prefrontal cortex at 6 h after surgery (P < 0.05, Figure 2I). No effects on these cytokines were reported when treated with NPD1 alone.
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FIGURE 2. Effects of NPD1 on the expression of inflammatory cytokines in vivo. NPD1 pretreatment alleviated the surgery-induced upregulation of pro-inflammatory factors and promoted the expression of anti-inflammatory factors both in the peripheral blood and the central locations such as the hippocampus and prefrontal cortex at different time points (A–I). The cytokines in peripheral blood and brain tissues were measured by enzyme-linked immunosorbent assay (ELISA). Data are presented as mean ± SEM. Statistics: two-way ANOVA followed by Bonferroni post hoc comparison. (A–I) n = 4–5 per group. *P < 0.05 vs. the control group, **P < 0.01 vs. the control group, #P < 0.05 vs. the surgery group.





NPD1 Prophylaxis Alleviated the Leakage of the BBB Induced by Surgery/Anesthesia in Aged Mice

The breakdown of BBB has been reported to be associated with delirium and perioperative neurocognitive disorders (Maldonado, 2008; Subramaniyan and Terrando, 2019). Herein, we employed a well-established dye injection assay to investigate the integrity of the BBB (Ben-Zvi et al., 2014; Yang et al., 2017) under treatment of surgery/anesthesia with or without NPD1.

Immunofluorescence images revealed that 10-kDa dextran was primarily confined to vessels in the control group, NPD1 group, and NPD1+surgery group. By contrast, the dextran signal was detected in the brain parenchyma around vessels in the surgery group (Figure 3A). To quantify the extravascular dextran, spectrophotometric quantification of 10-kDa dextran–Texas Red from brain tissue extracts was performed. In both the hippocampus and prefrontal cortex, we found that surgery/anesthesia increased the level of extravascular 10-kDa dextran compared with the control condition, while NPD1 prophylaxis decreased the leakage of dextran induced by surgery/anesthesia (P < 0.05, Figures 3B,C).
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FIGURE 3. NPD1 protects against the leakage of the blood–brain barrier (BBB) induced by surgery/anesthesia in the hippocampus and prefrontal cortex. Immunostaining of blood vessels (isolectin B4, green) and intravenously injected dextran (10 kDa, red) in brain sections of the hippocampus at 6 h after surgery (A). The arrowhead marked area indicates that the dextran was extravascular. The spectrophotometric quantification of extravascular dextran (10 kDa) levels in the extraction of the hippocampus and prefrontal cortex showed that surgery/anesthesia increased the permeability of the BBB compared with the control, and pretreatment with NPD1 attenuated this phenomenon (B,C). Data are presented as mean ± SEM. Statistics: two-way ANOVA followed by Bonferroni post hoc comparison. (B,C) n = 4–5 per group. *P < 0.05 vs. the control group, #P < 0.05 vs. the surgery group. Scale bars represent 50 μm in (A).



We next examined the effects of NPD1 on the expression of occludin, claudin-5, and ZO-1 after surgery, which are tight junction (TJ)-associated proteins that maintain the integrity of the BBB (Jiao et al., 2011, Figures 4A,B). By quantitative Western blotting, we found that there was a marked decrease in the expression of ZO-1, claudin-5, and occludin in both the hippocampus and prefrontal cortex at 6 and 9 h after surgery, while pretreatment with NPD1 significantly attenuated the reduction of these proteins (P < 0.05, Figures 4C–H). Preemptive administration of NPD1 alone did not change the homeostasis of the BBB.
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FIGURE 4. NPD1 modulates the expression of tight junction (TJ)-associated proteins in the hippocampus and prefrontal cortex after surgery. Representative Western blotting bands of the expression of occludin, claudin-5, and ZO-1 in the hippocampus and prefrontal cortex at 6 and 9 h after surgery (A,B). Quantification analyses of the expression of occludin, claudin-5, and ZO-1 were normalized to that of β-actin as internal control (C–H). Data are presented as mean ± SEM. Statistics: two-way ANOVA followed by Bonferroni post hoc comparison. (C–H) n = 4–5 per group. **P < 0.01 vs. the control group, #P < 0.05 vs. the surgery group, ##P < 0.01 vs. the surgery group.





NPD1 Reverses the Reactive States of Astrocytes and Microglia in the Hippocampus and Prefrontal Cortex

We measured the changes in the immunoreactivity of GFAP and Iba-1 in the hippocampus and prefrontal cortex to assess the reactive states of microglia and astrocytes, which represent the major pathological manifestation of neuroinflammation (Terrando et al., 2013; Norden et al., 2016; Joshi et al., 2019). Astrocytes in the hippocampus and prefrontal cortex showed significant morphological changes, including shorter and deramified processes, an atrophic cell soma, and a reduced GFAP immunoreactive area after surgery compared with the control condition (P < 0.05, Figures 5A,B,D). By contrast, the mice that underwent surgery but were pretreated with NPD1 retained the stellate shape of classical astrocytes, with longer processes and similar immunoreactive areas to those of the control group (P < 0.05, Figures 5A,B,D).


[image: image]

FIGURE 5. NPD1 pretreatment reverses the activation of astrocytes and microglia in the hippocampus and prefrontal cortex elicited by surgery/anesthesia. Representative images of immunofluorescence showed the expression of glial fibrillary acidic protein (GFAP) and Iba-1 in the hippocampus and prefrontal cortex at 24 h after surgery (A). Surgery/anesthesia caused distinct changes in the morphology of glial cell, including shortened processes and a reduced cell soma in astrocytes and an amoeba-like morphology in microglia. Preemptive administration of NPD1 significantly restored the classic stellate shape of astrocytes and the ramified shape of microglia. Quantification results of immunostaining at 24 h after surgery shown in (B–E). Data are presented as mean ± SEM. Statistics: two-way ANOVA followed by Bonferroni post hoc comparison. (B–E) n = 4–5 per group. *P < 0.05 vs. the control group, #P < 0.05 vs. the surgery group. Scale bars represent 100 μm in (A).



NPD1 also attenuated microglial activation, as measured by changes in the expression of Iba-1. Surgery induced an amoeba-like morphology of microglia and increased the Iba-1 immunoreactive area in the hippocampus and prefrontal cortex compared with the control condition (P < 0.05, Figures 5A,C,E), while preemptive administration of NPD1 significantly restored the ramified shape of microglia and reduced the cellular area (P < 0.05, Figures 5A,C,E). There were no significant changes in GFAP or Iba-1 in the NPD1 group.



NPD1 Alleviates the Production of Pro-inflammatory Cytokines and Promotes the Macrophage Polarization Toward M2 in the LPS-Stimulated BMDMs

NPD1 has been reported to exert a proresolving effect via immunoregulation, including blocking neutrophil infiltration and promoting phagocytosis in vivo (Hong et al., 2003; Ariel and Serhan, 2007), which is related to the reaction of polarized macrophages (Mosser and Edwards, 2008; Tabas, 2010). To better investigate the effects of NPD1 on macrophage polarization, we cultured LPS-stimulated BMDMs with or without NPD1. The polarization of BMDMs was analyzed on the basis of the expression of the M1 marker CD16/CD32 and the M2 marker CD206 (Figures 6A,B). Quantitative flow cytometry analysis showed that the M1 population was significantly increased in the LPS group compared with the control group (P < 0.05, Figure 6C). NPD1 coincubation tended to downregulate macrophage polarization to M1 and markedly increased the M2 population compared with LPS incubation alone (P < 0.01, Figures 6C,D). The levels of TNF-α and IL-12 were significantly increased by LPS stimulation (P < 0.05, Figures 6E,G), while coincubation with NPD1 decreased the production of these two cytokines by LPS-stimulated BMDMs (P < 0.05, Figures 6E,G). Incubation with LPS alone increased the level of IL-10 compared with the control group (P < 0.05, Figure 6F), suggesting the spontaneous initiation of inflammation resolution, but coculture with NPD1 increased the expression of IL-10 (P < 0.05, Figure 6F).
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FIGURE 6. NPD1 promotes macrophage polarization to the M2 phenotype after pro-inflammatory stimulation of BMDMs and modulates the expression of inflammatory cytokines. NPD1 promoted the transformation of BMDM cell markers from the M1 to M2 phenotypes, as detected by flow cytometry (A,B). The ratios of M1 and M2 phenotypes in different groups were calculated (C,D). The production of tumor necrosis factor-α (TNF-α), interleukin (IL)-12, and IL-10 by BMDMs were tested by ELISA (E–G). Data are presented as mean ± SEM. Statistics: two-way ANOVA followed by Bonferroni post hoc comparison. (A–G) n = 5 per group. *P < 0.05 vs. the control group, **P < 0.01 vs. the control group, #P < 0.05 vs. the surgery group, ##P < 0.01 vs. the surgery group.






DISCUSSION

In the present study, we demonstrate that NPD1, a novel lipid-derived mediator of SPMs, contributes to the postoperative recovery of POD-like behavior in aged mice through its anti-inflammatory and proresolving effects. Our results indicate that prophylaxis with NPD1 at peripheral injury sites alleviates the systemic inflammatory response and protects BBB integrity after laparotomy. Moreover, it limits neuroinflammation in both the hippocampus and prefrontal cortex, according to the expression of inflammatory cytokines and the reactive states of microglia and astroglia in these brain regions. These protective actions against inflammation displayed by NPD1 may be related to macrophage polarization toward M2, as we showed in the in vitro experiment. To the best of our knowledge, this is the first report of the effects of NPD1 in a rodent model of POD.

Cumulative evidence has revealed the pivotal role of neuroinflammation in the occurrence of POD, while peripheral inflammation is considered to represent the initiation of neuroinflammation (Terrando et al., 2010; Groh and Martini, 2017; Subramaniyan and Terrando, 2019). In the aseptic surgery setting, injured cells activate BMDMs by releasing damage-associated molecular patterns (DAMPs) that bind to Toll-like receptors (TLRs) of BMDMs, thereby upregulating the expression of pro-inflammatory cytokines such as TNF-α, IL-1β and IL-6 (Akira and Takeda, 2004; Lotze and Tracey, 2005; Zhang et al., 2010). These cytokines can cause further activation of DAMPs through positive feedback, ultimately leading to increased inflammation (Gabay et al., 2010; Terrando et al., 2010). Our results demonstrated that NPD1 attenuated the systemic postsurgery release of TNF-α and IL-6, which are the pivotal cytokines that appear after trauma (Terrando et al., 2010). These findings are consistent with the potent anti-inflammatory activity of NPD1 in many other disease models that are associated with inflammation, such as peritonitis (Ariel et al., 2006), corneal damage (Lukiw et al., 2005), asthma (Levy et al., 2007), and inflammatory pain (Bang et al., 2018). In a murine peritonitis model, PD1/NPD1 has been proven to effectively attenuate polymorphonuclear neutrophil infiltration and the expression of pro-inflammatory cytokines even at a very small dose (1 ng/mouse; Hong et al., 2003; Ariel et al., 2005, 2006). Furthermore, the preemptive administration of NPD1 increases the systemic expression of IL-10, which is one of the most important mediators of inflammatory resolution as a potent suppressor of classical macrophage activation (Mosser and Zhang, 2008). It has been demonstrated that inflammatory cytokines, such as TNF-α, IL-6, IL-1β, and IL-12, are strictly associated with M1-like macrophages, while IL-10 is primarily secreted by M2-like macrophages (Mosser and Edwards, 2008; Murray, 2016). The changes in the cytokine profile in the periphery suggest that macrophage polarization toward M2 may be linked with NPD1.

The breakdown of the BBB is seen as a hallmark of neuroinflammation because its disruption facilitates the infiltration of peripheral immunocompetent cells and cytokines into the immunologically privileged brain (Galea et al., 2007; He et al., 2012). The barrier function of the BBB is mainly attributed to the TJs of brain microvascular endothelial cells (Pardridge, 2005). TNF-α and IL-6 have been reported to disturb the integrity of the BBB by reducing the expression of TJ-associated proteins between the neurovascular endothelium (Rochfort et al., 2015; Blecharz-Lang et al., 2018). Notably, TNF-α can upregulate cyclooxygenase 2 isozyme (COX2) in the brain microvascular endothelium, thereby increasing the local generation of prostaglandins, which exhibit a potent ability to increase vascular permeability (Engblom et al., 2002; Rajakariar et al., 2006). NPD1 and its precursor DHA show protective activity related to the BBB and neurocognitive behavior after experimental ischemic stroke (Belayev et al., 2011, 2018), which was also noted in our model. The restoration of the impaired BBB by preemptive NPD1 administration may be indirect, resulting from the modulated profile of cytokines in the circulation that we discussed above, similar to the mechanism whereby NPD1 alleviates leakage under laser-induced choroidal neovascularization (Sheets et al., 2010). Interestingly, the synthesis of PDs is an enzymatic process that occurs via a mechanism involving lipoxygenase (LOX), and the transcription of LOX is initiated by the same signaling pathways involved in producing prostaglandins E2 and D2 (Bannenberg et al., 2005; Rajakariar et al., 2006). The production of IL-10 also requires the participation of prostaglandins (Mosser and Zhang, 2008). This kind of temporal–spatial interaction between inflammatory mediators can at least partly explain why there is no valid evidence that inflammatory inhibitors can be used to treat POD or other neurocognitive disorders because they may hinder the resolution phase of inflammation. Therefore, NPD1, as well as other SPMs, may be desirable therapies for inflammation-driven diseases.

In addition to mitigating the peripheral inflammatory response, NPD1 reduced the activation of glial cells and the expression of inflammatory cytokines in the hippocampus and prefrontal cortex. As resident macrophages in the CNS, microglia play a role in immune surveillance and respond to different kinds of pathological stimuli (Kettenmann et al., 2013). Once activated, microglia rapidly switch to a pro-inflammatory phenotype with a stout morphology and enhance the production of pro-inflammatory molecules such as IL-1α, TNF-α and complement component 1q (C1q; Clausen et al., 2008; Liddelow et al., 2017). These specific cytokines, along with cell debris released by classically activated microglia, can trigger the transformation of astroglia to A1, the detrimental reactive phenotype of astrocytes (Norden et al., 2016; Liddelow et al., 2017; Joshi et al., 2019). A1 astrocytes lose their supportive abilities in the CNS (i.e., maintaining synaptic functions and phagocytic capacity) and simultaneously secrete neurotoxins to induce neuronal death (Gómez-Galán et al., 2012; Liddelow et al., 2017). In our model of POD, NPD1 reversed the morphological changes in microglia and astrocytes in both the hippocampus and prefrontal cortex to their original states, representing restorative transformation from the inflamed phenotype to the resting states, and thus modified the pro-inflammatory milieu by modulating the secretion of inflammatory cytokines. It is thus not surprising that NPD1 pretreatment facilitates the recovery of POD-like behavior in aged mice because these two profitable brain regions act in concert to shape emotion, learning, and memory organization and transform information (Eichenbaum, 2017; Tyng et al., 2017). Although microglia share similar properties with peripheral macrophages, they may not be the target affected by NPD1. Recently, parkin-associated endothelin-like receptor (Pael-R), also known as GPR37, has been identified as the specific receptor for NPD1 (Bang et al., 2018). GPR37 is enriched in oligodendrocytes and astrocytes but not microglia (Cahoy et al., 2008; Bang et al., 2018). In this context, the anti-inflammatory and proresolving effects of NPD1 in the CNS may be mediated by different cell types, and the underlying mechanism requires further investigation.

BMDMs have been shown to be the bridge that links the peripheral and central immune systems since they can infiltrate the brain in conditions characterized by neuroinflammation (Tanaka et al., 2003; Liu et al., 2008). Their function can be deleterious or favorable, depending on their polarization states in relation to the extracellular milieu (Italiani and Boraschi, 2014; Murray, 2016). Other members of SPMs derived from the same precursor as NPD1 have been shown to induce M2 polarization (Titos et al., 2011; Marcon et al., 2013; Akagi et al., 2015), which suggests that a similar property may exist in NPD1. Actually, we demonstrated the phenotypic skewing of inflammatory mediators promoted by NPD1 in vitro toward attenuating the M1 macrophage markers (TNF-α and IL-12) and elevating the M2 macrophage marker (IL-10). The shift in specific cell receptors on LPS-stimulated BMDMs also verified that M2 polarization was induced by NPD1. These findings suggest that the proresolving effect of NPD1 is linked to the transformation of macrophage polarization toward the M2 phenotype. However, three subsets of the M2 phenotype, designated M2a, M2b, and M2c, each of which has different protective properties, have been identified within the M2 phenotype (Biswas and Mantovani, 2010). It is thus essential to further explore the specific effect of NPD1 on macrophages and inflammation.

There are several limitations to our research. First, we emphasized the role of NPD1 in humoral mechanisms for active inflammation resolution in the present study. The vagus nerve also participates in this process by controlling the expression of netrin-1, which exerts a synergistic effect with SPMs (Mirakaj et al., 2014). The integration of multiple signaling pathways of NPD1 requires further investigation in the perioperative context. Second, we only used local analgesics to control incisional pain, which may not be effective in attenuating nociceptive stimuli. Additionally, NPD1 has been reported to reverse inflammatory pain induced by the i.p. injection of zymosan (Bang et al., 2018). In the absence of any pain-related behavioral tests in the present study, it was difficult to determine whether NPD1 enhanced the postoperative recovery of mice by acting in an additive manner with local analgesics to relieve pain in our study. Assessments of pain behaviors will be executed in our future research. Third, we only detected the biochemical events of neuroinflammation, including cellular constituents in the CNS and morphological changes in glial cells, but not the influence of NPD1 intervention on neurons. NPD1 can provide protection to improve the survival of neural cells (Calandria et al., 2015; Belayev et al., 2017). In addition, glia–neuron cross talk, especially in the hippocampus, is highly involved in the normal function of neurons to form memory and consciousness (Chung et al., 2015; Santello et al., 2019). For this reason, the different modes of action in different cell types need to be further illuminated.

In conclusion, the present study identifies the novel role of NPD1 in relieving the POD-like behavior of aged mice and regulating postoperative inflammation not only in the periphery but also in the hippocampus and prefrontal cortex. These protective effects of NPD1 may be related to its modulation of macrophage polarization, which needs further investigation. Collectively, these findings indicate the potential of NPD1 to be a novel therapy for neuroinflammation and POD.
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Backgrounds: Aging-related impairment of cerebral blood flow regulation leads to the disruption of neuronal micro-environmental homeostasis. Anesthetics should be carefully selected for aging patients since they have less cognition capacity. Effects and mechanisms of propofol or isoflurane have been widely investigated. However, how different combinations of propofol and isoflurane affect neurons and the mechanism still needs to be demonstrated.

Methods: We cultured rat hippocampal neurons and established a hypoxic injury model to imitate the micro-environment of aging brains. Three different combinations of propofol and isoflurane were applied to find out an optimum group via Cell Counting Kit-8 (CCK8) assay, lactic acid dehydrogenase (LDH) assay, real-time qPCR, and immunofluorescence of key proteins. Then BiP was silenced by small interfering RNA (siRNA) to explore the mechanism of how isoflurane and propofol affect neurons. Endoplasmic reticulum (ER) stress was measured by Western blot and immunofluorescence. To detect GABAAR α1 subunit proteostasis and its function, real-time qPCR, immunoprecipitation, and Western blot were carried out.

Results: Hypoxic neurons showed no different changes on cell viability, LDH leakage, and ER stress after treatment with 1% isoflurane and 1.2 μg/ml of propofol. Hypoxic neurons showed a sharp increase of LDH leakage and ER stress and a decrease of cell viability after treatment with 1.4% isoflurane and 0.6 μg/ml of propofol or 0.5% isoflurane and 1.8 μg/ml of propofol. After knockdown of BiP, the application of 1% isoflurane and 1.2 μg/ml of propofol led to the decrease of GABAAR α1 subunit protein content and viability of cell, as well as aggravation of ER stress.

Conclusion: A combination of 1% isoflurane and 1.2 μg/ml of propofol causes the least damage than do other dosages of both two drugs, and endogenous BiP plays an important role in this process.

Keywords: binding immunoglobulin protein, endoplasmic reticulum stress, GABAAR α1 subunit, isoflurane, propofol


INTRODUCTION

Globally, 50% of all the elderly people are evaluated to undergo at least one surgical procedure. Evidence proves that about 25% of all the elderly having major surgery will have an identifiable fall in cognitive function, and 50% of these patients will suffer permanent damage (Dodds et al., 2017). Perioperative neurocognitive disorder (PND) is the overarching term for cognitive impairment in the preoperative or postoperative period and is associated with increased mortality (Evered et al., 2018). It is characterized as a decline in cognitive functions including memory, attention, information processing, and cognitive flexibility (Hovens et al., 2012). Aging has been reported as one of the major risk factors (Shoair et al., 2015). Aging elicits multifaceted functional impairment in cerebral microcirculation, leading to cerebral hypoperfusion, deprivation of brain oxygen and nutrition supply, oxidative injury, and neurovascular uncoupling (Daulatzai, 2017; Toth et al., 2017). Elder people have less reserve of neurological function and are less able to resist surgery- and anesthesia-induced cognitive impairment than younger people. As a result, when treating aging patients, special caution is needed to prevent surgery- and anesthesia-induced cognitive impairment with regard to the choice and depth of anesthesia, dosage, and duration of perioperative anesthetics, and surgical strategy.

Propofol (2,6-diisopropylphenol) is a widely used intravenous anesthetic agent (Zhong et al., 2018). In addition to its sedative effects, propofol has a protective effect against cerebral ischemia–reperfusion injury in animal models, which can reduce infarction size and improve neurologic scores (Li et al., 2014; Shi et al., 2014). More specifically, propofol at a subanesthetic dose has a neuroprotective effect on cerebral ischemia–reperfusion rats, but not at higher doses (Wang et al., 2009). Isoflurane is an isomeride of enflurane, which is commonly used in inhalation anesthesia, but it can also induce neurogenetic damage and neurocognitive disorder and even accelerate the process of Alzheimer’s disease (Perucho et al., 2010; Zuo et al., 2018). Neurotoxicity of isoflurane is positively correlated with dose and duration (Wei et al., 2008; Wang H. et al., 2014). Previous studies showed that isoflurane minimum alveolar concentration (MAC) value was 1.45 ± 0.17%; 1.9% isoflurane, equivalent to 1.3 MAC, was sufficient to induce general anesthesia in rats (Boruta et al., 2012), while a minimal infusion rate at 40 mg·kg−1·h−1 was required using propofol alone to induce general anesthesia in rats (Logginidou et al., 2003). Our previous study confirmed that a single use of anesthetic dose propofol (40 mg·kg−1·h−1) or isoflurane (1.9%) aggravated cognitive impairment of aging rats with cerebral hypoperfusion, while a combination of sub-anesthesia dose propofol and isoflurane (1% isoflurane plus 20 mg·kg−1·h−1 propofol) did not (Bu et al., 2020). However, the effects of different combinations of propofol and isoflurane on hippocampal neurons remain to be explored.

The endoplasmic reticulum (ER) is a vast membranous network and a unique environment for protein folding, secretion, lipid biosynthesis, and calcium homeostasis (Kim et al., 2008), which are all required for maintaining normal cell function. ER stress is a subcellular pathological process of impairment in ER homeostasis. A number of insults have been shown to induce protein misfolding in the ER and cause ER stress, such as ischemia, nutrient deprivation, alterations in calcium concentrations, and oxidative stress (Martindale et al., 2006; Minamino et al., 2010; Wang et al., 2011). ER stress has been associated with isoflurane-induced cognitive impairment and neurodegenerative conditions such as Alzheimer’s disease (Cai et al., 2014; Ge et al., 2015; Xiang et al., 2017). A previous study also revealed that ER stress is involved in the neuroprotection of propofol (Wang L. et al., 2014). It remains unknown whether ER stress is involved in the effect of combined use of isoflurane and propofol on neurons. Furthermore, ER-localized molecular chaperone, BiP, one of the heat shock protein-70 family, has protective effects by attenuating ER stress (Feaver et al., 2008; Fu et al., 2008). BiP can be induced by oxidative stress (Dickhout et al., 2005). Therefore, we also investigated the involvement of BiP in the combined effects of isoflurane and propofol.

Synaptic inhibition in the brain mainly relies on GABA signaling. The GABAA receptors (GABAARs) are the major inhibitory receptors in the central nervous system and can mediate fast postsynaptic inhibitory effects. The α1 subunit-typed GABAAR is the most abundant composition subtype (Liu and Wong-Riley, 2004), and the α1 subunit is the key to GABAAR activity (Williams and Akabas, 2002; Kelley et al., 2008). GABAARs are assembled from their component subunits in the ER (Jacob et al., 2008); thus, protein homeostasis of GABAAR α1 subunit was used as an evaluation index for functional damage of neurons.

Therefore, the purpose of this study was to compare the effects of three different combination methods of propofol and isoflurane on hypoxic hippocampus neurons and to screen out the combination method with the least damage, so as to provide a safer general anesthesia strategy for patients with fragile cognitive function in clinical work; and the potential mechanism is discussed to provide a reference for subsequent basic scientific research.



MATERIALS AND METHODS


Hippocampal Neuron Culture and Treatment

Primary hippocampal neuronal cultures from 16- to 18-day-old Sprague–Dawley rat embryos were prepared as described previously (Kaech and Banker, 2006), with modifications. Briefly, the hippocampus was removed and dissociated into a single-cell suspension. Neurons were plated at an average density of 5 × 105 cells/ml in supplemented Neurobasal medium on poly-D-lysine-coated glass coverslips. Neurons were maintained at 37°C in a humidified atmosphere of 95% air/5% CO2 and were used 7 days later. The confluency of cells was 80–90%. The purity of the cultured primary hippocampal neurons was determined by immunocytochemistry with an antibody against microtubule-associated protein-2 (MAP-2). The percentage of cultured neurons was above 95 ± 2.6% (Supplementary Figure 1). For each group, the operations were replicated six times.



Antibodies

The primary antibodies include anti-MAP-2 (1:1,000, Abcam, catalog no. ab32454) anti-GABAAR a1 (1:1,000, Abcam, catalog no. ab94585), anti-BiP (1:1,000, Abcam, catalog no. ab21685), anti-CHOP (1:500 for immunofluorescence, 1:1,000 for Western blotting, Cell Signaling Technology, catalog no. 2895), anti-β-actin (1:1,000, Abcam, catalog no. ab8226), anti-pan-cadherin (1:1,000, Abcam, catalog no. ab16505), anti-β-tubulin (1:1,000, Abcam, catalog no. ab18207), and anti-ubiquitin (1:1,000, Abcam, catalog no. ab134953). The secondary antibodies include Goat Anti-Mouse IgG H&L [horseradish peroxidase (HRP)] (1:2,000, Abcam, catalog no. ab205718), Goat Anti-Mouse IgG H&L (HRP; 1:2,000, Abcam, catalog no. ab250719), Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488; 1:1,000 for immunofluorescence, ab150077), and Goat Anti-Mouse IgG H&L (Alexa Fluor® 594; 1:1,000 for immunofluorescence, ab150120).



Grouping 1

To investigate the effects of different dosage for isoflurane and propofol on the cell viability and cytotoxicity, hippocampal neurons were cultured in five groups (n = 6/group): (1) control group (C); (2) hypoxia-injured group (H); (3) hypoxia-injured cells treated with 1% isoflurane and 1.2 μg/ml propofol group (IP1); (4) hypoxia-injured cells treated with 1.4% isoflurane and 0.6 μg/ml propofol group (IP2); and (5) hypoxia-injured cells treated with 0.5% isoflurane and 1.8 μg/ml propofol group (IP3).



Grouping 2

To explore the role of BiP on the hippocampal neurons treated by the combination of 1% isoflurane and 1.2 μg/ml of propofol, small interfering RNA (siRNA) was performed at 3 days in vitro (DIV) for 72 h. The transfected hippocampal neurons were cultured in six groups (n = 6 for each group): (1) control-transfected cells (Con-siRNA + C) group; (2) hypoxia-treated control-transfected cells (Con-siRNA + H) group; (3) hypoxia-treated control-transfected cells treated with 1% isoflurane and 1.2 μg/ml of propofol (Con-siRNA + IP1) group; (4) control BiP-transfected cells (BiP-siRNA + C) group; (5) hypoxia-treated BiP-transfected cells (BiP-siRNA + H) group; and (6) hypoxia-treated BiP-transfected cells treated with 1% isoflurane and 1.2 μg/ml of propofol (BiP-siRNA + IP1) group.



Anoxic Treatment and Anesthesia

To mimic the ischemia–hypoxia condition, the neurons in the Con-siRNA + H, Con-siRNA + IP1, BiP-siRNA + H, and BiP-siRNA + IP1 groups were subjected to hypoxia (Hofmeijer et al., 2014). Briefly, at 7 DIV, primary hippocampal neurons were placed in an incubator at 37°C with 5% CO2, 3% O2, and 92% N2 for 3 h. After hypoxia treatment, 1.2 μg/ml of propofol was added to the culture medium in the Con-siRNA + IP1 and BiP-siRNA + IP1 groups. Then, the culture plates were immediately placed in an airtight and thermostatic chamber with internal electric fans and inlet and outlet valves (Benzonana et al., 2013). Isoflurane was delivered to the chamber at a rate of 2 l/min using a vaporizer with 5% CO2, 21% O2, and 74% N2. An anesthetic analyzer (Datex-Ohmeda, UK) was used to monitor the effluent isoflurane concentration. The concentration of isoflurane was maintained at 1% for 3 h. The cells were then exposed to the fresh neuronal culture medium and normoxic conditions (95% air, 5% CO2) for 24 h. In other groups, the hippocampal neurons were placed in the incubator under the condition of 5% CO2, 21% O2, and 74% N2 balanced.



RNA Interference

SiRNA against rat BiP (targeting sense: 5′-GAGGCGUAUUUGGGAAAGATT-3′; antisense: 5′-UCUUUCCCAAAUACGCCUCTT-3′) and a control siRNA (targeting sense: 5′-UUCUCCGAACGUGUCACGUTT-3′; antisense: 5′-ACGUGA CACGUUCGGAGAATT-3′) were purchased from GeneChem Company (Shanghai, China). The siRNAs were transfected into neurons using lentivirus at 3 DIV (Wong and Lazinski, 2002). After 8 h, the medium was replaced, and the cells were incubated at 37°C for 72 h. Western blot was used to confirm the BiP silencing.



Cell Viability Assay

Cell viability was assessed by using the Cell Counting Kit-8 (CCK8; Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer’s instructions. Briefly, cells were cultured in 96-well plates; 24 h after the anesthetic treatment, 10 μl of CCK8 solution was added to each well, followed by 1 h of incubation at 37°C. The absorbance values were measured at 450 nm by using a microplate reader (Elx 800, Bio-TEK, Winooski, VT, USA).



Lactic Acid Dehydrogenase Release

Twenty-four hours after the anesthetic treatment, lactic acid dehydrogenase (LDH) release was detected by using the LDH Assay kit (Abcam, UK). The cell culture plates were centrifuged at 600 g for 10 min, and supernatants (10 μl/well) were extracted into another 96-well-plate. Then, a 100  μl LDH reaction mix was added to each well and incubated at room temperature for 30 min. The absorbance values were measured at 490 nm on the microplate reader (BioTek, Winooski, VT, USA).



Quantitative Real-Time Polymerase Chain Reaction

The expression of mRNA was detected by qRT-PCR. Total RNA was extracted from cells according to the protocols of the manufacturers and purified with RNA 4 Aqueous kit (Ambion Inc., Austin, TX, USA). Total RNA concentration was measured by spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was synthesized using a PrimeScript RT reagent kit (Takara, Japan). Then, cDNA was used as a template for qPCR with Premix Ex TaqII (Takara, Japan) on Applied Biosystems 7500 RT-PCR System (Applied Biosystems, Foster City, CA, USA). The mRNA levels were normalized to GAPDH. Relative quantification was achieved by the comparative 2ΔΔ method (Schmittgen and Livak, 2008). The nucleotide sequences of the PCR primers (Sangon Biotech, Shanghai, China) are as follows:


•  XBP1s mRNA: (forward 5′-GATGAATGCCCTGGTTACTG-3′;

•  reverse 5′-AGATGTTCTGGG GAGGTGAC-3′)

•  ATF6 mRNA: (forward 5′-AAGTGAAGAACCATTACTTTATATC-3′;

•  reverse 5′-TTTCTGCTGGCTATTTGT-3′)

•  ATF4 mRNA: (forward 5′-CATTCCTCGATTCCAGCAAAGCAC-3′;

•  reverse5′-TTCTCCAACATCCAATCTGTCCCG-3′)

•  GABAAR α1 mRNA: (forward 5′-TGTCTTTGGAGTGACGACC-3′;

•  reverse 5′-ATCCCACGCATACCCTCTCT-3′)

•  GRPDH mRNA: (forward 5′-AACAGCAACTCCCACTCTTC-3′;

•  reverse 5′-CCTCTCTTGCTCAGTGTCCT-3′)





Immunofluorescence

Primary antibodies used were anti-MAP-2 and anti-CHOP. Staining was visualized with a Zeiss LSM 510 Meta confocal system (10×, 20×, and 40× objectives), and a 405-nm diode laser, a 488-nm Ar laser, and a 594-nm HeNe laser were used for excitation of fluorophores.



Co-immunoprecipitation

Cell proteins were extracted by Pierce™ Classic Magnetic IP/Co-IP Kit (Thermo Fisher Scientific, Waltham, MA, USA, 88804) according to the manuals. Protein co-immunoprecipitation (Co-IP) was performed by using Pierce™ Classic Magnetic IP/Co-IP Kit as well. Protein samples were run on 8% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) gel and probed with appropriate antibodies by Western blotting.



Western Blot

To obtain total cellular protein, neurons were lysed at 4°C in radioimmunoprecipitation assay (RIPA) buffer (Solarbio, R0010) mixed with phenylmethylsulfonyl fluoride (PMSF; Solarbio, P0100). Membrane protein fractions were obtained with a Mem-PER Plus Membrane Protein Extraction Kit (Thermo Fisher Scientific, Waltham, MA, USA). Protein lysates were resolved by SDS-PAGE gel and transferred to Immun-Blot polyvinylidene difluoride (PVDF) membranes (Solarbio). Membranes were incubated in blocking buffer (5% milk, 0.1% Tween20 in Tris-buffered saline) for 1 h and probed overnight with primary antibody at 4°C. Blots were rinsed thrice (0.1% Tween20 in Tris-buffered saline, 5 min each), followed by incubation with peroxidase-conjugated secondary antibody for 2 h at room temperature. Bands were visualized by exposing blots to X-ray film after incubation with freshly made chemiluminescent reagent (EMD Millipore, Billerica, MA, USA) and were quantified using Image Pro Plus.



Statistical Analysis

The data were analyzed with SPSS 24 (SPSS Science Inc.; Chicago, IL, USA). Data are presented as mean ± standard deviation (SD). All data were analyzed using one-way ANOVA with Tukey post hoc comparisons. P < 0.05 was the criterion for statistical significance.




RESULTS


1% Isoflurane and 1.2 μg/ml of Propofol Caused the Least Damage to the Hypoxic Neurons

First, hippocampal neurons were exposed to hypoxic condition to mimic aging-related cerebral hypoperfusion. Cell viability and cytotoxicity were evaluated to explore the effects of the different drug combinations. Compared with that of the normal neurons (group C: 100.00 ± 12.42), the cell viability of hypoxia-injured neurons decreased significantly (group H: 75.23 ± 10.04, P < 0.05). Compared with the cell viability of group H, no significant change of cell viability was found in group IP1 (hypoxia-injured cells treated with 1% isoflurane and 1.2 μg/ml propofol group; group H vs. IP1: 75.23 ± 10.04 vs. 73.48 ± 12.73, P > 0.05). Cell viability decreased distinctly in group IP2 (hypoxia-injured cells treated with 1.4% isoflurane and 0.6 μg/ml propofol group; 39.02 ± 6.75, P < 0.05) and IP3 (hypoxia-injured cells treated with 0.5% isoflurane and 1.8 μg/ml propofol group; 41.50 ± 5.21, P < 0.05; Figure 1A) compared with group H. Meanwhile, anoxia resulted in ascension of cytotoxicity in hippocampal neurons (C vs. H: 15.85 ± 2.54 vs. 21.35 ± 2.93, P < 0.05). There was no significant difference in cytotoxicity between group H and IP1 (H vs. IP1: 21.35 ± 2.93 vs. 21.79 ± 3.19, P > 0.05). However, in comparison with group H, cytotoxicity increased sharply in group IP2 (39.02 ± 6.75, P < 0.05) and IP3 (32.66 ± 4.85, P < 0.05; Figure 1B).
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FIGURE 1. One percent isoflurane and 1.2 μg/ml of propofol caused the least damage to the hypoxic neurons. (A) Statistical graph of the neurons viability determined by the Cell Counting Kit-8 (CCK-8) assay. Data are expressed as the mean ± standard deviation (SD; n = 6/group). Note that hypoxia resulted in a significant decrease in cells viability. IP2 and IP3 aggravated this injury but IP1 did not. (B) Statistical graph of the neurons cytotoxicity determined by the lactic acid dehydrogenase (LDH) assay. Data are expressed as the mean ± SD (n = 6/group). Note that hypoxia resulted in a significant increase in cells cytotoxicity. IP2 and IP3 aggravated this injury but IP1 did not. (C–E) mRNA level analysis of XBP1s, ATF4, and ATF6 in neurons. Data are expressed as the mean ± SD (n = 6/group). Note that hypoxia resulted in a significant increase in transcription of XBP1s, ATF4, and ATF6. IP2 and IP3 aggravated this injury but IP1 did not. (F) Immunofluorescent microscopy for CHOP. Nuclear was stained by DAPI; CHOP antibody was marked by rhodamine Red-X. Note that IP2 and IP3 caused an increase in expression of CHOP but IP1 did not. *P < 0.05 compared with group C; #P < 0.05 compared with group H; ∧P < 0.05 compared with group IP1. Scale bars = 200 μm.





1% Isoflurane and 1.2 μg/ml of Propofol Induced the Least Endoplasmic Reticulum Stress

Second, we detected the expression of the element of the ER stress canonical biomarkers: XBP1, ATF4, and ATF6. Results showed that hypoxia increased the mRNA expression of XBP1, ATF4, and ATF6. Compared with that in the control group, mRNA expression of XBP1 (1.68 ± 0.09, P < 0.05), ATF4 (1.83 ± 0.09, P < 0.05), and ATF6 (1.55 ± 0.11, P < 0.05) increased in group H. Compared with that in group H, mRNA expression of XBP1 did not change significantly in group IP1 (1.74 ± 0.07, P > 0.05) but increased distinctly in groups IP2 (2.84 ± 0.04, P < 0.05) and IP3 (2.94 ± 0.20, P < 0.05; Figure 1C). The expression of ATF4 mRNA did not change significantly in group IP1 (1.92 ± 0.10, P > 0.05) but increased distinctly in groups IP2 (2.76 ± 0.08, P < 0.05) and IP3 (2.97 ± 0.06, P < 0.05; Figure 1D). Likewise, the expression of ATF6 mRNA did not change significantly in group IP1 (1.61 ± 0.03, P > 0.05) but increased distinctly in groups IP2 (1.87 ± 0.04, P < 0.05) and IP3 (1.96 ± 0.07, P < 0.05; Figure 1E). CHOP, a pro-apoptotic transcription factor, plays a critical role in ER stress-induced apoptosis (Biwer and Isakson, 2017). Results of immunofluorescence showed that expression of CHOP rose visibly in groups IP2 and IP3 (Figure 1F). The expression of BiP protein increased distinctly in group H (134.94 ± 6.09, P < 0.05) compared with group C (100.00 ± 4.79). Compared with that in group H, the expression of BiP protein increased distinctly in groups IP1 (215.39 ± 24.17, P < 0.05), IP2 (182.78 ± 12.66, P < 0.05), and IP3 (176.36 ± 16.78, P < 0.05; Figures 2A,B). BiP is an indicator that can relieve ER stress. Compared with that in group H, the expression of BiP in group IP2 and IP3 also increased, but it was far less than that in group IP1. In combination with other indicators of ER stress, we concluded that the combination of 1% isoflurane and 1.2 μg/ml of propofol induced ER stress was the least among the three compound drug groups.
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FIGURE 2. The expression of BiP in hippocampal neurons. (A) The expression of BiP in hippocampal neurons was determined by Western blotting. (B) Statistical graph of the expression of BiP. Note that treatment with isoflurane and propofol caused distinctly increase in BiP expression of hypoxic neurons. Data are expressed as the mean ± SD (n = 6/group). (C) Verifying siRNA targeting BiP on BiP protein expression. BiP-siRNA significantly down-regulates BiP protein expression. (D) Statistical graph of the expression of BiP. Data are expressed as the mean ± SD (n = 6/group). *P < 0.05 compared with group Con; #P < 0.05 compared with group Con-siRNA; ∧P < 0.05 compared with group IP1.





Damage to the Hypoxic Neurons Caused by Anesthetics Was Alleviated by Raising Endogenous Binding Immunoglobulin Protein

To identify the mechanisms by which 1% isoflurane and 1.2 μg/ml of propofol caused the least damage to the hypoxic neurons, we determined the effect of endogenous BiP by using of BiP-siRNA in rat hippocampal neurons. Western blot showed that in comparison with control group or lentiviral vector-negative control treated neurons, the expression of BiP protein was significantly dampened in the BiP-siRNA transfected cells (Con-siRNA vs. BiP-siRNA: 103.16 ± 14.20 vs. 33.53 ± 5.06, P < 0.05; Figures 2C,D).

No significant change of the viability of neurons was found between Con-siRNA + H and Con-siRNA + IP1 groups (Con-siRNA + H vs. Con-siRNA + IP1: 76.80 ± 11.21 vs. 71.60 ± 14.96, P > 0.05; Figure 3A). However, the viability of neurons in the BiP-siRNA + IP1 group was significantly reduced in comparison with that of the BiP-siRNA + H group (BiP-siRNA + IP1 vs. BiP-siRNA + H: 30.35 ± 5.38 vs. 47.81 ± 7.17, P < 0.05; Figure 3A). BiP siRNA interference caused obvious damage of IP1 on hypoxic neurons, which suggested that 1% isoflurane and 1.2 μg/ml of propofol affected neurons by raising endogenous BiP.
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FIGURE 3. Knockdown of BiP by siRNA aggravated the neuronal injury and endoplasmic reticulum (ER) stress caused by anesthetics. (A) Statistical graph of the neurons viability determined by the Cell Counting Kit-8 (CCK8) assay. Data are expressed as the mean ± SD (n = 6/group). (B,C) The expression of CHOP in hippocampal neurons was determined by Western blotting. Data are expressed as the mean ± SD (n = 6/group). One percent isoflurane and 1.2 μg/ml of propofol significantly up-regulated CHOP protein expression in neurons after treatment with BiP siRNA. *P < 0.05 compared with group Con-siRNA + C; #P < 0.05 compared with group Con-siRNA + H; ∧P < 0.05 compared with group Con-siRNA + IP1; +P < 0.05 compared with group BiP-siRNA + H. (D) Immunofluorescent microscopy for CHOP. Nuclear was stained by DAPI; CHOP antibody was marked by rhodamine Red-X. Scale bars = 50 μm.





Endoplasmic Reticulum Stress-Related Apoptosis Caused by Anesthetics Was Alleviated by Raising Endogenous Binding Immunoglobulin Protein

There was no difference in the expression of CHOP between the Con-siRNA + H and Con-siRNA + IP1 groups (Con-siRNA + H vs. Con-siRNA + IP1: 168.97 ± 30.67 vs. 202.73 ± 33.55, P > 0.05; Figures 3B–D). However, compared with that in the BiP-siRNA + H group, the expression of CHOP raised significantly in the BiP-siRNA + IP1 group (BiP-siRNA + IP1 vs. BiP-siRNA + H: 492.91 ± 75.60 vs. 318.79 ± 47.82, P < 0.05; Figures 3B–D).



Disturbance of γ-Aminobutyric Acid A Type Receptor α1 Subunit Proteostasis Caused by Anesthetics Was Alleviated by Raising Endogenous Binding Immunoglobulin Protein

We tested the mRNA expression of GABAAR α1 in the hippocampal neurons by RT-qPCR assay. We found that there was no difference in the mRNA expression of GABAAR α1 between the Con-siRNA + H and Con-siRNA + IP1 groups (Con-siRNA + H vs. Con-siRNA + IP1: 78.29 ± 12.34 vs. 75.84 ± 13.51, P > 0.05; Figure 4A). However, compared with that in the BiP-siRNA + H group, the mRNA expression of GABAAR α1 was significantly down-regulated in the BiP-siRNA + IP1 group (BiP-siRNA + H vs. BiP-siRNA + IP1: 48.65 ± 8.49 vs. 32.27 ± 5.40, P < 0.05; Figure 4A). It suggests that transcription was inhibited when neurons were treated with 1% isoflurane and 1.2 μg/ml of propofol after BiP was knocked down.


[image: image]

FIGURE 4. Knockdown of BiP by siRNA aggravated the disturbance of GABAAR α1 subunit protein homeostasis caused by anesthetics. (A) mRNA level analysis of GABAAR α1 subunit in neurons. Note that 1% isoflurane and 1.2 μg/ml of propofol resulted in a significant decrease of GABAAR α1 subunit transcription in neurons after treatment with BiP siRNA. (B,C) The expression of GABAAR α1 subunit in hippocampal neurons was determined by Western blotting. Note that 1% isoflurane and 1.2 μg/ml of propofol resulted in a significant decrease of GABAAR α1 subunit expression in neurons after treatment with BiP siRNA. (D,E) Ubiquitin GABAAR α1 of expression level increased in hippocampal neurons was determined by immunoprecipitation and Western blotting. Note that 1% isoflurane and 1.2 μg/ml of propofol resulted in a significant increase of GABAAR α1 subunit degradation in neurons after treatment with BiP siRNA. Data are expressed as the mean ± SD (n = 6/group). *P < 0.05 compared with group Con-siRNA + C; #P < 0.05 compared with group Con-siRNA + H; ∧P < 0.05 compared with group Con-siRNA + IP1; +P < 0.05 compared with group BiP-siRNA + H.



Similarly, western blot analysis showed that no significant change of the expression of GABAAR α1 protein was found between Con-siRNA + H and Con-siRNA + IP1 groups (Con-siRNA + H vs. Con-siRNA + IP1: 54.93 ± 9.37 vs. 56.82 ± 10.91, P > 0.05; Figures 4B,C). However, compared with that in the BiP-siRNA + H group, the expression of GABAAR α1 protein reduced significantly in the BiP-siRNA + IP1 group (BiP-siRNA + H vs. BiP-siRNA + IP1: 38.31 ± 5.29 vs. 20.55 ± 2.93, P < 0.05; Figures 4B,C).

To determine whether combination of 1% isoflurane and 1.2 μg/ml of propofol influenced the proteasome degradation of the GABAAR α1 subunit, hippocampal neurons were immunoprecipitated using anti-α1 antibody and blotted for ubiquitin. We found no significant change of the intensity of ubiquitinated GABAAR α1 subunit between the Con-siRNA + H and Con-siRNA + IP1 groups (Con-siRNA + H vs. Con-siRNA + IP1: 116.71 ± 1.74 vs. 127.12 ± 4.77, P > 0.05; Figures 4D,E). However, compared with that in the BiP-siRNA + H groups, the intensity of ubiquitinated GABAAR α1 subunit increased distinctly in the BiP-siRNA + IP1 group (BiP-siRNA + H vs. BiP-siRNA + IP1: 216.36 ± 3.08 vs. 376.62 ± 13.13, P < 0.05; Figures 4D,E). The results revealed that 1% isoflurane and 1.2 μg/ml of propofol attenuated proteasome degradation of the GABAAR α1 subunit by increasing endogenous BiP.




DISCUSSION

Our data demonstrate that 1% isoflurane and 1.2 μg/ml of propofol have a neuroprotective effect, which is related to the up-regulation of an ER resident chaperone, BiP. BiP expression is thought to be a key cellular component of this effect, since the protective effect of 1% isoflurane and 1.2 μg/ml of propofol was abolished by knocking down endogenous BiP through siRNA.

Aging is a key factor that contributes to cerebral hypoperfusion (Toth et al., 2017), which is emerging as a major contributor to cognitive decline and degenerative processes leading to dementia (Alsop et al., 2010; Chao et al., 2010). Animal study has proved that chronic cerebral hypoperfusion caused by severe bilateral carotid stenosis led to mild cognitive impairment and slightly structural changes in the brains of aged rats (Wang et al., 2020). It has been generally accepted that the metabolic demand by local neuronal-glial activity for oxygen and glucose is tightly coupled to cerebral blood flow delivery (Roy and Sherrington, 1890). Thus, in this study, we cultured rat hippocampal neurons under hypoxia condition to imitate the microenvironment change of aging brains. After hypoxia, cell viability decreased and LDH leakage increased significantly, which could confirm that hypoxia induced neuron damage.

Previous studies showed that 1.9% isoflurane, equivalent to 1.3 MAC, was sufficient to induce general anesthesia in rats (Boruta et al., 2012), while a minimal infusion rate at 40 mg·kg−1·h−1 was required using propofol alone to induce general anesthesia in rats (Logginidou et al., 2003). The infusion rate of 20 mg·kg−1·h−1 led to an estimated mean propofol plasma concentration of 1.2 μg/ml. Therefore, in our study, doses were carefully selected combining isoflurane and propofol (1% and 1.2 μg/ml, 1.4% and 0.6 μg/ml, or 0.5% and 1.8 μg/ml) to imitate general anesthesia in vivo.

A large number of previous studies have demonstrated the dose-dependent effects of propofol and isoflurane. In vitro study showed that a high dose of isoflurane (treatment at a dose of 2% for 6 h) induced apoptosis by causing ER stress but a lower dose isoflurane (treatment at a dose of 1% for 1, 3, and 6 h) did not (Wang et al., 2014). In vivo study suggested that isoflurane (treatment at a dose of 1.3% for 4 h) caused cognitive impairment in aged rats. Inhibition of ER stress overactivation contributed to the relief of isoflurane-induced histopathologic changes (Ge et al., 2015). Moreover, Coghlan et al. (2018) confirmed that the effect of isoflurane was dose dependent, showing no statistical difference from control in aggregated, mislocalized protein at 0.5 MAC, an intermediate response at 0.75 MAC, and the most significant response at 1.0 MAC. Our previous study showed that propofol at doses of 10 or 20 mg·kg−1·h−1 infused at the onset of reperfusion for 30 min could provide neuroprotection to transient middle cerebral artery occlusion rats but 30 mg·kg−1·h−1 could not (Wang et al., 2009). Thal et al. (2014) showed that infusion of propofol (36 or 72 mg·kg−1·h−1) resulted in aggravation of neurologic dysfunction, increased 28-day mortality rate, and impaired posttraumatic neurogenesis. In vitro study demonstrated that the neuroprotective effect of propofol increased in a dose-dependent manner within 10 μM and decreased in a dose-dependent manner beyond 10 μM. The increase of endogenous BiP was the key to propofol’s neuroprotection (Wang L. et al., 2014). All this evidences could prove that a single high dose of propofol or isoflurane may cause neuron damage and cognitive impairment, which aroused our interest in studying low-dose combination applications. Our previous in vivo study revealed that combination of sub-anesthetic dose isoflurane and propofol (1% isoflurane plus 20 mg·kg−1·h−1 propofol) did not cause cognitive impairment of aged rats with cerebral hypoperfusion as compared with single-use of propofol (20 mg·kg−1·h−1) or isoflurane (1.9%; Bu et al., 2020). In the present study, we compared the effects of three different dosages of isoflurane and propofol (1% and 1.2 μg/ml, 1.4% and 0.6 μg/ml, or 0.5% and 1.8 μg/ml) on primary hypoxic hippocampal neurons with the aim of finding the way to minimize the damage caused by anesthetic to vulnerable neurons. In fact, no matter which combination is chosen, anesthetics are unlikely to reverse the damage to neurons caused by hypoxia. All we can do is find a way to administer drugs so that anoxic neurons are not further damaged by anesthetics. Compared with those in the hypoxia group (group H), the neuronal injury indexes of the IP1 (1% isoflurane and 1.2 μg/ml of propofol) treatment group after hypoxia were negative, while there were significant changes in the IP2 (1.4% isoflurane and 0.6 μg/ml of propofol) and IP3 (0.5% isoflurane and 1.8 μg/ml of propofol) group. The protective indicator BiP, which can alleviate cell damage by reducing ER stress, was most significantly increased in the IP1 group. Therefore, we believe that 1% isoflurane and 1.2 μg/ml of propofol are a better anesthetic choice for neurons already injured by hypoxia.

ER stress is the initial response of cells under stress (Zhao et al., 2016). BiP, the key molecular chaperone in the ER, can help to maintain calcium homeostasis (Ouyang et al., 2011); overexpression or induction of BiP possesses anti-apoptosis potential (Xiao-Hong et al., 2006; Li et al., 2008). The CHOP-mediated pathway is involved in ER stress induced neuronal apoptosis (Oida et al., 2008). In our study, an up-regulated level of BiP suggested the involvement of it in the neuroprotection of 1% isoflurane and 1.2 μg/ml of propofol. After knockdown of BiP-siRNA, expression of CHOP and caspase-12 increased and cell viability decreased distinctly when hypoxic neurons were treated with 1% isoflurane and 1.2 μg/ml of propofol. It is suggested that endogenous BiP plays an important role in the neuroprotection of 1% isoflurane and 1.2 μg/ml of propofol.

Neuronal failure of the proteostasis network may cause protein aggregation that leads to neurodegeneration (Ogen-Shtern et al., 2016; Hetz and Saxena, 2017). The α1 subunit of GABAAR, the most prevalent receptor subtype in the brain, is related to cognition (Möhler, 2006; Berry et al., 2008). Neurons expressing α1 GABAAR have been found to mediate sedation (Möhler, 2006). In this study, proteostasis of GABAAR α1 subunit was used to evaluate the role in the neuroprotection of 1% isoflurane and 1.2 μg/ml of propofol. Results showed that 1% isoflurane and 1.2 μg/ml of propofol enhanced GABAAR α1 subunit proteostasis by raising endogenous BiP.

The clinical application value of this study is that it provides a safer anesthetic regimen for elderly patients and patients with reduced cognitive function and neural reserves due to underlying diseases such as chronic cerebral insufficiency, sleep apnea syndrome, and cardiovascular disease. With the improvement of people’s living standards and the progress of medical technology, human society is gradually aging. In clinical practice, anesthesiologists will encounter more patients with fragile brain functions, whose central nervous system is less resistant to damage than normal people. Therefore, we must avoid the cognitive impairment caused by surgery and anesthesia and improve the postoperative quality of life of patients through more careful clinical operation and drug selection.

Taken together, our study confirmed that a combination of 1% isoflurane and 1.2 μg/ml of propofol causes the least damage to hypoxic hippocampal neurons of rats than do other dosages of both two drugs and that endogenous BiP plays an important role in this process.
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Objectives: Amantadine has been shown to attenuate postoperative learning and memory dysfunction in young adult rats. However, postoperative cognitive dysfunction often occurs in elderly patients. We aimed to determine whether amantadine attenuated postoperative learning and memory dysfunction and whether these effects were associated with improved dendritic arborization in old rodents.

Methods: Eighteen-month old male C57BL/6J mice or Fischer 344 rats were subjected to right carotid artery exposure (surgery) under isoflurane anesthesia. This age represents an early old stage in rodents. Carotid artery exposure was used to simulate commonly performed carotid endarterectomy in elderly patients. Amantadine was injected intraperitoneally at 25 μg/g once a day for 3 days with the first dose at 15 min before surgery. The animals were tested by Barnes maze and fear conditioning starting one week after the surgery. Hippocampus was harvested for Western blotting and Golgi staining.

Results: Surgery and anesthesia impaired the learning and memory in old mice and rats. Surgery reduced the expression of brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF), dendritic arborization and spine density in the hippocampus of old rats. These effects were attenuated by amantadine. The effects of amantadine were blocked by intracerebroventricular injection of anti-BDNF antibody or anti-GDNF antibody.

Conclusion: Surgery and anesthesia impaired learning, memory and dendritic arborization in old rodents that are age relevant to postoperative cognitive dysfunction. These effects may be attenuated by amantadine via preserving the expression of neurotrophic factors.

Keywords: amantadine, dendritic arborization, neurotrophic factors, old rodents, postoperative cognitive dysfunction


INTRODUCTION

Postoperative cognitive dysfunction (POCD) affects millions of patients annually and is associated with increased hospital stay length and 1-year mortality (Newman et al., 2001; Monk et al., 2008). Age is a risk factor for POCD (Newman et al., 2001; Monk et al., 2008). Currently, effective and practical interventions for POCD have not been established and are urgently needed to improve the outcome of patients after surgery.

Amantadine is a low-affinity non-competitive N-methyl-d-aspartate (NMDA) receptor antagonist and was initially marked as an antiviral agent (Kornhuber et al., 1994). It is now proposed to treat many other diseases or conditions, such as Parkinson disease (Kulisevsky et al., 2018), dyskinesia (Hauser et al., 2018) and traumatic brain injury (Hammond et al., 2017). Amantadine may attenuate the symptoms of these diseases and improve cognition of patients with these diseases. Amantadine may also improve wakefulness and cognition of patients with stroke when it is used during the acute phase (Gagnon et al., 2020; Leclerc et al., 2020). However, the use of amantadine at more than 6 months after brain trauma did not improve the cognition of these patients (Hammond et al., 2018), possibly because it was too late after the injury for any beneficial effect to occur. It has been suggested that one possible mechanism for the beneficial effects of amantadine is to enhance the production of glial cell line-derived neurotrophic factor (GDNF) (Rocha et al., 2012; Zhang et al., 2014). GDNF is a trophic factor that has neuroprotective properties on dopamine neurons in multiple animal species (Grondin et al., 2018). GDNF can inhibit microglial activation and neuroinflammation (Rocha et al., 2012; Zhang et al., 2014). Neuroinflammation is considered as an underlying pathological process for POCD (Cao et al., 2012; Zhang et al., 2014; Zheng et al., 2017). Our study has shown that amantadine attenuates POCD in young adult rats possibly via maintaining GDNF levels (Rocha et al., 2012; Zhang et al., 2014) and sepsis-induced cognitive dysfunction via inhibiting neuroinflammation in young mice (Xing et al., 2018). However, the effects of amantadine on old animals after surgery have not been reported.

Brain-derived neurotrophic factor (BDNF) is well known for its potential to promote brain plasticity (Toh et al., 2018). BDNF might be a mediator for methylene blue-associated neuroprotection (Bhurtel et al., 2018). The combination of cognitive and physical exercise has the potential to generate synergistic benefits in cognitive function by significantly increasing BDNF levels in the blood (Miyamoto et al., 2018). Our studies have shown that carotid artery exposure, a surgical procedure, reduced BDNF (Fan et al., 2016; Gui et al., 2017). However, the role of BDNF in amantadine-induced protection is not known.

Neuroplasticity is the underlying processes for learning and memory (Dayan and Cohen, 2011). Structurally, these processes include changes of dendritic arborization (Gillani et al., 2010; Knutson et al., 2016). Isoflurane, sevoflurane and desflurane were found to significantly increase dendritic spine density on dendritic shafts of layer 5 pyramidal neurons in the cerebral cortex of neonatal rats (Briner et al., 2010). However, isoflurane did not change synaptic density in the hippocampus at 29 days after isoflurane exposure in old rats (Lin et al., 2012). Hepatectomy in old rats induces differential loss of neuronal dendritic spines in the hippocampus (Le et al., 2014). Our recent study has shown that laparotomy decreases dendritic arborization and spine density in young adult mice (Luo et al., 2020). These studies suggest that surgery impairs dendritic arborization. However, it is not clear how this impairment occurs.

On the basis of the above information, we hypothesize that amantadine attenuates POCD via maintaining GDNF and BDNF to preserve dendritic arborization and spine density in the hippocampus. To test these hypotheses, old rats or mice were subjected to right carotid artery exposure, a surgical procedure that is part of commonly performed carotid endarterectomy in elderly patients. Their learning and memory were tested. The expression of GDNF and BDNF and dendritic arborization in the hippocampus of old rats were examined.



MATERIALS AND METHODS

The animal protocol was approved by the institutional Animal Care and use Committee of the University of Virginia (Charlottesville, VA, United States). All animal experiments were carried out in accordance with the National Institutes of Health Guide for the Care and use of Laboratory Animals (NIH publications number 80–23) revised in 2011.


Animal Groups

In the first experiment, 18-month old male C57BL/6J mice weighing 33 – 40 g from the National Institute of Aging (Bethesda, MD, United States) were randomly assigned to: (1) control group (not being exposed to surgery or any drugs), (2) surgery group (right carotid artery exposure), and (3) surgery plus amantadine group. Each group had 15 mice. One week later, these mice were evaluated by Barnes maze and then fear conditioning tests.

In the second experiment, 18-month old male Fischer 344 rats weighing 362–483 g from the National Institute of Aging were randomly assigned to the three groups described above in the first experiment. Their hippocampus was harvested 3 days after surgery for Western blotting.

In the third experiment, 18-month old male Fischer 344 rats were randomly assigned to: (1) control group, (2) surgery (right carotid artery exposure) plus amantadine plus anti-GDNF antibody group, (3) surgery plus amantadine plus anti-BDNF antibody group, and (4) surgery plus amantadine plus heat-denatured anti-GDNF antibody group. These rats were evaluated by Barnes maze and then fear conditioning tests one week later.

In the fourth experiment, 18-month old male Fischer 344 rats were randomly assigned to: (1) control group, (2) surgery (right carotid artery exposure), (3) surgery plus amantadine plus anti-GDNF antibody group, (4) surgery plus amantadine plus anti-BDNF antibody group, and (5) surgery plus amantadine plus heat-denatured anti-GDNF antibody group. Their brains were harvested for Golgi staining 3 weeks after the surgery.



Anesthesia and Surgery

The surgery was a right carotid artery exposure. As we described before (Zheng et al., 2017), mice were anesthetized by 1.8% isoflurane delivered by an agent-specific vaporizer and carried by gases contained 30% oxygen. During the procedure, the mouse was kept at spontaneous respiration. A 1.5 cm midline neck incision was made after the mouse was exposed to isoflurane for at least 30 min. The soft tissues over the trachea were retracted gently. One-centimeter long right common carotid artery was carefully dissected free from other tissues. Particular care was taken to avoid damage to the vagus nerve. The wound was then irrigated with normal saline and closed with surgical suture. The surgical procedure was performed under sterile conditions and lasted around 15 min. After the surgery, all animals received a subcutaneous injection of 3 mg/kg bupivacaine.

All rats received isoflurane to induce anesthesia. After loss of righting reflex was achieved, 0.15 mg/kg buprenorphine hydrochloride (Recktt Benckiser Healthcare Ltd., Kingston-upon-Thames, United Kingdom) was injected subcutaneously. The rat was immediately intubated with a 14-gage catheter and mechanically ventilated with 100% oxygen by a CIV-101 ventilator (Columbus Instruments, Columbus, OH, United States) to maintain normal end-tidal carbon dioxide concentrations as monitored by a Datex infrared analyzer (Capnomac, Helsinki, Finland). Anesthesia was maintained by 1.8% isoflurane. The front of neck was meticulously shaved and disinfected with povidone iodine. Ten minutes after the induction of anesthesia, a 2.2-cm midline neck incision was made and the soft tissues over the trachea were retracted gently. The rest of the procedures were the same as those of mice. After the surgery, isoflurane concentration was reduced to 1.2%. After isoflurane anesthesia was stopped, the rats were allowed to breathe spontaneously and then extubated at the recovery of righting reflex.

The total duration of anesthesia lasted for 2 h in mice and rats, a clinically relevant duration of anesthesia. No response to toe pinching that was performed every 15 min was observed during the whole anesthesia period. During anesthesia, rectal temperature was monitored and maintained at 37°C with the aid of servo-controlled warming blanket (TCAT-2LV, Physitemp instruments Inc., Clifton, NJ, United States).



Amantadine Application

Amantadine (A1260, Sigma-Aldrich, St. Louis, MO, United States) was dissolved in normal saline and injected intraperitoneally at 25 μg/g/day daily for three days with the first dose at 15 min before surgery. The amantadine dose was chosen based on previous studies (Kim et al., 2012; Zhang et al., 2014).



Intracerebroventricular Injection of Antibodies

Rats received intracerebroventricular injection of 10 μl (200 μg/ml) rabbit polyclonal anti-GDNF antibody (catalog number: sc-328; Santa Cruz Biotechnology, Santa Cruz, CA, United States) or anti-BDNF antibody based on a previous study (Rocha et al., 2012; Zhang et al., 2014). Others received the injection of 10 μl heat-denatured (5 min at 100°C) anti-GDNF antibody as we did before [3]. Each rat received single injection of antibodies to the right lateral ventricle immediately at the end of the surgery. The intracerebroventricular injection was performed as described before with the aid of a stereotactic apparatus (SAS-5100, ASI Instruments, Inc., Warren, MI, United States) using the following coordinates: 0.4 mm posterior to bregma, 1.5 mm lateral from midline and 4.5 mm ventral from the surface of the skull. After the injection, the needle was kept in place for 1 min to prevent backflow of the injected solution.



Barnes Maze

The animals were subjected to Barnes maze as we previously described to test their spatial learning and memory (Zheng et al., 2017). Animals were first placed in the middle of a circular platform with 20 equally spaced holes (SD Instruments, San Diego, CA, United States; the circular platforms for rats and mice are different in size). One of these holes was connected to a dark chamber called target box. Aversive noise (85 dB) and bright light (200 W) shed on the platform was used to encourage animals to find the target box. They had a spatial acquisition phase that lasted for 4 days with 3 min per trial, 4 trials per day and 15 min between each trial. Animals then went through the reference memory phase to test the short-term retention on day 5 and long-term retention on day 12. No test or handling was performed from day 5 to day 12. The latency to find the target box during each trial was recorded with the assistance of ANY-Maze video tracking system (SD Instruments).



Fear Conditioning

One day after Barnes maze test, animals were subjected to fear conditioning test as we previously described (Zheng et al., 2017). Each animal was placed into a test chamber wiped with 70% alcohol and exposed to three tone-foot shock pairings (tone: 2000 Hz, 85 dB, 30 s; foot shock: 1 mA, 2 s) with an intertrial interval 1 min in a relatively dark room. The animal was removed from this test chamber 30 s after the conditioning stimuli. The animal was placed back to the same chamber without the tone and shock 24 h later for 8 min. The animal was placed 2 h later into another test chamber that had different context and smell from the first test chamber in a relatively light room. This second chamber was wiped with 1% acetic acid. Freezing was recorded for 3 min without the tone stimulus. The tone was then turned on for three cycles, each cycle for 30 s followed by 1-min inter-cycle interval (4.5 min in total). Animal behavior in these two chambers was video recorded. The freezing behavior in the 8 min in the first chamber (context-related) and 4.5 min in the second chamber (tone-related) was scored by an observer who was blind to the group assignment.



Brain Tissue Harvest

Rats were deeply anesthetized with 5% isoflurane for 2 min and perfused transcardially with normal saline. Their hippocampus was dissected out immediately for Western blotting and their whole brain for Golgi staining. The perfusion was necessary to eliminate the contamination of blood cells in the brain tissues. The very short duration (in minutes) of perfusion and anesthesia processes shall not affect the expression of growth factors and neural structures.



Western Blotting

Hippocampus was homogenized in a buffer (pH 7.9) containing 10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol, 0.05% NP40 and protease inhibitor cocktail (10 mg/ml aproteinin, 5 mg/ml peptastin, 5 mg/ml leupeptin, and 1 mM phenylmethanesulfonylfluoride) and incubated on ice for 10 min. They were then centrifuged at 13,000 rpm for 20 min at 4°C. The supernatant was kept for Western blotting.

Fifty microgram of proteins per lane were separated on a polyacrylamide gel and then blotted onto a polyvinylidene difluoride membrane. The membranes were blocked with protein-free T20 blocking buffer (catalog number: 37573, Thermo Scientific, Logan, UT, United States) and incubated with the following primary antibodies overnight at 4°C: rabbit polyclonal anti-GDNF antibody (1:200 dilution, catalog number: sc-328; Santa Cruz Biotechnology), rabbit polyclonal anti-BDNF antibody (1:200 dilution, catalog number: sc-546; Santa Cruz Biotechnology) or mouse monoclonal anti-β-actin (1:5000 dilution, catalog number: ab6276; Abcam). Protein bands were captured by Genesnap version 7.08 and quantified by Genetools version 4.01.



Golgi Staining

The study was performed according to the manufacturer’s instructions of the FD Rapid Golgi StainTM Kit (FD Neurotechnologies, Inc., United States) and as we did before (Luo et al., 2020). Briefly, rat brains were incubated in Golgi impregnation solutions for 14 days at 26°C in the dark. The volume of the impregnation solution used for incubation was five times of the brain tissue volume. After impregnation, the brain tissues were transferred into solution C and incubated at 4°C for 7 days in the dark. Coronal brain sections at a thickness of 150 μm and around −2.7 mm from bregma were cut on a vibratome (Microslicer® 10110, Ted Pella, Inc. California, United States). The sections were stained in solution D and solution E. Two to three well individualized neurons in the CA1 region of hippocampus were randomly selected from each rat and sequential optical image stacks of 1388 × 1040 pixels were taken at 1.0 μm intervals along the z-axis (ZEISS, Axio Imager Z2, Germany) with 20× and 60× oil objective. The MBF software (MBF Bioscience, Williston, United States) was used for dimensional reconstruction. The total branch number and dendritic length were measured by Fiji software (Fiji-win64, NIH, United States). The complexity of dendritic trees was estimated using Sholl analysis (Sholl, 1953). For spine density measurement, 2 to 3 neurons were randomly selected from each animal and the matching regions of distal branch dendrites were photographed using a 63× objective (Zhao et al., 2014). The spine numbers in 40 μm segments were counted by an observer who was blind to group assignment. The results were expressed as the number of spines per micrometer segments. The results from one animal were then averaged to reflect the value of each animal. The averaged value of each animal from one group was pooled together for statistical analysis.



Statistical Analysis

Parametric results in normal distribution are presented as mean ± SD (n ≥ 6). 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. The data from the training sessions of Barnes maze test between groups were tested by two-way repeated measures analysis of variance followed by Tukey test. All other data were analyzed by one-way analysis of variance followed by the Student-Newman-Keuls test if the data were normally distributed or by one-way analysis of variance on ranks followed by the Student-Newman-Keuls test if the data were not normally distributed. These non-normally distributed data were presented as box plots in the figures. Differences were considered significant at P < 0.05 based on two-tailed hypothesis testing. All statistical analyses were performed with SigmaPlot14.0 (Systat Software, Point Richmond, CA, United States).



RESULTS

No animal died during the surgery or the intended observation period after the surgery. Data from all animals were included for analysis and reported here.


Amantadine Attenuated Surgery-Induced Learning and Memory Dysfunction in Old Mice

The time for old mice to identify the target box was decreased with training no matter whether the mice had surgery or surgery plus amantadine (Figure 1A). Mice needed less time to identify the target box on day 2 to day 4 during the training sessions than they did on day 1 in control group. Mice needed less time to identify the target box on day 4 during the training sessions than they did on day 1 in surgery and surgery plus amantadine group. Surgery was a significant factor to affect the time for mice to identify the target box in the training sessions [F(1,28) = 5.039, P = 0.033, compared with control group]. This effect was attenuated by amantadine [F(1,28) = 0.029, P = 0.866, for the comparison between surgery plus amantadine group and control group]. Mice with surgery took longer to identify the target box one day or eight days after the training sessions compared with control group. This effect was attenuated by amantadine (Figure 1B). Surgery reduced freezing behavior in tone-related fear conditioning and this effect was attenuated by amantadine (Figure 1C). These results suggest that surgery induces learning and memory dysfunction, which is attenuated by amantadine.
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FIGURE 1. Amantadine attenuated surgery-induced learning and memory impairment in old mice. Old mice were subjected to right carotid exploration under isoflurane anesthesia with or without the treatment of amantadine. Barnes maze training sessions started 1 week after the surgery. (A) Barnes maze training sessions. (B) Barnes maze memory phase. (C) Fear conditioning. Results in panels (A,B) are mean ± SEM (n = 15). Results in panel (C) are in box plot format (n = 15). •: 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 the corresponding data of the same animals on day 1. ∧P < 0.05 compared with control group, #P < 0.05 compared with surgery alone group.




GDNF and BDNF Might Play a Role in Amantadine-Reduced Learning and Memory Dysfunction After Surgery in Old Rats

We have shown that surgery reduces GDNF and BDNF expression in young adult rats and mice (Rocha et al., 2012; Zhang et al., 2014). Consistent with the previous findings, surgery reduced GDNF and BDNF expression in the hippocampus of old rats. These effects were attenuated by amantadine (Figure 2).
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FIGURE 2. The effects of surgery and amantadine on BDNF and GDNF expression in old rats. Old rats were subjected to right carotid exploration under isoflurane anesthesia with or without the treatment of amantadine. (A) Representative Western blotting images. (B) Graphic presentation of BDNF and GDNF protein abundance. Results are mean ± SEM (n = 7–8). *P < 0.05 compared with control group, ∧P < 0.05 compared with surgery alone group. Ama: amantadine.


To determine whether GDNF and BDNF play a role in amantadine-induced protection, old rats received intracerebroventricular injection of GDNF and BDNF. Surgery plus amantadine plus anti-BDNF antibody significantly affected the time needed for rats to identify the target box during the training sessions of Barnes maze test [F(1,14) = 4.781, P = 0.046, compared with control group]. The effect of surgery plus amantadine plus anti-GDNF antibody was not significant yet during training sessions [F(1,14) = 3.193, P = 0.096, compared with control group] (Figure 3A). Rats receiving surgery plus amantadine plus anti-GDNF antibody or surgery plus amantadine plus anti-BDNF antibody took longer than control mice to identify the target box in the Barnes maze test on day 1 after the surgery and this effect was attenuated in rats receiving surgery plus amantadine plus heat denatured anti-GDNF antibody (Figure 3B). Rats receiving surgery plus amantadine plus anti-GDNF antibody had reduced context-related freezing behavior and this effect disappeared in rats receiving surgery plus amantadine plus heat denatured anti-GDNF antibody (Figure 3C). These results suggest that anti-BDNF antibody and anti-GDNF antibody blocked the protective effects of amantadine on learning and memory after surgery in old rats.
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FIGURE 3. Effects of BDNF and GDNF on learning and memory after surgery in old rats. Rats were subjected to right carotid exploration under isoflurane anesthesia with or without the treatment of amantadine in the presence or absence of intracerebroventricular injection of rabbit polyclonal anti-GDNF antibody, anti-BDNF antibody or heat-denatured anti-GDNF antibody. Barnes maze training sessions started 1 week after the surgery. (A) Barnes maze training sessions. (B) Barnes maze memory phase. (C) Fear conditioning. Results in panels (A,C) are mean ± SEM (n = 8). Results in panel C are in box plot format (n = 8). •: 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 the corresponding data of the same animals on day 1, ∧P < 0.05 compared with control group, #P < 0.05 compared with surgery alone group. Ama, amantadine; surg, surgery.




GDNF and BDNF Might Play a Role in Amantadine-Reduced Dendritic Arborization Impairment After Surgery in Old Rats

Surgery reduced the total length of basal and apical branches and the number of branches in the hippocampus of old rats. The effect on total length of branches also existed in rats receiving surgery plus amantadine plus anti-GDNF antibody and surgery plus amantadine plus anti-BDNF antibody but was not present in rats receiving surgery plus amantadine plus heat denatured anti-GDNF antibody. The reduction on the number of basal and apical branches by surgery was attenuated in rats receiving surgery plus amantadine plus heat-denatured anti-GDNF antibody. None of the conditions affected the mean length of basal branch (Figures 4A–D). Surgery was a significant factor to affect the number of intersections among branches [F(1,18) = 5.238, P = 0.034, compared with control group]. This effect was not present in rats receiving surgery plus amantadine plus heat denatured anti-GDNF antibody [F(1,18) = 0.001, P = 0.979, compared with control group] (Figure 4E). Similar to the results of dendritic arborization, spine density in the hippocampus of old rats was decreased in rats with surgery or receiving surgery plus amantadine plus anti-GDNF antibody or surgery plus amantadine plus anti-BDNF antibody but not in rats receiving surgery plus amantadine plus heat denatured anti-GDNF antibody (Figure 5). These results suggest that surgery impairs dendritic arborization and that this impairment was attenuated by amantadine.
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FIGURE 4. Effects of BDNF and GDNF on dendritic arborization of CA1 pyramidal neurons after surgery in old rats. (A) Representative images of neurons. (B) Total lengths of basal and apical branches. (C) Mean length of basal and apical branches. (D) Branch points. (E) intersections among branches. Results in panels (B) to (E) are in box plot format (n = 10). •: 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 group. #P < 0.05 compared with surgery alone group. Ama, amantadine; surg, surgery.
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FIGURE 5. Effects of BDNF and GDNF on spine density of CA1 pyramidal neurons after surgery in old rats. (A) Representative images of spines of rats from control, surgery, surgery plus amantadine plus anti-GDNF antibody, surgery plus amantadine plus anti-BDNF antibody or surgery plus amantadine plus heat-denatured anti-GDNF antibody groups, respectively. Scale bar = 100 μm. (B) Quantification of spine density. Results in panel (F) are in box plot format (n = 6–10). •: 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 group. Ama, amantadine; surg, surgery.




DISCUSSION

We have shown that amantadine attenuates POCD in young adult rats (Zheng et al., 2017) and sepsis-induced encephalopathy in young adult mice (Xing et al., 2018). However, age is a risk factor for POCD (Newman et al., 2001; Monk et al., 2008). The current study showed that amantadine attenuated learning and memory dysfunction in old mice and rats, providing initial evidence of the protection against POCD in age-relevant animals.

Consistent with our previous studies in young animals (Fan et al., 2016; Gui et al., 2017; Zheng et al., 2017), surgery reduced GDNF and BDNF expression in old rats. This reduction was attenuated by amantadine. Since our previous studies have shown that GDNF and BDNF may play a role in POCD in young adult rodents (Fan et al., 2016; Gui et al., 2017; Zheng et al., 2017), the effects of maintaining GDNF and BDNF levels in the brain may be a mechanism for amantadine to reduce POCD. Our results showed that anti-GDNF antibody and anti-BDNF antibody blocked amantadine effects on learning and memory in old rats with surgery. Thus, the reduced BDNF and GDNF in rats may be important for the development of POCD and preserving the expression of BDNF and GDNF may be a mechanism for amantadine-induced protection against POCD.

BDNF and GDNF are known to play a role in maintaining neuronal structural integrity (Guan et al., 2009; Irala et al., 2016). Consistent with this idea, surgery decreased BDNF and GDNF expression. Surgery also decreases the number of dendritic branches, total length of dendritic branches, dendritic intersections and spine density. Amantadine attenuated these effects. In addition, anti-BDNF and anti-GDNF antibodies blocked amantadine effects. These results suggest that GDNF and BDNF play an important role in surgery-induced impairment of dendritic arborization and that preserving the expression of GDNF and BDNF is important in the effects of amantadine on dendritic arborization in old rats after surgery. Since dendritic arborization and spine density are structural basis for learning and memory (Gillani et al., 2010; Knutson et al., 2016), maintaining the integrity of dendritic arborization and spine density shall be a process downstream of preserving BDNF and GDNF expression for amantadine-induced protection against POCD.

One important question is how surgery impairs the expression of BDNF and GDNF. It is known that surgery induces neuroinflammation (Cao et al., 2012; Zhang et al., 2014; Zheng et al., 2017). Our study has shown that inflammation impairs the expression of GDNF after surgery (Gui et al., 2017) and surgery also activates histone deacetylases, a group of enzymes involved in epigenetic regulation of gene expression (Guan et al., 2009), to decrease BDNF expression (Luo et al., 2020). Inflammation can activate histone deacetylases (Correa et al., 2011). Thus, it is possible that surgery induces neuroinflammation that activates epigenetic regulation mechanisms, such as histone deacetylases, to decrease the expression of BDNF and GDNF. Since amantadine can reduce neuroinflammation (Zhang et al., 2014), it is possible that amantadine inhibits inflammation and, therefore, blocks the activation of epigenetic regulation of gene expression induced by surgery. Additional experiments are needed to determine whether this pathway is the mechanism for amantadine to maintain BDNF and GDNF expression in animals with surgery.

We performed learning and memory tests between 1 and 3 weeks after surgery to determine these functions of rodents at a delayed phase. Animals during this time period shall not have significant pain at surgery site that can affect their performance during learning and memory tests. Brain tissues were harvested 3 days or 3 weeks after surgery for Western blotting analysis or Golgi staining, respectively, because our previous studies have shown growth factors have a changed expression by 3 days after surgery in young rodents (Zhang et al., 2014; Gui et al., 2017). A delayed time when animals remained to have learning and memory dysfunction was chosen to examine brain structural changes (Golgi staining examination) to identify structural bases for the dysfunction of learning and memory.

Our findings may have clinical implication. Amantadine has been used clinically. We have now shown the effectiveness of amantadine in attenuating POCD in age-relevant models of two animal species. If the effectiveness of amantadine in protecting patients against POCD is confirmed, using amantadine in the perioperative period may be a practical approach for reducing POCD.

Our study has limitations. Old animals are precious resource that is very limited in amount. Since we have shown that surgery induces learning and memory dysfunction in old rodents (Bi et al., 2017) and in old mice in this current study, we did not include surgery alone group in the learning and memory study of old rats. In addition, heat shall inactivate the anti-GDNF antibody as we showed before (Zhang et al., 2014; Gui et al., 2017). We included surgery plus amantadine plus heat-inactivated anti-GDNF antibody group and did not have surgery plus amantadine group in the learning, memory, dendritic arborization, and spine density studies because the results of these two groups shall be very similar. These experimental designs are in accordance with the principle of using the minimal number of animals to maximize the outcome. Another limitation is that we showed that surgery reduced BDNF and GDNF expression. It is not known whether other growth factors are affected. Also, only male mice and rats were used in this study due to limited access to old rodents. Old female rodents shall be used in the future studies to test the effects of amantadine. Finally, our previous studies did not show that amantadine had an effect on learning and memory of control rats or mice (Zhang et al., 2014; Xing et al., 2018). Amantadine alone group was not included in rat or mouse studies to reduce the number of animals needed for the studies. Although a study with 4 groups (control, amantadine alone, surgery, and surgery plus amantadine) can determine the interaction of amantadine and surgery by using two-way analysis of variance, this determination may not be critical because one of our study goals was to investigate whether amantadine improved the learning and memory of old rodents with surgery.

In summary, our results suggest that amantadine attenuates POCD. This effect may be mediated by preserving BDNF and GDNF expression, which maintains dendritic arborization and spine density to protect the learning and memory of old rodents.
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The aseptic trauma of peripheral surgery activates a systemic inflammatory response that results in neuro-inflammation; the microglia, the resident immunocompetent cells in the brain, are a key element of the neuroinflammatory response. In most settings microglia perform a surveillance role in the brain detecting and responding to “invaders” to maintain homeostasis. However, microglia have also been implicated in producing harm possibly by changing its phenotype from its beneficial, anti-inflammatory state (termed M2) into an injurious pro-inflammatory state (termed M1); it is likely that there are intermediates states between these polar phenotypes and some consider that a gradient exists with a number of intermediates, rather than a strict dichotomy between M1 and M2. In the pro-inflammatory phenotypes, microglia can disrupt synaptic plasticity such as long- term potentiation that can result in disorders of learning and memory of the type observed in Peri-operative Neurocognitive Disorders. Therefore, investigators have sought strategies to prevent microglia from provoking this adverse event in the perioperative period. In preclinical studies microglia can be depleted by removing trophic factors required for its maintenance; subsequent repopulation with a more beneficial microglial phenotype may result in memory enhancement, improved sensory motor function, as well as suppression of neuroinflammatory and oxidative stress pathways. Another approach consists of preventing microglial activation using the non-specific P38 MAP kinase blockers such as minocycline. Perhaps a more physiologic approach is the use of inhibitors of potassium (K+) channels that are required to convert the microglia into an active state. In this context the specific K+ channels that are implicated are termed Kv1.3 and KCa3.1 and high selective inhibitors for each have been developed. Data are accumulating demonstrating the utility of these K+ channel blockers in preventing Perioperative Neurocognitive Disorders.
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INTRODUCTION

The aseptic trauma of surgery initiates an inflammatory cascade leading to neuroinflammation that culminates in microglial activation. While the other major cell populations in the CNS (including neurons, astrocytes and oligodendrocytes) share a neuroepithelial origin, microglia are derived from myeloid progenitors in the primitive yolk sac and populate the brain before the formation of the blood-brain barrier during mid-embryogenesis (Ginhoux et al., 2010). Microglia are the resident macrophages of the central nervous system (CNS) parenchyma and share the same yolk sac origin as other long-lived tissue macrophages (Ginhoux et al., 2010; Perdiguero et al., 2015).

Microglia play a key role in surveilling the local environment (Ferrini and De Koninck, 2013), recognizing and scavenging dead cells and pathogens (Hua and Smith, 2004; Wake et al., 2009), as well as synthesizing/releasing cytokines and chemokines (Bilbo and Schwarz, 2009). To understand further the role of microglia it is worthwhile to explore the origins and functions of this key cell-type.


Neurodevelopmental Role of Microglia

The non-random formation of brain circuitry is instructed by local neuronal activity. During development, microglia prune synapses and modulate over-active neurons, thereby shaping the brain’s circuitry. The dendritic spines, that are crucial for neural development and circuit plasticity (Zuo et al., 2005; Nishiyama and Yasuda, 2015), can be targeted by microglia during the process of “synaptic stripping” in which these cells phagocytose the synaptic boutons (Kettenmann et al., 2013). In the postnatal period, learning-dependent dendritic spine formation is regulated by microglia (Paolicelli et al., 2011; Parkhurst et al., 2013).

The microglia’s ability to modify synaptic plasticity involves both “find-me” and “eat-me” pathways. For example, microglia in the resting phase within zebrafish larvae respond to the local increase of neuronal activity, possibly through ATP “find-me” signals. These signals induce microglia to form bulbous endings and wrap themselves around highly active neurons. With the help of neuronal pannexin-1 hemichannels as an eat-me pathway, neuronal activity is reduced (Li et al., 2012).

The spatiotemporal organization of microglia in the white matter of the developing brain contribute to its roles in processes such as axonal guidance, synaptogenesis, and neurodevelopmental apoptosis (Verney et al., 2010).

Maturation of cortical synapses is highly dependent on the chemokine-induced interaction between the neuronally released fractalkine, CX3CL1 and its cognate microglial receptor, CX3CR1 (Hoshiko et al., 2012). Similarly, outgrowth of dopaminergic axons in the forebrain and the laminar positioning of subsets of neocortical interneurons are affected by microglia (Squarzoni et al., 2014).



Physiological Roles of Microglia

Microglia continue its regulatory role in synaptic plasticity even after the perinatal period, for example in memory storage. During wakefulness, memories are established by synaptic strengthening that is mediated by synaptogenesis; however, there needs to be a mechanism for removing “fleeting memories” and consolidating those that are required. During the “light phase” (other than REM and nREM 3 stages) of sleep, microglia are activated and phagocytose no-longer- required synapses (Ferrer et al., 1990; Neumann et al., 2009; Choudhury et al., 2020).

In addition to sleep there appear to be other initiating mechanisms for microglia-mediated memory loss (Wang C. et al., 2020). In a contextual fear-conditioning paradigm there was a significant decrease in freezing time for the contextual memory between 5 and 35 days after training and was due to a decrease in synaptic connection between hippocampal engram cells (population of neurons that become activated during learning and require reactivation for memory recall). An increase in phagocytosed synaptic proteins (synaptophysin or PSD95) by microglia at day 35 compared to day 5 was noted. The rate of neuronal activity within the hippocampus correlated positively with freezing behavior and increased with dampening of microglial phagocytosis (minocycline) or depletion of microglia (PLX3397). When an engineered virus that expresses CD55, an inhibitor of complement activation, was injected into the brains of these mice there was an increase in freezing behavior (i.e., improvement in memory) at day 35 after contextual fear conditioning in association with higher levels of activation (using c-fos) of engram cells and decreased levels of synaptic proteins within microglia (Wang C. et al., 2020). These data suggest that it is the complement activation that initiates the synaptic pruning by microglia that eliminates weak memories resulting in “physiologic forgetting.” In some conditions pathological remembering is a dominant feature and may in the future be amenable to physiologic forgetting treatments that regulate microglial- and complement-mediated synapse elimination.

These different studies suggest that the adult CNS has a highly plastic and dynamic microglial population that can be entirely repopulated following microglial elimination, even in the aged brain (Schafer et al., 2012; Wang C. et al., 2020).



Pathological Roles of Microglia

While microglia play an important role in synaptic pruning and phagocytosis in the healthy brain, its activation can also lead to harm (Czeh et al., 2011).

Studies have revealed the correlation of microglial activation to the severity of several neurodegenerative disorders such as Alzheimer’s disease (AD) (Arends et al., 2000; Edison et al., 2008), Parkinson’s disease (Banati et al., 1998; Imamura et al., 2003), and amyotrophic lateral sclerosis (Boillee et al., 2006). In these neurodegenerative settings, microglia, which express Toll-like receptors (TLR) 1–9 (Jack et al., 2005), become activated through stimulation of one or more of these receptors which results in the synthesis and release of pro-inflammatory cytokines that can induce neurotoxicity (Miller, 2004; Harry and Kraft, 2008). In particular microglia strongly express the cell surface TLR2 whereas TLR3 is expressed at higher levels intracellularly. TLR3 signaling leads to the secretion of high levels of IL-12, TNF-alpha, IL-6, CXCL-10, and IL-10, and the expression of IFN-beta, whereas TLR2 signaling leads to IL-6 and IL-10 secretion (Jack et al., 2005). In an AD murine model, TLR2/TLR4 are more highly expressed in microglia (Frank et al., 2009). Inactivation of the TLR2 signaling attenuated microglial activity and improved outcome in an AD model (McDonald et al., 2016).

TLR2/TLR4 signaling pathways in microglia increase infarct size in ischemic settings (Lehnardt et al., 2007).

In obese mice, microglial activation, through the CX3CR1 pathway can result in cognitive impairment (Cope et al., 2018). Mice fed with a high fat diet activated hippocampal microglia and impaired hippocampus-dependent memory through a reduction in long-term potentiation (LTP); microglial activation and attenuation of LTP were accompanied by perturbation of spatial relationships between microglial processes and synaptic puncta, though the internalization of synaptosomes (Barrientos et al., 2010).



Role of Microglia in Perioperative Neurocognitive Disorders (PND)

Using a rodent model of aseptic trauma, we have investigated the potential role of microglia for cognitive decline assessed as a decrease in freezing behavior to a previously trained aversive stimulus. The putative pathogenic mechanisms responsible for the cognitive decline associated with the acute form of PND are illustrated in Figure 1 (Wan et al., 2007; Cibelli et al., 2010; Terrando et al., 2010, 2011; Degos et al., 2013; Vacas et al., 2014; Feng et al., 2017a,b; Hu et al., 2018a,b; Ieng et al., 2020). It remains an open question whether and how microglia affect later-onset variants of PND as there are, as yet, no preclinical models that consistently produce a phenotype akin to the clinical disorders of Delayed Neurocognitive Recovery and Postoperative Neurocognitive Disorder (see Discussion).
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FIGURE 1. High mobility group protein B1 (HMGB1) is a damage-associated molecular pattern that is immediately released following peripheral trauma. HMGB1 engages the innate immune response by binding to pattern recognition receptors (PRR) on circulating bone marrow-derived monocytes (BM-DMs). Signaling through the PRR results in the disaggregation and intracellular translocation of the transcription factor, nuclear factor k B (NF-kB) which increases the synthesis and release into the circulation of pro-inflammatory cytokines. High cytokine levels disrupt the Blood Brain Barrier (BBB) facilitating the translocation of circulating BM-DMs into brain attracted by the chemokine monocyte chemoattractant protein-1 (MCP-1), which itself is HMGB1-dependent. In the presence of BM-DMs within the hippocampus, quiescent microglia become activated as evidenced by the change in morphology and the release of proinflammatory cytokines. Lon-term potentiation (LTP), a synaptic plasticity mechanism required for creating and storing memory is disrupted by the proinflammatory cytokines in the hippocampus.




Microglial Polarization Into M1 vs. M2

Analogous to macrophages, microglial activation has been dichotomized into a “neurotoxic” M1 and a “neuroprotective” M2 phenotype (Tang and Le, 2016); however, this binary outcome has been challenged arguing for a more nuanced spectrum from M1 to M2 with intermediate states that depend on environmental factors (Hanisch and Kettenmann, 2007; Ransohoff, 2016).

Nevertheless, the following are examples in which the phenotypic expression was changed from the M1 to M2 to thwart pathological processes.


1.Hypoxia has been shown to favor the M1 state (Zhang et al., 2017). In BV-2 cells, a microglia-like cell-line, oxidative stress induced the expression of iNOS, led to an increased level of CD68 (an M1 marker) and triggered the Tyr-701-phosphorylation and S-glutathionylation of STAT1. Silencing of STAT1 protein expression counteracted hypoxia-M1 microglia phenotype (Butturini et al., 2019).

2.A similar transformation obtains in a preclinical rat model of cerebral ischemia from middle cerebral artery occlusion, in which the M1 phenotype is induced through a CysLT2R-ERK1/2 pathway that results in microglial elaboration of neurotoxic factors such as NO, IL-1β, TNF-α, and IL-12 (Zhao et al., 2020). Treatment with mesenchymal stem cell-derived exosomes suppresses the neurotoxic factors and enhances the synthesis and release of M2 phenotypic markers, such as IL-10, TGF-β, and BDNF, that results in an improved outcome (Zhao et al., 2020). Similarly, in a preclinical mouse model of ischemia-reperfusion injury, following 30-min of middle cerebral artery occlusion, the M1-microglial phenotype was transformed into M2 by curcumin-encapsulated nanoparticles resulting in an improvement in both infarct size and functional deficit (Zhao et al., 2020).

3.In a rat model of intracerebral hemorrhage, there was a rapid transformation of microglia to the M1 phenotype with increased expression of its biomarkers; following administration of JWH133, a cannabinoid 2 receptor agonist, the microglia begin to transcribe markers of the M2 phenotype through activation of the PKA/CREB signaling pathway and result in improvement (Lin et al., 2017).

4.In a mouse model of AD accumulation of the neurotoxic amyloid β (Aβ) oligomers promote M1 glial transformation including elaboration of IL-1b; when signaling through the IL-1 receptor is precluded, transcription levels of M2-polarized macrophage related-inflammatory factors, such as IL-10 and Ym1 increase and are accompanied by improvements in learning and memory (Wang H. et al., 2020).

5.In the autoimmune inflammatory model of encephalomyelitis, inhibition of the purinergic receptor P2 × 4R signaling favored microglia M1 transformation and exacerbated demyelination; conversely, stimulation of P2 × 4R with ivermectin favored microglial polarization to the M2 phenotype, promoted remyelination and improved functional deficits (Zabala et al., 2018).

6.Ketamine has been advocated for treatment-resistant depression (Schoevers et al., 2016). In a mouse model of depression induced by lipopolysaccharide, ketamine suppressed the LPS-induced upregulation of pro-inflammatory M1 markers and changed the configuration of microglia; these changes were associated with an improvement in the behavioral tests of depression (Verdonk et al., 2019).





Attenuating Microglial Function

As activation of microglia is a pivotal step in the development of postoperative cognitive decline, different strategies have been attempted to attenuate microglial function.


Baseline Effects of Microglial Depletion

Colony stimulating factor 1 (CSF-1) regulates proliferation, differentiation and survival of tissue macrophages and, without CSF-1 signaling, microglia will not survive (Patel and Player, 2009). In vivo administration of inhibitors of the CSF-1 receptor (CSF-1R), such as PLX 3397, efficiently deplete microglia. LPS-induced microglial proliferation, as evidenced by increased expression of its stereotypic marker, ionized calcium binding adaptor molecule 1 (Iba1), was prevented by prior feeding of the mice with PLX 3397. In the basal state the CSF-1R inhibitor decreased Iba1 staining by 70% (Elmore et al., 2014); confirmation that microglia undergo apoptotic cell death was established by the upregulation of activated caspase 3. The PLX 3397 effect on microglia can be reversed within 3 days although the morphological appearance as well as the number of cells only returns to normal by 14 days through the presence of microglia progenitor cells. Interestingly, depletion of microglia in adult mice by PLX 3397 neither affects the baseline cognitive and motor function nor permeability of the blood brain barrier (Elmore et al., 2014). Therefore, CSF-1R is a druggable target to prevent neuroinflammation and its consequences as evidenced by the following examples.



Improvement of Injury-Induced Functional Deficit Following Microglial Depletion

A hippocampal lesion was produced by diphtheria toxin A-chain in adult mice and were subsequently administered PLX3397 for 30 days post-lesioning. Within 7 days of treatment, ∼70% of microglia had been eliminated and brain levels of IL-1β decreased. Behavioral testing showed improved learning on the elevated plus maze and the Morris water maze (MWM) following PLX3397 treatment; however, the probe trial (a test of recall in the MWM) was unaffected by depletion of microglia (Rice et al., 2015).

Using the CSF-1R inhibitor PLX5622, postoperative neuro-inflammation and cognitive decline (POCD) was prevented (Feng et al., 2017b). Mice were fed a standard chow diet containing PLX5622, for 7 days prior to aseptic surgical trauma. Surgery increased hippocampal levels of the proinflammatory cytokines IL-6 and MCP-1 following surgery; these did not occur in the mice pre-treated with PLX5622 indicating that microglial depletion decreases the chemo-attraction for monocyte translocation into the brain and lessens postoperative hippocampal neuroinflammation (Figure 2A).
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FIGURE 2. Perioperative microglial depletion abrogates surgically induced hippocampal inflammation. Reproduced with Permission Feng et al. (2017b). (A) Tissue ELISA, showing the rise in hippocampal levels of both IL-6 and MCP-1 in response to surgery and the prevention of this postoperative rise by perioperative PLX5622 treatment as analyzed by two-way ANOVA (P = 0.006 at 24 h for IL-6, and P < 0.01 at both 6 and 24 h for MCP– 1). (B) Plasma ELISA, showing the comparative lack of effect of PLX5622 treatment on postoperative plasma IL-6 and MCP-1 levels. Data were analyzed by two-way ANOVA. In all cases, n = 7–8/group, and ***P < 0001; **P < 0.001 for surgery vs. corresponding sham-treated control (Feng et al., 2017b).


Interestingly, trauma-induced peripheral inflammation was less affected by depletion of microglia with PLX5622 (Figure 2B).

Typically, mice that experience surgical trauma exhibit less “freezing” behavior in a trace-fear conditioning paradigm that elicits memory for an aversive event. Mice treated perioperatively with PLX5622 retained memory for the preoperative aversive event and were no different from non-operative mice.

These data indicate that perioperative microglial depletion can completely prevent the development of this behavioral indicator of Perioperative Neurocognitive Disorders (Feng et al., 2017b).

CSF-1R inhibitors have also been tested in models of neurodegeneration including one that mimicks Alzheimer’s Disease (AD). Fifteen-month-old 3xTg-AD mice, which develop both Aβ plaques and tau tangles (pathological hallmarks of AD), were treated for either 6 weeks or 3 months with PLX5662 or vehicle. At the end of this period, cognitive testing (novel place, novel object recognition, and MWM) and histopathology were performed. In this AD model, mice treated with PLX5622 for 6 weeks or 3 months showed significantly improved place recognition with no difference in novel object recognition. 3xTg-AD mice treated with PLX5622 tended to have faster escape latencies than untreated mice that achieved statistical significance on trials performed on days 6 and 7 on the MWM. Regarding the histopathology, abundant core plaques were present in all mice irrespective of PLX5622 treatment; however, activated microglia were densely packed around plaques in control AD mice, a feature not found in mice treated with PLX5622. Quantification of the number of microglia associated with Aβ plaques revealed a 70% reduction following PLX5622 (Dagher et al., 2015).

As neuroinflammation plays an important role in the development of Parkinson’s Disease (PD), the effects of microglial depletion with PLX3397 have also been studied in a rat model of PD in which the striatum is stereotactically lesioned with 6-hydroxydopamine. PD rats treated with PLX3397 performed better in the adhesive tape removal test and in the forced swim immobility test. Using PET imaging, less neuroinflammation was seen in PD rats treated with PLX3397. Iba-1 staining in the PD group was significantly higher and this was reduced with PLX3397 (Oh et al., 2020).

In mice, microglial depletion suppressed the neuroinflammatory process which resulted in a beneficial effect on the motor and non-motor symptoms of PD (Oh et al., 2020).

In a mouse model of acute intracranial hemorrhage (ICH; either by intracerebral collagenase administration or intracerebral autologous blood administration), prior oral administration of PLX3397 for 21 days reduced the microglial population by ∼90% with no reduction in the monocyte populations in the spleen (Li et al., 2017). In mice with PLX3397-induced depletion of microglia, there was reduced neurological deficits, lesion volume, and perihematomal edema following ICH. Molecular pathways leading to cerebral injury following ICH, including ROS signaling and proinflammatory cytokines in the brain were significantly lower in the ICH mice that were pretreated with PLX3397 (Li et al., 2017).

Four weeks following traumatic brain injury (TBI), produced by controlled cortical injury with a pneumatic impactor, mice were fed the microglial depletor PLX5622 for 7 days. 3 months post-TBI, neuropathological changes were attenuated in the microglial-depleted mice; similarly, there was a decrease in the NOX2- and NLRP3 inflammasome-associated neuroinflammation. Using a variety of complementary neurobehavioral tests, PLX5622-treated TBI mice also had improved long-term motor and cognitive function recovery at 3 months post-injury (Henry et al., 2020).



Effect of Repletion With New Microglia on Behavior

Using an alternative approach to deplete microglia, transgenic rats had the diphtheria toxin receptor (Dtr) inserted into the promoter region of the fractalkine receptor, Cx3cr1, that is expressed on microglia and monocytes. Upon a single application of diphtheria toxin (DT) to these transgenic mice, there was a temporary ablation of both microglia (∼80% reduction) and monocytes (De Luca et al., 2020). Two days following the acute deletion of microglia, behavioral tests [Y maze and novel object recognition test (NOR); object preference], did not reveal any cognitive deficit suggesting that acute microglial ablation does not affect baseline learning and memory. Seven days following acute microglial depletion, at which time amoeboid-appearing microglia had begun to repopulate the hippocampus, performance in the NOR test and spatial memory with novel place recognition was better than in rats that had not received DT suggesting that microglial repopulation after ablation results in better recall. Morphologically, microglial repopulation was associated with an increase in the number of mature neurons in the hilus. There were no differences between the groups in the expression of pre– or post-synaptic markers (Vglut1, Glua2, Glun2a), markers of microglial-neuronal interaction (Cx3cl1, Cx3cr1), or neurotrophic factors (Bdnf, Ngf). There was an increase in the hippocampal expression of a microglial recruitment marker, Cxcl10, as well as elevated expression of C1q, the initiating protein of the canonical complement cascade, and C3; these are both known to localize to synapses and mediate the elimination of dendritic spines by phagocytic microglia. Correspondingly, the density of both synaptophysin and PSD-95 in the hilus was significantly reduced with microglial repopulation. While there was a significant increase in arborization of the basal dendrites in the CA3 neurons 7 days following DT, there were no differences in apical or basal dendritic tree length. Microglial repopulation also significantly increased the number of mature bifurcated spines, typically associated with increased spine efficacy, in the CA1 neurons. Astroglia appeared denser in the hilum when microglia repopulate (De Luca et al., 2020).



Deterioration of Injury-Induced Functional Deficit and Inflammation Following Microglial Depletion

Microglial depletion is not always associated with improved neurological performance. In a model of PD produced by the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), depletion of microglia with PLX3397 exacerbated the impairment of locomotor activities (latency to fall) and the loss of dopaminergic neurons. Microglial depletion augmented the infiltration of CD4+ T cells (CD45highCD3+CD4+), CD8+ T cells (CD45highCD3+CD8+), monocytes and macrophages (CD45highCD11b+F4/80+), and neutrophils (CD45highCD11b+Ly6G+), suggesting that microglia may restrict MPTP-induced leukocyte infiltration. In addition, microglial depletion resulted in a significant increase of activation marker CD69 in CD4+ T and CD8+ T cells after MPTP treatment. PLX3397 treatment significantly upregulated the expression of proinflammatory cytokines including IL-1β, TNF-α, IL-2, IL-6, IFN-γ, and iNOS in the substantia nigra, suggesting that microglial depletion augments MPTP-induced local inflammation (Yang et al., 2018).

In a stroke model, depletion of microglia resulted in further harm. Following depletion of microglial by a 21-day course of PLX3397, an ischemic-reperfusion injury from transient middle cerebral artery occlusion (MCAO) resulted in enhancement of the neurological deficit and infarct size; these changes were associated with higher ROS, and pro-inflammatory cytokines (IL-1α, IL-1β, IL-6, and TNF-α) and down-regulation of growth factors such as IGF-1 were down-regulated in brain tissues. Astrocytes appeared to be the origin of the increase in neuroinflammation and suggests that the “neuroprotective” effect of microglia may be due to inhibition of astrocyte activation (Jin et al., 2017).

The role of microglia in the setting of a neurotropic viral infection with mouse hepatitis virus (MHV) was explored. In mice that were depleted of microglia with PLX5622, viral replication post-inoculation peaked earlier (day 3 vs. day 5), persisted longer with diminished viral clearance kinetics. Also, microglia-depleted mice had greater morbidity and lethality (Wheeler et al., 2018).



Preventing Activation of Microglia

As alluded to earlier, microglia can transform into classical (“M1”) and alternative (“M2”) activated states depending on whether the stimulus is LPS or IL-4, respectively. In these two transformed states there is a differential upregulation of potassium (K) channels on the microglia with the Kv1.3 [sensitive to blockade with phenoxyalkoxypsoralen-1 (PAP-1)] predominating following LPS and the Kir2.1 (sensitive to blockade with barium) most prevalent following IL-4; the KCa3.1 channel, activated by Ca2+ (sensitive to TRAM-34), was expressed in lesser amounts. As there are selective blockers for each of these K channels it may be possible to attenuate expression and downstream effects of M1 vs. M2 microglia phenotypes (Nguyen et al., 2017).

Intracerebroventricular injection of lipopolysaccharides (ICV-LPS) increased the expression and current density of voltage-gated Kv1.3 channel (but not Kir2.1) as well as the neuroinflammation as evidenced by Iba-1 immunoreactivity and expression of pro-inflammatory mediators such as IL-1β, TNF-α, IL-6, and iNOS; hippocampal long-term potentiation (hLTP) could not be induced. In mice genetically devoid of Kv1.3, LPS failed to activate microglia, produce neuroinflammation and impair hLTP. Pharmacological intervention using PAP-1, a small molecule that selectively blocks homotetrameric Kv1.3 channels, achieved anti-inflammatory and hLTP-recovery effects similar to that seen in Kv1.3 knockout mice (Di Lucente et al., 2018).

The effect of PAP-1 in preventing microglial activation following transient MCAO in mice (60 min of ischemia followed by reperfusion) was investigated. Enhanced Kv1.3 staining, and higher current density, was observed on activated microglia that were isolated from the ischemic infarcts in mice. PAP-1 dose-dependently reduced infarct area, improved neurological deficit score, and reduced brain levels of IL-1β and IFN-γ without affecting IL-10 and brain-derived nerve growth factor (BDNF) levels or inhibiting ongoing phagocytosis (Chen et al., 2017).

Postoperative cognitive decline requires microglial activation as evidenced by the experiment in which mice undergoing orthopedic surgery were treated with PAP-1 and submitted to trace-fear conditioning (TFC) training and testing.

Freezing behavior of these mice was investigated and mice treated with PAP-1 after undergoing orthopedic surgery had a higher freezing time (P = 0.03). This was even more significant in diet-induced obese (DIO) mice (mimicking metabolic syndrome) (Figures 3A,B).
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FIGURE 3. Role of Kv1.3 in postoperative cognitive decline in the trace fear-conditioning (TFC) paradigm. Applied for Permission to Reproduce Ieng et al. (2020). Cohorts of mice were trained in a TFC paradigm immediately before surgery and tested for freezing behavior 3 days after surgery. (A) Wild-type mice (12-14 weeks old C57bl/6j) were randomized to three groups (n = 8–9 per group) that received no surgery/vehicle, surgery/vehicle, or surgery/phenoxyalkoxypsoralen-1 (PAP-1). (B) Wild-type mice with diet-induced obesity (DIO) were randomized to three groups (n = 8–10 per group) that received no surgery/vehicle, surgery/vehicle, or surgery/PAP-1. (C) Mice deficient in Kv1.3 (Kv1.3–/–) were randomized to two groups (n = 910 per group) that received either sham (no surgery) or surgery. After wound closure and every 12 h thereafter, the mice randomized to PAP-1 received 40 mg kg1 i.p. vehicle consisted of MIGLYOL in the same volume as PAP-1. On the third day, freezing behavior was tested in the same context as the training. (A,B) Analyzed by one-way analysis of variance followed by Bonferroni post hoc test. (C) Analyzed by unpaired t-test. *P1/40.029; **P1/40.005; xP1/40.011; xxP1/40.030 (Ieng et al., 2020).


Kv1.3–/– mice also underwent surgery. However, since microglial activation was inhibited in these mice, freezing ratios were similar between “surgical and non-surgical” mice (Figure 3C).

Hippocampal IL-6 levels were investigated in the same murine population.

Surgery causes an increase in hippocampal IL-6 levels, however, pre-treatment with PAP-1 lowered these levels (P = 0.011) (Figure 4).


[image: image]

FIGURE 4. Phenoxyal koxypsoralen-1 (PAP-1) prevents surgery– induced hippocampal inflammation. Applied for Permission to Reproduce Ieng et al. (2020). Mice with diet-induced obesity were randomized to four groups (n = 8 per group) that received either no surgery or surgery, and either PAP-1 or vehicle. At 24 h after surgery, the animals were killed and hippocampi were removed and assayed for interleukin-6 (IL-6) by enzyme-linked immunosorbent assay. Data were analyzed by one-way analysis of variance followed by Bonferroni post hoc test. *P < 0.001; **P1/40.011 (Ieng et al., 2020).


Iba-1 staining images of the hippocampus of these mice revealed an increase in microglial activity post-operatively, successfully inhibited by PAP-1 treatment (Figure 5).
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FIGURE 5. Phenoxyalkoxypsoralen-1 (PAP-1) attenuates surgery-induced microglial activation. Applied for Permission to Reproduce Ieng et al. (2020). Mice with diet-induced obesity (DIO) were randomized to three groups (n = 8 per group) that received neither surgery nor PAP-1 (DIO/sham), surgery alone with no PAP-1 (DIO/surgery), or surgery together with PAP-1 (DIO/surgery/PAP-1). After surgery, mice not randomized to receive PAP-1 (DIO/sham; DIO/surgery) were administered MIGLYOL, and mice randomized to PAP-1 received doses intraoperatively and 12 h postoperatively. At 24 h after surgery, mice were killed, and brains were perfused, fixed, and sectioned. Coronal sections (35 mm thick) from the dentate gyrus were stained with anti-Iba1 antibody. Immunofluorescence was performed with Alexa Fluor 488-labeled anti-rabbit antibody. (A) Representative photomicrographs from each of the groups. The upper panel represents DAPI staining, the middle panel staining for Iba1, and the lower panel a higher magnification. The internal scale marker represents 50 mm. (B) Iba1cells were counted manually by visual inspection of hippocampal sections of anatomically matched photomicrographs, with an average taken from four sequential sections per mouse. (C) To analyze microglial cell-body size (in pixels), each section was processed in a systematic way to create a binary image by applying a previously established threshold. (D) Iba1 fluorescence intensity [absorbance unit (AU)] was similarly measured with ImageJ from images captured using identical exposure times that also avoided saturating pixel intensities. Data [mean (standard deviation)] were analyzed by one-way analysis of variance followed by Bonferroni post hoc test. *P1/40.0012; **P < 0.001 (Ieng et al., 2020).


The same study also reveals interestingly that PAP-1 does not affect peripheral IL-6 levels, confirming the central nervous system activity of PAP-1 (Ieng et al., 2020).

Combined, these data, from the experiments with PAP-1, show that Kv1.3 may be a druggable target for neurological diseases in which microglia-mediated neurotoxicity is implicated in the pathogenesis.

The role of KCa3.1 has been studied in the setting of transient (60 min) MCAO in mice that was followed by 8 days of reperfusion. Microglia from the infarcted area exhibited higher densities of each of the K+ currents than was present in microglia from non-infarcted control brains. Strong Kv1.3 and KCa3.1 immunoreactivity was also found on activated microglia/macrophages from infarct areas in stroke subjects. Mice treated with 1-[(2-chlorophenyl) diphenylmethyl]-1H-pyrazole (TRAM-34), a selective KCa3.1 blocker, exhibited significantly smaller infarct size, and less of both neuroinflammation as well as neurological deficit after ischemic-reperfusion injury; similar data were found in KCa3.1–/– mice. These data suggest that Kca3.1 may also be a pharmacological target for ischemic stroke (Chen et al., 2016).

Proliferation and activation of microglia is a prominent feature in Alzheimer’s Disease (AD) (Hansen et al., 2018). In a hippocampal slice preparation, application of oligomers of Aβ (AβO) increased the expression and activity of KCa3.1; in a mouse model of AD (5×FAD) and in AD patients the increase in expression and activity of KCa3.1 was also observed. In both the slice preparation as well as in the mouse AD model, the application of senicapoc, an inhibitor of KCa3.1, prevented proinflammatory and hLTP-impairing activities of AβO and neuroinflammation, amyloid load, and improved synaptic plasticity (Jin et al., 2019).



DISCUSSION


Controversies

Depletion of microglia can result in divergent outcomes depending on the experimental model (vide supra). It will be important to determine whether these different outcomes are on the bases of experimental design (perturbants’ cell-specificity, dose, and timing with respect to microglial depletion/repletion kinetics) neuroanatomical lesion or other factors that affect the state of microglial polarization (vide infra).”

Because activated microglia can be both neurotoxic and neuroprotective, many investigators consider these diametrically opposite effects to be due to polarization between M1 (neurotoxic) and M2 (neuroprotective) phenotypes (Hanisch and Kettenmann, 2007; Ransohoff, 2016; Schoevers et al., 2016; Tang and Le, 2016; Lin et al., 2017; Zhang et al., 2017; Zabala et al., 2018; Butturini et al., 2019; Verdonk et al., 2019; Wang H. et al., 2020; Zhao et al., 2020) along the same lines as had previously been assigned to other tissue macrophages (Michelucci et al., 2009). However, this characterization has been hotly disputed (Ransohoff, 2016) and individual macrophage RNA seq data suggest a lack of exclusivity of the polarization states following traumatic brain damage (Kim et al., 2016). Therefore, this also brings into question whether modulators that reputedly transform microglia from one phenotype into another are realistic therapeutic opportunities (Song and Suk, 2017).

The concept that the CNS is an “immunoprivileged” compartment that is neither affected by, nor responsive to, peripheral inflammation has now been comprehensively debunked (Engelhardt et al., 2017). Rather, the CNS can almost be considered another lymphoid organ (Negi and Das, 2018) as well as a means whereby peripheral inflammation can be resolved (Caravaca et al., 2019).



Fundamental Concepts and Potential Developments in the Field

Microglia migrate to the neural tube from the yolk sac during embryogenesis before the establishment of the BBB. However, microglia themselves may be dynamically involved in barrier function (Ronaldson and Davis, 2020) although a neat characterization into leak-inducing M1 and barrier-enhancing M2 phenotypes is probably invalid. Even in states in which the BBB has been disrupted, proliferation of microglia originates from precursor cells within the CNS rather than migration from outside of the CNS (Gu et al., 2016).



Current Research Gaps

Whereas microglia require enhanced potassium ion translocation to become activated (Nguyen et al., 2017) it is not certain whether the species of ion channels involved (namely Kv1.3, KCa3.1, and Kir2.1) are exclusively confined to this cell-type or whether these channels exist on other types of macrophages or even non-immune cells. Further characterization of these ion channel species is required before it is definitively known whether blockade with specific inhibitors is likely to result in any off-target effect.

Studies have confirmed that attenuation of the trophic signaling of CSF-1 will result in depletion of microglia (Patel and Player, 2009; Elmore et al., 2014; Dagher et al., 2015; Rice et al., 2015; Li et al., 2017; Henry et al., 2020; Oh et al., 2020). While beneficial effects of microglial depletion have resulted in an improved outcome, for example in models of PND (Feng et al., 2017b), it is not certain whether these initial benefits may be at the expense of adverse outcomes from the loss of the protective effects of microglia (Bilbo and Schwarz, 2009; Wheeler et al., 2018; Yang et al., 2018). Furthermore, before microglial depletion can be a therapeutic strategy, a more comprehensive understanding of the time-course of microglial changes in the various injury states is needed.



Potential Developments in the Field

Now that studies have revealed that the acute form of PND can be mitigated by depleting (Feng et al., 2017b) or preventing the activation of microglia (Ieng et al., 2020), it will be important to discover the effect of these types of perturbations on the more chronic forms of PND such as Delayed Neurocognitive Recovery (within 30 days of surgery) and Postoperative Neurocognitive Disorders (within 12 months) (Evered et al., 2018). Furthermore, therapeutic options will be enhanced by the development of microglial perturbants that have a more rapid pharmacokinetics which can then be effective, not only pre-emptively, but also after the onset of a microglial-mediated injury.

As patients with pre-existing cognitive impairment are more likely to develop postoperative delirium (Styra et al., 2019), it will be important to determine whether microglia in neurodegenerative disorders are amenable to peri-operative manipulations that prevent its activation and the onset of postoperative delirium.

The molecular mechanisms whereby activated microglia produce postoperative cognitive decline are not known in detail. It is clear that microglia are crucial for synaptic pruning during development and that there are “eat me” molecular signals needed for physiologic forgetfulness (vide supra); however, only recently has attention focused on the ability of microglia to engage in synaptic pruning to produce the plasticity changes of different disease states (Geloso and D’Ambrosi, 2021).

The precise state of microglial function (activated or not; phenotypic type), will be an important guide to defining treatment options. At this juncture, the only non-invasive method of defining the activation state of microglia is by imaging studies with a PET ligand that binds to the translocator protein (TSPO) that is more highly expressed on activated microglia (Forsberg et al., 2017); such an investigation requires serial scans to demonstrate a change in the individual patient. What is required is a more versatile biomarker whose activity can define activation as a binary state.



CONCLUSION

The centrality of microglia for both protection and injury to the central nervous system (CNS) remains enigmatic. Perhaps the over-arching reason for these seemingly contradictory outcomes depends on the transformation of microglia that extends beyond a dichotomous neurotoxic (M1) and neuroprotective (M2) phenotypes. Because of its both beneficial and harmful properties, microglia may prove to be an important mediator of both CNS health and disease including Perioperative Neurocognitive Disorders.
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Patients in the perioperative period usually present with different types and degrees of sleep disorders, which can severely affect their post-operative outcomes. Multiple risk factors may lead to the occurrence of perioperative sleep disorders, including personal factors, psychological factors, surgery factors, and environmental factors. In this review, we summarize the potential risk factors for perioperative sleep disorders during hospitalization. And it also provides an overview of perioperative outcomes and potential therapeutic prevention of perioperative sleep disorders. However, the further search is necessary to investigate the effectiveness and safety of preventions in the clinical practice and push forward the therapies.
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INTRODUCTION

Sleep is one of the human basic physiological needs. Sleep disorders, which can occur short term or long term in the perioperative period, affect a large number of patients undergoing surgery. Sleep disorders can adversely affect patient recovery, increase the incidence of post-operative neurological outcomes and pain, and decrease hospitalization satisfaction. Despite the considerable threat pose to public health, sleep disorders are poorly understood, underdiagnosed, and poorly managed, especially in perioperative patients. There is unavoidable heterogeneity of methodological and characteristics of the population among studies. The potential negative consequences of sleep disorders indicate a need to pay more attention to their prevalence in a surgical population.

However, the high incidence of perioperative sleep disorders and the detrimental effect on post-operative recovery make a more in-depth study of perioperative sleep of great value. We summarize the literatures in recent years. This review describes the diagnosis, prevalence, classification of sleep disorders, and their effects on patients' post-operative outcomes (in Figure 1). We discuss the potential risk factors of perioperative sleep disorders throughout patients' hospitalization. Furthermore, the discussion concludes potential therapeutic intervention which can be applied to clinical practice in the future.
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FIGURE 1. The overview of this paper. PSQI, Pittsburgh Sleep Quality Index questionnaire; ISI, Insomnia Severity Index; ESS, Epworth Sleepiness Scale; GSDS, General Sleep Disturbance Scale.




PERIOPERATIVE SLEEP DISORDER


Incidence

Sleep disorders are prevalent in perioperative patients. About 8.8–79.1% of patients suffered from sleep disorder before the surgery (1–3). The sleep disorder may last for a long time after surgery. Halle reported that 49.7% of patients undergoing lung cancer surgery had sleep disturbance at 1 year post-operatively (3). And patients in the intensive care unit after thoracic surgery reported worse sleep quality, with 62% of the patients at 6 months and by 12% of the patients at every follow-up visits time points suffering from poor sleep (4). Moreover, the incidence of sleep disorder is different among different types of surgeries and diseases. Preoperative sleep disturbance is common in patients with rotator cuff tears, but sleep quality improves significantly after surgery (5). However, in arthroscopic hip surgery, 8.8% had a diagnosis of insomnia before surgery and 17.8% after surgery (6). The higher incidence of insomnia after surgery may be due to pain, opioid use, etc. Besides, the occurrence of sleep disorders was always neglected by medical staff. For example, nearly a quarter of cardiac surgery patients were hospitalized with obstructive sleep apnea, where 80% of these cases were undiagnosed before surgery. The deep hypoxic injury caused by apnea after surgery is often misdiagnosed as cardiac arrest due to other causes (7).

Patients have a particularly high incidence of post-operative sleep disturbance, while preoperative sleep disturbance also predicts opioid use (6). Therefore, it is of great significance to evaluate the sleep status of patients, screen out the patients with sleep disorders, and give appropriate treatment in clinical work.



Assessment

The assessment of sleep disorders is mainly based on clinical manifestations (difficulty falling asleep, early awakening, night terrors, nightmares, or abnormal behaviors during the sleep period) and auxiliary objective indicators (in Table 1). Subjective sleep quality assessment is mainly measured by the scales, the Pittsburgh Sleep Quality Index questionnaire (PSQI), Insomnia Severity Index (ISI), Athens Insomnia Scale, Epworth Sleepiness Scale (ESS), General Sleep Disturbance Scale (GSDS). In clinical studies, the most commonly used assessment is PSQI. PSQI has high reliability and validity. PSQI could evaluate seven areas of sleep, which include subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleeping medication, and daytime dysfunction over the last month. The severity of sleep quality is based on the score of 19 items in the above seven areas. The higher scores indicate worse sleep. However, the PSQI is used to evaluate sleep quality in 1 month. As another assessment of sleep quality, ISI is a self-rating scale measuring insomnia symptoms and consequences. The items were designed to assess the severity of sleep-onset, sleep maintenance difficulties, satisfaction with current sleep pattern, interference with daily functioning, noticeability impairment, and degree of distress or concern caused by sleep disorder (8). The severity of insomnia is also based on the total score of these items. In addition, ESS is used to assess the tendency to doze during the daytime (9).


Table 1. The common assessments of PSD.

[image: Table 1]

The scale measure of sleep was not related to objective sleep (9). Sleep is usually categorized into non-rapid eye movement sleep (NREM) and rapid eye movement sleep (REM). The NREM sleep is divided into stages N1, N2, and N3. Polysomnography (PSG), which can record electroencephalogram (EEG), electromyogram, electrocardiogram, and other vital signs, is used for assessment of sleep quality and sleep structure. The PSG is often used as an auxiliary diagnosis of sleep disorders and to detect the EEG changes in clinical studies. Actigraphy is also a reliable economical measurement of subjective sleep. It can evaluate set time in bed, sleep efficiency, total sleep time, sleep-onset latency, and wake after sleep onset (10). More validation tests are needed to evaluate the accuracy of actigraphy. Without a uniform standard, the perioperative sleep disorder diagnostic criteria vary from studies, where different classification systems, quantitative criteria to evaluate the sleep disorders independently. Sometimes other criteria such as face-to-face or telephone follow-up, survey and sleep diary, time of the assessment, and population characteristics, types of co-morbidities, and surgery are used as well.



Classification of Sleep Disorder

In general, sleep disorders in the hospitalized patient can be divided into two main categories: chronic insufficient sleep and sleep disorders during hospitalization. According to the International Classification of Sleep Disorders, version 3 (ICSD-3), sleep disorders can be categorized based on clinical symptoms (11, 12). Sleep disturbances include insomnia, sleep-related breathing disorders, central disorders of hypersomnolence, sleep-related movement disorders, circadian rhythm sleep disorders, parasomnias, physiological (organic) sleep disorder, other sleep disorder not due to a known substance or physiological condition, environmental sleep disorder, etc. (13–16). As there are a variety of sleep categories, here we introduce two common clinical types.


Insomnia

Insomnia is the most common type of sleep disorder, in which people experience difficulty in sleep initiation, maintaining, consolidation, and poor sleep quality. The sleep disorder is chronic if it last for more than 3 months, while a short term sleep disorder lasts for <3 months. Insomnia is associated with multiple factors, such as genes, environment, psychology. It is the most common type of sleep disorder. Insomnia is a common sleep problem that is particularly common in perioperative patients (17, 18).



Sleep-Related Breathing Disorders

Sleep-related breathing disturbance includes obstructive sleep apnea disorders (OSAS), central sleep apnea disorder, sleep-related hypoventilation disorders, and sleep-related hypoxemia disorder. Of these, OSAS is one of the most common types in the perioperative period. OSAS is a clinical syndrome with a series of pathological changes caused by recurrent pauses in breathing during sleep, which results in hypoxia and carbon dioxide buildup in the body. It not only disrupts sleep but also leads to drowsiness, systemic hypertension, diabetes, cardiovascular events, etc., which could seriously affect patients' quality of life and cause social problems (19). A meta-analysis showed that the presence of OSA is associated with an increased risk of post-operative complications (20). These patients are more likely to have comorbid post-operative dyspnea and higher pain scores (21). Patients with combined obstructive sleep apnea have significantly increased post-operative risks such as pulmonary complications and co-morbidities (20).





RISK FACTORS OF PERIOPERATIVE SLEEP DISORDER


Age

Sleep patterns and quality are known to change throughout a person's life. A study showed older subjective age was related to worse sleep (22). Changes of sleep-wake physiology in aging adults have been well-characterized by polysomnography (23, 24). Sleep disturbance occurs commonly in aging adults, including a decline of total sleep time, sleep efficiency, an increase in time awake after sleep onset, and sleep latency (25). And the percentage of time in REM sleep and N3 sleep are also lower in aging adults (26). The aging process may result in multiple organ senescence and pathological changes, including joint degeneration, hypertension, diabetes, cancer, etc. The pain and mental diseases caused by these pathological changes can also affect the sleep (27, 28). In addition, the older patients experience more difficulties adapting to new environment in pre-operative days in the hospital, which would aggravate the sleep disturbance.



Sex

Perioperative sleep disturbance has a gender difference. Women were reported to experience more sleep problems than men, and the incidence of insomnia in women was 1.5 times higher than that in men (29). This difference could be associated with socioeconomic factors, physiological factors, and psychological factors (30). Several studies have indicated that female reproductive hormones may change sleep pattern, where an increase in estrogen could increase REM sleep time and decrease REM latency (31, 32). Females are also more prone to be exposed in a more stressful situation and has more difficulties problems in the preoperative period (33). In a power spectral analysis, electroencephalographic differences of insomniac men and women were observed. The female with insomnia had increased beta 2 power and men with insomnia had reduced alpha power throughout night (34).



Pain

Pain is the major risk factor for sleep deprivation both in the perioperative period. Perioperative pain is always often by physical disease, especially in patients with arthrosis diseases. About 50% of patients with insomnia experienced chronic pain (35). Moreover, sleep deprivation and pain feed each other in a vicious. Sleep deprivation may lead to hyperalgesia and increased the onset of chronic pain, pain severity, and durations (36). And the pain may aggravate sleep deprivation. Medication for severe pain, like opioids, has a cofounding negative effect on sleep (37).



Surgery and Anesthesia

Severe sleep deprivation was found in patients undergoing surgery. Prevalence of sleep disorders varied across studies due to different diagnostic criteria, the surgery type, and follow-up time. In total knee arthroplasty, sleep disturbances persisted for 2 months after surgery, with primary insomnia in 75.9% of patients and secondary insomnia in 24.1% of patients (38). Patients are reported to experience shorter total sleep time, fragmented sleep, decrease in REM and N3 after surgery (39). Different types of surgery have varied effects on patients' sleep quality. The patients reported more waking up times after orthopedic surgery because of the possible increased level of pain. Moreover, the major surgery has greater suppression of REM sleep (40). The patients might have worse quality of sleep, which was related to the bigger operative trauma (41).

General anesthesia can disturb post-operative sleep patterns by affecting the sleep-wake cycle. This may be because EEG features of the anesthetics were partially similar to that of sleep, like slow-delta oscillations and gamma oscillations (42). Different anesthetic medications and managements result in different changes in sleep patterns. Opioids are wildly used in analgesia, including remifentanil, sufentanil, and fentanyl. For example, some of the effects of the opioid which could last after surgery and post-operative analgesia may influence the first-day sleep after surgery. During the anesthesia period, ketamine, or propofol infusion had the opposite effect ketamine enhanced wakefulness and inhibited NREM sleep, while propofol inhibited wakefulness and enhanced NREM sleep (43).



Perioperative Mental Diseases

The perioperative mental diseases include general anxiety disorder, major depression, dysthymia, and schizophrenia, which commonly occur in the perioperative period (44). In our previous study, the incidence of preoperative anxiety and depression were 23.4 and 21.5% in patients undergoing none-cardiac surgery respectively. In patients undergoing abdominal aortic aneurysm repair surgery, the prevalence was up to 21.2–29.3% and 28% (45). During the preoperative period, the risk factors for anxiety and depression include waiting for hospitalization, fear for death, preoperative pain, cancer, potential risk for surgery, and post-operative recovery (46, 47). Sleep disturbance is a major symptom and complication of most mental diseases (27). Patients with depression showed a decreased slow-wave sleep and disinhibition of REM sleep both in REM density and total REM sleep time (48). And the preoperative mental diseases also correlate with post-operative pain. The patients with preoperative anxiety and depression had higher VAS scores after surgery and long-term pain, which might lead to sleep deprivation (49). Perioperative mental diseases, sleep disturbance, and post-operative pain can create a vicious circle (27).



Hospital Environment

The hospital environmental factors also influence the quality of sleep. A study showed that 36% of hospitalized patients reported new-onset of insomnia, and 10% of which were clinical insomnia and severe insomnia. The symptoms could persist a short time after being discharged from the hospital (50). Environmental factors including noise, lights in the ward led to sleep deprivation in orthopedic patients after surgery (51). The hospital noise was caused by the medical staff's conversation, alarm of medical monitor, and interactions from other patients. And the circadian rhythms are regulated by daylight and has influences on the molecular biology (52). For example, the morning light was too strong to maintain the secretion of melatonin which correlated with high-quality sleep in ICU. With the need for medical care, impropriate light may also disturb the patient's sleep at night.




THE EFFECTS OF PERIOPERATIVE SLEEP DISORDER ON PATIENTS' POST-OPERATIVE OUTCOMES

Sleep deprivation can negatively impact patient prognosis, physiological function, and hospitalization satisfaction. Clinicians need to identify sleep disorders as early as possible and provide appropriate assistance to patients (53). Sleep disorders in patients undergoing surgery have a sophisticated, multi-factorial effect on pain, fatigue, and depression.


Pain

There is an interaction between pain and sleep. Pain may exacerbate sleep disturbances. At the same time, sleep disorders can in turn worsen the pain. For surgical patients, the interaction between sleep disturbance and pain in the perioperative period is more complex. Sleep disturbance has become a significant predictor of post-operative pain (54). Previous research indicated that breast cancer patients with bad pre-surgical sleep had worse post-operative pain (1). Pre-operative insomnia severity was significantly correlated with post-operative pain. Post-operative pain was the main reason for interrupted sleep in about 48 patients (51). Besides, pre-operative sleep efficiency was positively associated with patient satisfaction (55). This may attribute to short-term sleep disturbances that can aggravate post-operative pain hypersensitivity (56). In a pilot study of patients undergoing joint replacement, an extension of preoperative sleep reduced both pain and opioid consumption during the first 3–4 post-operative days (57). Current literature is largely supportive of perioperative sleep disturbance as a risk factor for post-operative pain, but the specific mechanisms are not fully elucidated. A conjecture is that perioperative short-term sleep deprivation may increase the expression and activity of L-type calcium channels in the lumbar dorsal root ganglion, delaying recovery from post-operative pain, and blocking these channels decreases the effects of sleep deprivation (58).



Mental Diseases

The mechanisms of perioperative sleep disorders are not yet to be fully discovered because sleep behavior vary from country to country. Ongoing sleep disruptions and sleep disturbances may evolve into depression. There is also an interrelationship between insomnia and depression, with high rates of insomnia and sleep disorders in depressed populations, and insomnia is a strong predictor of the development of depression. According to research, most psychiatric patients have some kinds of sleep disorders (59). An increased proportion of post-operative mental health disorders usually accompanies a higher rate of sleep disturbances (60). Sleep difficulties can lead to non-fatal self-harm and suicide in patients after bariatric surgery (61). Sleep disturbances both a risk factor and a clinical manifestation of mental illness. However, their interactions are complex and there is little literature has been done to illustrate the specific mechanisms of action (62).



Post-operative Delirium

According to the results of a meta-analysis, pre-existing sleep disturbances may be associated with post-operative delirium (POD) (63). A study about cardiac surgery found that pre-operative sleep disorder was significantly associated with POD and was the main predictor of POD (64), especially in older individuals (65). The risk of post-operative delirium is significantly higher in older adults with chronic sleep disturbance before hospitalization than in those without sleep disorders. Sleep interruptions in the hospital may further increase this risk (66). A possible explanation is as follows: OSA may cause central neuronal apoptosis, and decrease activity in multiple brain regions (67). And as a result, dysfunctional connectivity of different brain areas by the circadian clock can cause symptom fluctuations and sleep-wake cycle disorders in delirium (68). While most studies have suggested a strong correlation between delirium and sleep disorders, one study proposed the opposite opinion. It concluded that there was no significant correlation between obstructive sleep apnea and post-operative delirium in the routine care of the intensive care unit (69). Therefore, the relationship between sleep disorders and delirium remains to be unclear. More in-depth research in this area is needed in the future.



Post-operative Cognitive Disorder

The mechanism of insomnia and cognitive impairment has been investigated recently, and the results showed that the link between insomnia and cognitive impairment was explained by brain. There was some proof for the mechanism of insomnia and cognitive impairment. In addition to its negative association with mental health, insomnia can lead to negative cognitive development. However, many studies have reported negative correlations between insomnia type traits and cognitive performance. It was shown in an experiment that pre-operative sleep disturbances may exacerbate post-operative cognitive impairment in elderly mice by exacerbating surgically induced neuroinflammation, nerve damage, and disruption of the blood-brain barrier (70). However, isoflurane-induced cognitive impairment in elderly mice can be prevented by preoperative pharmacological improvement (71). Resynchronization of circadian rhythms and improved sleep quality may be one of the crucial factors in the prevention or treatment of POCD (72). Patients who develop POCD after major abdominal surgery have poor sleep quality and significantly more frequent night wakings. It is likely that disturbed sleep and circadian rhythms may be the basis for cognitive dysfunction after major surgery (73). Pharmacological treatment of sleep disorders may be a potential future direction for the prevention and treatment of POCD (74).



Post-operative Recovery

Sleep-disordered breathing is a possible independent predictor of emergence agitation in pediatric ambulatory surgery (75). It was reported that surgery in the morning or at night has different effects on post-operative sleep. The incidence of post-operative sleep disturbance was significantly increased in patients who had surgery at night, along with an increase in both post-operative adverse effects and pain (76). The reason may be that physiological changes in the body at different times of the day affect the anesthetic drug interaction and metabolic response.

We note that some surgeries can improve sleep disturbance in patients. The percentage of patients undergoing primary total joint replacement who need to seek sleeping help decreased from 70.2% at preoperative baseline to 44.7% late in the post-operative period (77). Female incontinence surgery which significantly improves quality of sleep. For instance, women with urinary incontinence showed effective sleep improvement after surgery (78). Another study had similar findings. Patients with femoroacetabular impingement syndrome had a high incidence of pre-operative sleep disturbance. These patients had an effective early improvement in sleep disturbance after arthroscopic hip surgery (79).




TREATMENT OF THE PERIOPERATIVE SLEEP DISORDER


Non-drug Therapy

Non-drug therapy refers to the treatment of the perioperative sleep disorder using environmental elements. For example, music therapy used prior to operation can relieve the anxiety and stress from patients (80). Music therapy was thought to be effective for primary insomnia. A study of patients undergoing cardiac surgery found a 30 min music therapy 1 night before the surgery might improve subjective sleep quality and prolong the sleep duration (81). For older patients in ICU, single music therapy improved subjectively sleep quality in post-operative day 2. An elevated saliva melatonin was observed in the music therapy group with a negative statistical result (82). This indicated that music therapy might influence the secretion of melatonin and cortisol. Furthermore, improvement of environmental factors, such as single bed ward was also showed improvement of perioperative pain and post-operative outcomes.

Preoperative anesthetic clinic has been shown to reduce the stress and anxiety of waitlisted patients with severe complications of diseases. The talks with patients make them clear about the potential risk for the surgery and anesthesia. The anesthetic clinic decreased the incidence of preoperative anxiety (46).



Drug Therapy


Dexmedetomidine

Dexmedetomidine, a highly selected a-2 adrenoceptor agonist, is commonly used in perioperative sedation and analgesia. Continuous infusion of dexmedetomidine nocturnal in ICU patients prolonged the total sleep time, increased sleep efficiency, and quality (39). An infusion of dexmedetomidine during the operation could also improve post-operative sleep quality and decrease severe sleep disturbance (83). A real-world cohort study showed that patients undergoing gynecological, urological, and orthopedic spine surgery experienced more improvement on the quality of sleep (84). This is particularly true for patients with higher risk of sleep disturbance in such surgery and female patients. The mechanisms of dexmedetomidine is yet to be completely understood. The intraoperative use of dexmedetomidine may not improve post-operative pain or post-operative analgesia, which was one of the most important risk factors of post-operative sleep quality. Thus, the improvement of subsequent sleep quality might be correlated with other factors. In a study that reported the complete polysomnogram recordings of patients undergoing non-cardiac surgery, the percentage of N2 sleep was 15.8% in the placebo group and 43.5% in the dexmedetomidine (39). Sedation with dexmedetomidine was closely resembling physiological N2 sleep. Compared with the control group, dexmedetomidine infusion may increase non-REM 2 sleep and decrease REM sleep (85). The Electroencephalogram (EEG) was used to test sleep spindles, which are considered sleep maintaining events, in dexmedetomidine sedation period and normal physiological sleep. The spindle density, amplitude, and frequency content in dexmedetomidine EEG recording were not different from that in physiological sleep (86). Cai reported that a low dose of dexmedetomidine (0.1–0.2 ug/kg/h) had a better improvement of post-operative sleep quality than a high dose of dexmedetomidine (>0.2 ug/kg/h) (87). The optimal concentration during the short term and long term after surgery deserves further studies.



Zolpidem

Zolpidem is a non-benzodiazepine drug, which can improve post-operative sleep without serious aberrant side effect. It is used for the treatment of insomnia and repairing disrupted sleep by improving the proportion of REM and SWS sleep. Patients receiving zolpidem 2 days pre-operative to 5 days post-operatively improved perioperative sleep experience and satisfaction, reduced the level of perioperative anxiety, and depression (88). However, there is an evidence that zolpidem prescription was associated with an increased risk of suicide attempts. In a nationwide population study in South Korea, the incidence rate ratio of suicide was 70.6% at 2 days before zolpidem prescription and decreased to 63.35% at 1 day after zolpidem prescription in the suicide attempt group. This indicated that zolpidem didn't contribute to an additional increase in suicide attempts (89).



Melatonin

Melatonin, synthesized, and secreted by the pineal gland, is an endogenous hormone that can regulate the circadian rhythm. The melatonin application in the perioperative period can improve sleep quality without apparent side effects. Madsen reported oral melatonin (6 mg) 1 h before bedtime could improve sleep efficiency and reduce wake duration after sleep onset after surgery in breast cancer surgery (90). In a small sample size randomized clinical study, the melatonin could decrease the duration of sleep latency, daytime naps, and night awakening after surgery (91). The total sleep duration was increased in post-operative days 1 and 2. The VAS score decreased in the melatonin group. The mechanism of melatonin application is yet to be discovered. Jia found that melatonin treatment was only reflected in increase of the quantitative delta power in the dark phase. However, Jia argued that it had no improvement in sleep quality (92). Melatonin microinjected to the perifornical lateral hypothalamus at dark onset could significantly increase NREM sleep and reduce wakefulness (93). In addition, melatonin is considered a therapeutic substance for post-operative delirium. In a meta-analysis that included 6 studies, the perioperative melatonin could reduce the incidence of delirium in older patients (94). One study found that for patients undergoing bariatric surgery, melatonin could improve post-operative recovery (95). Besides, some small sample size research found the improvement of anxiety and depression symptoms after using melatonin. Hanse reported that the incidence of depression symptoms were lower after administration of melatonin 12 weeks post-operatively (96). Melatonin may improve the recovery quality of patients through improving sleep and regulating circadian rhythms.





CONCLUSION

With the development of perioperative medical care, sleep quality, and sleep patterns caused increasing attention. Multiple factors might contribute to perioperative sleep disorder, including age, perioperative mental diseases, surgery, anesthesia, and environmental factors. Given the high prevalence of sleep disturbances in patients in the perioperative period and the significant impact on prognosis, it is crucial to optimize patients' perioperative sleep. A multimodal approach of pre-operative counseling, early post-operative sleep modification, and some medication use may improve transient sleep disturbances in surgical patients. Patients' perioperative sleep disturbances are multifactorial and interdependent on pain, fatigue, and depression. Future studies need to use larger, more homogeneous patient populations which will be essential to fully understand the mechanism of sleep disorders and disease and surgery and to develop accurate and effective protocols for the treatment of sleep and disease.
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Anesthesia/surgery has been reported to be associated with perioperative neurocognitive disorder (PND) in patients and induces cognitive impairment in mice. Previous studies demonstrate cyclosporine A (CsA) attenuates the anesthesia/surgery-induced cognitive impairment in mice. However, CsA has immunosuppressive effects and may not be routinely used to prevent or treat PND in patients. WS635 is a nonimmunosuppressive CsA analog. We, therefore, set out to determine whether WS635 could mitigate the anesthesia/surgery-induced cognitive impairment in mice. We performed abdominal surgery under 1.4% isoflurane anesthesia (anesthesia/surgery) for 2 h in 9 month-old wild-type (WT) mice. We treated the mice with CsA (10 mg/kg) or different doses (13.2 mg/kg, 26.4 mg/kg and 52.8 mg/kg) of WS635 before and after the anesthesia/surgery. Barnes maze and fear conditioning system (FCS) were employed to evaluate the cognitive function in mice. We measured the amounts of postsynaptic density (PSD)-95, synaptophysin, and ATP in the hippocampus and cortex of the mice using western blot and ATP Colorimetric/Fluorometric Assay, respectively. We found that the treatment with 52.8 mg/kg, but not 13.2 mg/kg or 26.4 mg/kg, of WS635 attenuated the anesthesia/surgery-induced cognitive impairment in mice and the reductions in the amounts of PSD-95, synaptophysin, and ATP in the mice brain tissues. These results have established a system to study WS635 further and suggest that we need to perform more experiments to determine whether WS635 can ultimately be used as one of the interventions for PND in patients.

Keywords: cognitive impairment, WS635, synapse, ATP, anesthesia/surgery


INTRODUCTION

Every year, over 312 million patients worldwide have surgery under anesthesia (Weiser et al., 2015). Perioperative neurocognitive disorder (PND; Evered et al., 2018) is one of the most common postoperative complications in these older adults (Inouye et al., 2016; Daiello et al., 2019). It has been reported that PND is associated with Alzheimer’s disease (AD; Fong et al., 2009; Schenning et al., 2016), daily functioning impairments (Phillips-Bute et al., 2006), government assistance dependency (Steinmetz et al., 2009), and increased morbidity and mortality (Monk et al., 2008; Deiner and Silverstein, 2009; reviewed in Vutskits and Xie, 2016). However, there have been no targeted PND interventions, mainly due to the undetermined mechanism of PND.

Our previous studies have shown that abdominal surgery under isoflurane anesthesia can cause cognitive impairment (Yang et al., 2017; Liufu et al., 2020) and delirium-like behavior (Peng et al., 2016; Liufu et al., 2020) in mice. We, therefore, use this established model to study further PND, especially the targeted interventions and underlying mechanism.

Cyclosporine A (CsA) is a blocker of mitochondrial permeability pore (mPTP) opening (Marchetti et al., 1996; Nicolli et al., 1996). Our previous studies found that CsA attenuated the isoflurane-induced mPTP opening, caspase-3 activation, and learning and memory impairment in mice (Zhang et al., 2012). CsA also mitigated the anesthesia/surgery-induced delirium-like behavior in mice (Peng et al., 2016). However, CsA is an immunosuppressive drug in clinics to treat organ rejections and has potential side effects (Penninga et al., 2013; Liddicoat and Lavelle, 2019), limiting its use as an intervention of PND.

WS635, a new compound developed by Waterstone Pharmaceuticals (Wuhan, China), is analogous to CsA without its immunosuppressive effects (Hopkins et al., 2010; Bobardt et al., 2014). WS635 was shown to be orally or intravenous bioavailable in multiple animal species (rat and monkey) and produced blood and liver concentrations of parent drug that exceeded the 50% effective dose determined in the bicistronic con1b-derived replicon assay (Hopkins et al., 2010). However, whether WS635 can be used to prevent or treat PND has not been determined. Therefore, we established a system to further study WS635 by assessing whether WS635 could mitigate the anesthesia/surgery-induced cognitive impairment in mice, using our existing animal model in mice.

Postsynaptic density-95 (PSD-95) is an excitatory postsynaptic marker (Chen et al., 2015; Coley and Gao, 2018), and synaptophysin is a synaptic plasticity-related protein (Janz et al., 1999; Hao et al., 2017; Xiang et al., 2018). Reductions of these synaptic markers suggest synaptic loss, potentially leading to cognitive impairment (Clare et al., 2010; Kaufman et al., 2015; Murmu et al., 2015; Hong et al., 2016). Our lab’s previous study showed that the same anesthesia/surgery induced-cognitive impairment detected in the Barnes maze test and reduced hippocampus levels of PSD-95, synaptophysin, and ATP in brain tissues of mice (Miao et al., 2018). Finally, CsA mitigated the anesthesia/surgery-induced reduction of ATP amounts in mice’s brain tissues (Peng et al., 2016). Therefore, the present study hypothesized that WS635 attenuated the anesthesia/surgery-induced cognitive impairment and reduction in amounts of PSD-95, synaptophysin, and ATP in brain tissues of mice.

PND is a general name for the cognitive impairment identified pre- and postoperative period (Evered et al., 2018). Delayed neurocognitive disorder (dNCR) is one type of PND and could occur about 1–4 weeks after anesthesia/surgery (Evered et al., 2018). In the present study, we determined dNCR in animal studies by assessing the effects of anesthesia/surgery on cognitive function at 2–11 days postoperatively.



MATERIALS AND METHODS


Mice Anesthesia and Surgery Treatment

The Standing Committee on Animals at Massachusetts General Hospital, Boston, MA (protocol 2006N000219) approved the animal protocol. We performed all experiments following the National Institute of Health guidelines and regulations. Efforts were made to minimize the number of animals used. We wrote the manuscript according to ARRIVE guidelines.

Nine-month-old female wild-type (WT) mice (C57BL/J6, Strain#: 000664, Jackson laboratory, Bar Harbor, ME) were randomly assigned to the anesthesia/surgery group or control group by weight. Only female mice were used in the current studies because our previous studies showed that female, but not male, Alzheimer’s disease transgenic mice developed cognitive impairment and synaptic loss following the sevoflurane anesthesia plus surgery (Zhang et al., 2017). All mice were placed in the animal facility to adapt (with 12:12 h light: dark cycle with food and water available ad libitum) for 3 days before the study. The anesthesia/surgery group mice had a simple laparotomy under 1.4% isoflurane in 40% to 100% oxygen using the methods described in our previous studies (Peng et al., 2016; Yang et al., 2017; Miao et al., 2018). 15 min after the induction, the mouse was moved out of the chamber and continuously anesthetized with isoflurane via a cone device with one 16-gauge needle inserted into the cone near the mouse’s nose to monitor the concentration of isoflurane. A longitudinal midline incision from the xiphoid to the 0.5-centimeter proximal pubic symphysis was made on the skin, abdominal muscles, and peritoneum. We then sutured the incision layer by layer with 5–0 Vicryl thread. We applied EMLA cream (2.5% lidocaine and 2.5% prilocaine) to the incision site at the end of the procedure and three times per day for 3 days to treat the pain associated with the incision. After the surgical procedure was finished, we put the mouse back into the anesthesia chamber for the rest of the anesthesia up to 2 h. The mice’s rectal temperature was monitored and controlled at 37 ± 0.5°C during the anesthesia/surgery by a feedback-based system with a D.C. Temperature Control System (FHC, Bowdoinham, Maine). The mice were put back to their home cage with food and water available ad libitum after recovering from the anesthesia in 100% O2. The control group mice were placed in their home cages with room air for 2 h, which was consistent with the condition of non-surgery patients. Our previous studies showed that this anesthesia/surgery did not significantly change the mice’s blood pressure and blood gas values (Liufu et al., 2020).



Treatment With CsA and WS635

CsA (Sigma, St. Louis, MO) was dissolved in corn oil with 10% DMSO. Each of the mice in the control plus CsA group and anesthesia/surgery plus CsA group was injected with CsA solution at the dose of 10 mg/kg in the volume of 0.2 ml through intraperitoneal (IP) at 30 min before, 24 h, and 48 h after the anesthesia/surgery. The mice in the control plus vehicle group and anesthesia/surgery plus vehicle group received 0.2 ml of corn oil with 10% DMSO at the same time points as CsA treatment. WS635 was dissolved in corn oil with 10% DMSO. Each of the mice in control plus WS635 group and anesthesia/surgery plus WS635 group was injected with WS635 solution with dose of 13.2 mg/kg, 26.4 mg/kg, or 52.8 mg/kg in the volume of 0.2 ml through IP at 30 min before, 24 h and 48 h after the anesthesia/surgery. The mice in the vehicle group received 0.2 ml of corn oil with 10% DMSO.



Measurement of Loss of Right Reflecting (LORR)

The mice received different concentrations of isoflurane, sevoflurane, or desflurane with 52.8 mg/kg WS635 or control condition. Then, the mice were put into the empty home cage, and the cage was rotated 180 degrees to place the mouse on its back. LORR was scored positive if the mouse remained on its back with at least three paws in the air for 60 s.



Nociception Threshold Determination

We compared the nociception threshold in the mice between the groups of the anesthesia/surgery plus corn oil and the anesthesia/surgery plus WS635 (52.8 mg/kg) at 3 h after the anesthesia/surgery. Nociception threshold was determined by using nylon von Frey filaments as described in a previous study (Chaplan et al., 1994). Precisely, each mouse was placed on a wire mesh platform in clear cylindrical plastic enclosures (8 cm diameter and 10 cm in height). After 20 min of stay on the platform, the filaments were applied (bending force range from 0.008–26 g; North Coast Medical, Morgan Hill, CA) on the incised wound (after the treatment with EMLA) edge and hind paw for 5 s with 10 s between each stimulation. Back arching or withdrawal of the paw from the floor was scored as a positive response, representing the nociception threshold. When no response was obtained, the next stiffer filament in the series was applied to the same area. Each monofilament was used in the test area five times. The nociception threshold was obtained as the force (in grams) at which back arching or paw withdrawal occurred at least three of the five stimulations.



Barnes Maze

The mice were tested in the Barnes maze as described in a previous study (Liufu et al., 2020). The Barnes maze training was performed from day 7–10 after the anesthesia/surgery. The Barnes maze testing day was day 11 after the anesthesia/surgery. The latency, speed, and distance of the mouse to identify and enter the escape box on training and testing days were measured and recorded with the ANY-Maze video tracking system (Stoelting Co. Wood Dale, IL).



Fear Conditioning System

The fear conditioning system (FCS) was performed as described by our previous study (Zhang et al., 2012). FCS’s context and tone tests were performed on days 8 and 13 after the anesthesia/surgery. Learning and memory function in both the context and tone tests were assessed by measuring the time the mouse demonstrates “freezing behavior” defined as a completely immobile posture except for respiratory efforts. Any-Maze analyzed the time of such “freezing behavior” (freezing time) (freezing on the threshold: 10; freezing off threshold: 20; minimum freezing duration: 1 s; Stoelting).



Brain Tissue Harvest, Lysis, and Protein Quantification

The mice’s brain tissues were harvested by decapitation immediately after the anesthesia/surgery. At the end of the FCS, the mice’s brain tissues (cortex and hippocampus) were harvested and stored at −80°C for the western blot analysis. The harvested brain tissues were homogenized on ice using immunoprecipitation buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40, Mammalian Protein Extraction Reagent, Thermo Scientific, Waltham, MA) plus protease inhibitors (1 mg/ml aprotinin, 1 mg/ml leupeptin, and 1 mg/ml pepstatin A, Sigma). The lysates were collected, centrifuged at 12,000 rpm for 15 min at 4°C, and quantified for total proteins by bicinchoninic acid (BCA) protein assay kit (Thermo Scientific). The brain tissues were then subjected to western blot analysis.



Western Blot Analysis

PSD-95 antibody (1:1,000, Cell Signaling, Danvers, MA) was used to detect PSD-95 (95 kDa). Synaptophysin antibody (1:1,000, Abcam, Cambridge, MA) was used to detect synaptophysin (38 kDa). Antibody anti-β-Actin (1:10,000, Sigma) was used to detect β-Actin (42 kDa). Western blot quantification was performed as described by Xie et al. (2008). Briefly, signal intensity was analyzed using ChemiDoc XRS+ with Image Lab 5.0 software (Bio-Rad, Hercules, CA). We quantified Western blots in two steps. First, we used β-Actin levels to normalize (e.g., determine the ratio of PSD-95 to β-Actin amount) the protein amount and to limit the disparities in the protein quantity loaded. Second, we presented the protein amount in the anesthesia/surgery treatment group as a percentage of those in the control group for comparison.



ATP Measurement

The levels of ATP in the cortex and hippocampus of mice (N = 6 in each group) were determined by the ATP Colorimetric/Fluorometric Assay Kit following the protocol provided by the manufacturer (Abcam) as described in the previous studies (Miao et al., 2018).



Statistical Analysis

Based on our previous studies’ outcomes, we used 5–6 mice per group for the biochemistry studies and 14–18 mice per group for the behavioral studies. We present data from biochemistry studies and FCS freezing time as mean ± standard deviation (SD). Interaction between time and group factors was determined using two-way ANOVA with repeated measurement to analyze the difference in learning curves (based on escape latency) between mice in the control group and the anesthesia/surgery group in the Barnes maze test. Two-way ANOVA and post hoc test (Bonferroni correction) were used to analyze the interaction between group (control condition vs. anesthesia/surgery) and treatment (vehicle vs. WS635) on the amounts of PSD-95, synaptophysin, and ATP and freezing time of FCS. The data of nociception threshold were presented as median and interquartile range; and was analyzed by using the Mann–Whitney U test. ATP levels were presented as a percentage of those of the control group. P values <0.05 were considered statistically significant, and significance testing was two-tailed. Statistical analysis was conducted using GraphPad Prism software (San Diego, CA; version 8.0).




RESULTS


Effects of WS635 on the Anesthesia Depth in Mice

First, we asked whether WS635 could alter the anesthesia depth in the mice. The data from the LORR studies demonstrated that WS635 (52.8 mg/kg) did not change the LORR curve of isoflurane (Figure 1A), sevoflurane (Figure 1B), and desflurane (Figure 1C) as compared to the vehicle (the control condition) in the mice. These data suggest that WS635 did not significantly alter the anesthesia depth.
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FIGURE 1. Effects of WS635 on the anesthetic-induced loss of righting reflex in mice. Effects of WS635 and control condition on the presence of loss of righting reflex of mice following different concentrations of isoflurane (A), sevoflurane (B), and desflurane (C). N = 6 mice in each group.





Effects of WS635 on the Anesthesia/Surgery-Induced Pain

We asked whether WS635 could alter the nociception threshold in the mice after the anesthesia/surgery. The data from the nociception threshold studies demonstrated that WS635 (52.8 mg/kg) did not significantly change the nociception threshold in the wound area (Figure 2A) and non-wound area (Figure 2B) as compared to the vehicle (corn oil) in the mice. Notably, we put EMLA in the wound area before the measurement of the nociception threshold. These data suggest that WS635 did not significantly alter the nociception threshold in both wound and non-wound areas of the mice following the anesthesia/surgery.
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FIGURE 2. Effects of WS635 on nociception threshold in mice after the anesthesia/surgery. Effects of WS635 and vehicle (corn oil) on the nociception threshold in the wound area (A) and non-wound area (B) in the mice following the anesthesia/surgery. WS635 did not significantly alter the nociception threshold compared to the vehicle in the mice following the anesthesia/surgery. N = 4 mice in each group.





Effects of WS635 on the Locomotor Activity of the Mice

Next, we found that the treatment with 13.2 mg/kg or 26.4 mg/kg of WS635 did not significantly change the escape speed as compared to the vehicle in the control condition (Figure 3A) or the anesthesia/surgery condition (Figure 3C) in the mice tested in Barnes maze. Moreover, the treatment with 52.8 mg/kg of WS635 or 10 mg/kg of CsA did not significantly change the escape speed compared to the vehicle treatment in either control condition (Figure 3B) or anesthesia/surgery condition (Figure 3D) in the mice. These data suggest that WS635 did not significantly alter the locomotor activity of the mice.
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FIGURE 3. Effects of WS635, CsA, and the anesthesia/surgery on locomotor activity in mice. Effects of WS365 with 13.2 mg/kg and 26.4 mg/kg (A–C) and effects of WS365 with 52.8 mg/kg and CsA with 10 mg/kg (B–D) on escape speed of Barnes maze on training days (7–10 days after the anesthesia/surgery) in mice following control condition or anesthesia/surgery. N = 14–18 mice in each group.





WS635 Attenuated the Anesthesia/Surgery-Induced Cognitive Impairment in Mice

The anesthesia/surgery increased the Barnes maze’s escape latency on the testing day compared to the control condition (Figure 4A). The treatment with 13.2 mg/kg or 26.4 mg/kg of WS635 did not significantly attenuate the anesthesia/surgery-induced increases in the escape latency (Figure 4A). However, two-way ANOVA showed a significant interaction of treatment (vehicle, 52.8mg/kg WS635 and CsA) and group (control condition vs. anesthesia/surgery) on the escape latency of Barnes maze on the testing day (F = 3.387, P = 0.038, Figure 4B). Specifically, the treatment with 52.8 mg/kg of WS635 significantly attenuated the anesthesia/surgery-induced increases in the Barnes maze’s escape latency on the testing day (11 days after the anesthesia/surgery) compared to the vehicle (P = 0.037, Figure 4B).
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FIGURE 4. Effects of WS635, CsA, and the anesthesia/surgery on cognitive function in mice detected in Barnes maze. (A) The effects of WS635 with 13.2 mg/kg and 26.4 mg/kg on the anesthesia/surgery-induced changes in Barnes maze’s escape latency at testing day (11 days after the anesthesia/surgery) in mice. (B) The effects of WS635 with 52.8 mg/kg and CsA on the anesthesia/surgery-induced changes in Barnes maze’s escape latency at testing day (11 days after the anesthesia/surgery) in mice. N = 14–17 mice in each group. Two-way ANOVA with the post hoc Bonferroni correction was used. *P < 0.05. P values refer to the difference among different conditions on the escape latency. CsA, cyclosporine A.



Next, we repeated the study in the FCS. The anesthesia/surgery did not significantly change mice’s freezing time in the context test (Figure 5A) or the tone test (Figure 5B) of the FCS on day 8 after the anesthesia/surgery. However, two-way ANOVA showed significant interaction of treatment (vehicle vs. 52.8 mg/kg of WS635) and group (control condition vs. anesthesia/surgery) in the context test (F = 5.344, P = 0.024, Figure 5C) and tone test (F = 4.137, P = 0.046, Figure 5D) of the FCS on 13 days after the anesthesia/surgery. Specifically, the anesthesia/surgery significantly reduced mice’s freezing time in the context (P = 0.038, Figure 5C) and tone tests (P = 0.009, Figure 5D) of the FCS as compared to control condition in the mice on day 13 after the anesthesia/surgery. The treatment with 52.8 mg/kg of WS635 attenuated the anesthesia/surgery-induced decreases in the freezing time in the context (P = 0.024, Figure 5C) and tone (P = 0.046, Figure 5D) tests of the FCS on day 13 after the anesthesia/surgery as compared to vehicle in the mice. Taken together, the data suggest that WS635 attenuates the anesthesia/surgery-induced cognitive impairment in the mice in a dose-dependent manner.
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FIGURE 5. Effects of WS635 on the anesthesia/surgery-induced changes in the cognitive function in mice detected in fear conditioning system (FCS). Effects of WS365 (52.8 mg/kg) and vehicle (DMSO) on the anesthesia/surgery-induced changes in the freezing time on the context (A) and tone (B) test of FCS on 8 days after the anesthesia/surgery; and on the context (C) and tone (D) test of FCS on 13 days after the anesthesia/surgery. N = 14–18 mice in each group. Two-way ANOVA with the post hoc Bonferroni correction was used. * or #P < 0.05; ** or ##P < 0.01. P values refer to the difference among different conditions on the freezing time of the FCS. DMSO, dimethyl sulfoxide; FCS, fear conditioning system.





WS635 Attenuated the Anesthesia/Surgery-Induced Reductions in Synaptic Markers in Brain Tissues of Mice

Given the findings that WS635 attenuated the anesthesia/surgery-induced cognitive impairment in the mice, we asked whether WS635 could mitigate the anesthesia/surgery-induced reductions in the synaptic markers in mice brain tissues. Quantitative western blot analysis showed that the anesthesia/surgery induced a visible decrease of the amounts of PSD-95 in both hippocampi (Figure 6A) and cortex (Figure 6C). Two-way ANOVA showed significant interaction of treatment (vehicle vs. WS635) and group (control condition vs. anesthesia/surgery) on the amounts of PSD-95 in the hippocampus (F = 4.634, P = 0.044, Figure 6B) and cortex (F = 5.674, P = 0.027, Figure 6D). Specifically, WS635 mitigated the anesthesia/surgery-induced reduction in PSD-95 amounts in the hippocampus (Figure 6B) and cortex (Figure 6D). Quantitative western blot also showed that WS635 mitigated the anesthesia/surgery-induced reductions in synaptophysin amounts in the hippocampus (P = 0.091, borderline significance, Figures 6E,F) and cortex (P = 0.007, Figures 6G,H). Given that the molecular weights of synaptophysin (38 kDa) and β-actin (42 kDa) are similar, we used two, instead of one, gels from the same experimental samples with the same loading amounts performed at the same time to present the bands of synaptophysin and β-actin, respectively, in Figures 6E–G. These data suggest that WS635 can attenuate the anesthesia/surgery-induced cognitive impairment via mitigating the anesthesia/surgery-induced reduction in the synapse.
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FIGURE 6. Effects of WS635 on the anesthesia/surgery-induced changes in the amounts of postsynaptic density (PSD)-95 and synaptophysin in the hippocampus and cortex of mice. Effects of WS365 (52.8 mg/kg) and vehicle (DMSO) on the anesthesia/surgery-induced changes in the amounts of PSD-95 in the hippocampus (A,B) and cortex (C,D) of the mice on day 13 after the anesthesia/surgery. Effects of WS365 (52.8 mg/kg) and vehicle (DMSO) on the anesthesia/surgery-induced changes in the amounts of synaptophysin in the hippocampus (E,F) and cortex (G,H) of the mice on day 13 after the anesthesia/surgery. N = 6 mice in each group, * or #P < 0.05; ** or ##P < 0.01; *** P < 0.001. Two-way ANOVA with the post hoc test (Bonferroni correction) was used. P values refer to the difference among different conditions on the amounts of the PSD-95 and synaptophysin. DMSO, dimethyl sulfoxide.





Effects of WS635 on Mouse Brain ATP Amounts After Anesthesia/Surgery

Anesthesia/surgery decreased ATP amounts in the hippocampus (Figure 7A) and cortex (Figure 7B) of the mice. Two-way ANOVA showed a significant interaction of treatment (vehicle vs. WS635) and group (control condition vs. anesthesia/surgery) on the ATP amounts in the hippocampus (Figure 7A) but not in the cortex (Figure 7B) of mice. These data suggest that WS635 mitigates the anesthesia/surgery-induced reduction in ATP amounts in mice hippocampus.
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FIGURE 7. Effects of WS635 on the anesthesia/surgery-induced changes in ATP amounts in the hippocampus and cortex of mice. Effects of WS365 (52.8 mg/kg) and vehicle (DMSO) on the anesthesia/surgery-induced changes in the amounts of ATP in the hippocampus (A) and cortex (B) of the mice immediately after the anesthesia/surgery. N = 6 mice in each group, * P < 0.05; ** P < 0.01. Two-way ANOVA with the post hoc test (Bonferroni correction) was used. P values refer to the difference among different conditions on the amounts of ATP. DMSO, dimethyl sulfoxide.






DISCUSSION

This pilot preclinical study established a system and explored whether WS635, a novel compound and an analog of CsA, could be an intervention of postoperative cognitive impairment in mice. The findings that WS635 mitigated the anesthesia/surgery-induced cognitive impairment in mice suggest that we should perform more studies to determine whether WS635 is an effective intervention of cognitive impairment in rodents and PND in patients.

We first demonstrated that WS635 did not alter the LORR of mice following different concentrations of isoflurane, sevoflurane, and desflurane (Figure 1). WS635 did not significantly change the nociception threshold (Figure 2) nor the escape speed of the mice (Figure 3). These data suggest that WS635 may not significantly affect the depth of anesthesia and may not change the locomotor activity nor nociception threshold in mice. Then, we found that the treatments with 13.2 mg/kg or 26.4 mg/kg of WS635 did not mitigate the anesthesia/surgery-induced increases in escape latency in the mice tested in the Barnes maze. However, the treatment with 52.8 mg/kg of WS635 attenuated the anesthesia/surgery-induced increases in escape latency in the mice tested in the Barnes maze (Figure 4). These data suggest that WS635 can mitigate the anesthesia/surgery-induced cognitive impairment in mice dose-dependently. Moreover, the treatment with 52.8 mg/kg WS635 mitigated the anesthesia/surgery-induced decreases in freezing time of mice tested in FCS (Figure 5), further suggesting that WS635 can treat the anesthesia/surgery-induced cognitive impairment in the mice. Consistently, the treatment with 52.8 mg/kg WS635 mitigated the anesthesia/surgery-induced reduction in the amounts of PSD-95 and synaptophysin in the hippocampus and cortex of mice (Figure 6). These data suggest that WS635 may mitigate the anesthesia/surgery-induced cognitive impairment by attenuating the anesthesia/surgery-induced synaptic loss. Future studies to test this hypothesis are warranted.

There are few studies to investigate WS635 so far. The only pharmacokinetic study of WS635 was performed in rats and monkeys to measure the amounts of WS635 in blood and liver following oral or intravenous administration of WS635 (Hopkins et al., 2010). In the present system establishment study in mice, we used intraperitoneal (IP) administration of WS635 because it is generally more difficult to perform oral or intravenous administration than IP administration in mice. We did not perform a bioavailability experiment in this proof of concept study. However, the findings that the IP administration of WS635 attenuated the anesthesia/surgery-induced behavioral and biochemistry changes suggest the effectiveness of WS635 following the IP administration. It remains unknown whether WS635 can reach brain tissues after administration. WS635 could attenuate the effects of the anesthesia/surgery on cognitive function and brain amounts of ATP and synaptic markers through the target(s) in blood, peripheral nervous system, or central nervous system. However, the exact target(s) of WS635, e.g., central nervous system vs. peripheral nervous system vs. blood, remains undetermined at present. Nevertheless, we will use the established system to further study WS635, including systematic pharmacokinetic and mechanistic investigations, in the future.

Interestingly, WS635 only mitigated the anesthesia/surgery-induced reduction in ATP amounts in the hippocampus but not the mice’s cortex (Figure 7). These data suggest that WS635 may not fully regulate the mitochondrial function of the mice’s brain tissues. Therefore, we postulate that WS635 can improve the mitochondrial function of both peripheral and brain tissues, leading to the mitigation of the anesthesia/surgery-induced cognitive impairment. A future study to identify the target of WS635 action is warranted.

There have been no studies to determine whether WS635 can regulate cognitive function in rodents. We, therefore, cannot compare the data obtained from the current study and the data obtained from previous studies. However, previous studies showed that idebenone could mitigate the anesthesia-induced reduction in mouse brain ATP amounts and the anesthesia-induced cognitive impairment in mice (Zhang et al., 2020). Idebenone is a synthetic analog of coenzyme Q (Rauchova et al., 2008). It has been reported that idebenone can protect mitochondrial function (Orsucci et al., 2011; Erb et al., 2012; reviewed in Pfeffer et al., 2013). Idebenone can cross the blood-brain barrier (Torii et al., 1985; Nagai et al., 1989). These findings suggest that it is important to determine whether WS635 can cross the blood-brain barrier and identify the target (peripheral vs. brain tissues) of WS635 action.

One study has shown that short-term administration of CsA can attenuate the APOE4-mediated neurovascular injury, including a breakdown of the blood-brain barrier, neuronal dysfunction, and neurodegenerative changes (Bell et al., 2012). Another study demonstrates that loss of low-density lipoprotein receptor-related protein 1 leads to the breakdown of the blood-brain barrier, neuronal loss, and cognitive impairment via cyclophilin A-matrix metalloproteinase-9 pathway in the endothelium (Nikolakopoulo et al., 2021). These data further suggest the role of mitochondrial and CsA in cognitive impairment and neurodegeneration. Our previous studies have also demonstrated that short-term administration of CsA can attenuate the anesthesia-induced mitochondrial dysfunction and cognitive impairment in vitro and in mice (Zhang et al., 2012) and the anesthesia/surgery-induced reduction in brain ATP amounts, the increases in latency to eat food in buried food test, and the decreases in entries in the novel arm in mice in Y maze test (Peng et al., 2016). These results suggest that short-term administration of CsA could be a promising treatment for postoperative cognitive impairment. However, the present study only focused on establishing a system to investigate WS635. Therefore, we did not systematically study the effects of CsA. We will use the established system to compare the effects of CsA and WS635 in future pre-clinical studies and potential clinical investigations.

There has been no reference regarding the dosage of WS635 we could use to determine the effects of WS635 on cognitive function in mice. WS635 is not commercially available and was exclusively provided by Waterstone Pharmaceuticals via Material Transfer Agreement. After consulting with Waterstone Pharmaceuticals, we decided to start our studies using WS635 with the dosage of 13.2, 26.4, and 52.8 mg/kg in mice. The lower dosage (13.2 and 26.4 mg/kg) of WS635 did not attenuate the anesthesia/surgery-induced changes in mice. We, therefore, used 52.8 mg/kg of WS635 in the study, which attenuated the anesthesia/surgery-induced cognitive impairment, ATP reduction, and synaptic loss without mortality or apparent abnormal behaviors observed in the mice.

There were several limitations in this study. First, we do not have methods and technology to determine whether WS635 can cross the blood-brain barrier without anesthesia/surgery. Therefore, we do not know the exact targets and mechanisms by which WS635 mitigates the anesthesia/surgery-induced cognitive impairment in mice and the reductions in synaptic markers and ATP in mice brain tissues. Second, we performed various behavioral tests and biochemistry tests at different times after the anesthesia/surgery. These times were chosen based on the findings from our previous studies (Yang et al., 2017) and the fact we targeted dNCR (occurring between 1–4 weeks after anesthesia/surgery) in the present study, which could lead to missing the effects of anesthesia/surgery on earlier (e.g., 1–3 days) cognitive function. However, the present study’s main objective was to establish a system and prove a concept that WS635 could mitigate anesthesia/surgery-induced cognitive impairment in mice. We will use the established approach to identify the underlying mechanism and time course of WS635 in the future. Finally, we did not measure the effects of WS635 on liver function, leakage of the blood-brain barrier, microglial activation, neuronal or axonal degeneration, among others in the mice. However, performing these experiments would take a long time and significantly delay the publication of the current findings that focused on establishing a system and proof of a concept. Therefore, we will perform these studies in the future.

In conclusion, we have established a system to study WS635 in mice and found that WS635 attenuated the cognitive impairment induced by anesthesia/surgery in a dose-dependent way. The treatment of WS635 attenuated the anesthesia/surgery-induced synaptic loss, and reduction in ATP amounts, in brain tissues of mice. These findings will promote more research of WS635, ultimately leading to identifying the underlying mechanism and revealing targeted interventions of PND in patients.
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Sevoflurane is one of the most commonly used inhaled anesthetics due to its low blood gas coefficient, fast onset, low airway irritation, and aromatic smell. However, recent studies have reported that sevoflurane exposure may have deleterious effects on cognitive function. Although neuroinflammation was most widely mentioned among the established mechanisms of sevoflurane-induced cognitive dysfunction, its upstream mechanisms have yet to be illustrated. Thus, we reviewed the relevant literature and discussed the most mentioned mechanisms, including the modulation of the microglial function, blood–brain barrier (BBB) breakdown, changes in gut microbiota, and ease of cholinergic neurotransmission to help us understand the properties of sevoflurane, providing us new perspectives for the prevention of sevoflurane-induced cognitive impairment.
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INTRODUCTION

Postoperative cognitive dysfunction, which has been included in the new conception of perioperative neurocognitive disorders, is a complication that occurs following surgery, especially in elderly people (>60 years old). It is worth noting that the trend for using anesthesia with surgery in elderly people is increasing (Miller et al., 2018). Among the anesthetics, sevoflurane has been widely used as an inhaled general anesthetic for anesthesia induction and maintenance in a variety of surgical treatments due to its low blood gas coefficient, fast onset, low airway irritation, and aromatic smell (Al Tmimi et al., 2015; Liu et al., 2015; Ye et al., 2016). In recent years, although sevoflurane was considered safe with a rapid clearance upon maintenance cessation, many studies have reported its capability to cause cognitive dysfunction (Fang et al., 2012; Lv et al., 2017; Zhu G. et al., 2017; Guo et al., 2018; Zhang et al., 2019).

To date, despite having various mechanisms of sevoflurane-induced cognitive dysfunction being mentioned by researchers, the exact pathophysiological changes remain unclear. Neuroinflammation, which was found to be associated with neurodegenerative diseases (Herranz et al., 2016; Melah et al., 2016), was found to be the most frequently mentioned mechanism. Several studies have shown that dysregulated neuroinflammation plays a key role in cognitive dysfunction (Cibelli et al., 2010; Terrando et al., 2011; Vacas et al., 2013; Riedel et al., 2014) through a variety of downstream mechanisms, including detrimental connectivity of brain network secondary to the dysfunction of synaptic transmission (Xiong et al., 2003), Tau phosphorylation, plaque formation, and dystrophic neurite growth (Streit et al., 2004). Due to this, sevoflurane might be one of the upstream causes of neuroinflammation (Zhang et al., 2013; Zheng et al., 2017; Cui et al., 2018), which can be exacerbated by other interferences such as sleep deprivation (Hou et al., 2019) and early-life adversity (Zhu Y. et al., 2017). However, the exact mechanisms underlying sevoflurane-induced neuroinflammation have yet to be elucidated.

Although the microglia were first recognized as immune surveillance cells of the central nervous system (CNS), recent studies have found them as the multifunctional cells that might interact with other CNS cells, which are associated with neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), schizophrenia, autism, and multiple sclerosis (MS) (Prinz et al., 2019). Notably, one of the key features shared by these neurodegenerative diseases was microglia-mediated neuroinflammation. Concerning this, sevoflurane might induce the classical activation of microglia (M1), which is responsible for the production of proinflammatory cytokines, thereby reducing the alternative activation and acquired deactivation (M2), which are associated with anti-inflammation, reconstruction of extracellular matrix, and tissue repair (Tang and Le, 2016).

Aside from the inflammation initiated in the CNS, sevoflurane might also mediate the permeability of the blood–brain barrier (BBB) (Sun et al., 2019) and affect peripheral factors, such as peripheral immune cells and gut microbiota (Han et al., 2021), which have been widely explored in recent years (Figure 1). Another factor, the cholinergic synaptic transmission, has also been found to be involved in the inflammation modulation (Kalb et al., 2013), in which sevoflurane might play a proinflammatory role via the suppression of cholinergic neurotransmission (Yin et al., 2019; Figure 2).


[image: image]

FIGURE 1. Sevoflurane modulating microglia and peripheral factors involved in neuroinflammation. Sevoflurane induced Tau transfer from the neurons to the microglia, thereby activating it to produce neurotoxic inflammatory molecules and cytokines, such as IL-1β and TNF-α; later, Tau can be phagocytized and secreted extracellularly and transmitted into the neuron again; sevoflurane induced microglia polarized into M1 activation via the NF-κB signaling pathway and inhibited its M2 activation by mediating SOCS1, SOCS3, and STAT6; sevoflurane induced macrophage inflammation, as shown by IL-1α, IL-1β, MIP-2, IFN-γ, and TNF-α increases; sevoflurane flattened the endothelial cell luminal surface and enlarged its perivascular spaces; and cytokines (IL-1β, IL-1, TNF-α, and IL-6) induced depression and redistribution of BBB adherens junction proteins (ZO-1, occludin, and vinculin); sevoflurane increased RAGE and decreased IRP-1 expressions; sevoflurane decreased intestinal microbiome abundance and diversity.
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FIGURE 2. Sevoflurane decreased cholinergic neurotransmission. Sevoflurane partially decreased presynaptic acetylcholine (ACh) by inhibiting calcium currents, sevoflurane decreased postsynaptic ACh by increasing acetylcholinesterase (AChE), and sevoflurane reduced ACh binding with ACh receptors (AChRs) on the immune cells to inhibit the release of proinflammatory cytokines.


In consideration of the clinical significance of sevoflurane, this study attempts to synthesize and discuss the mechanisms of sevoflurane-induced neuroinflammation, as all these mechanisms might be promising therapeutic targets that could be used to prevent, either partly or in total, neuroinflammation and consequent cognitive dysfunction.



MECHANISMS


Activation and Regulation of Microglia and Peripheral Immune Cells

Prior to the use of the term “neuroinflammation,” immune responses have already been found to play a critical role in neurodegenerative diseases such as AD (McGeer et al., 1987; Griffin et al., 1989). Neurodegeneration is more aptly referred to the innate immune system in the brain rather than the adaptive immunity because leukocyte infiltration is limited. However, the intrinsic immune cells of the brain, especially microglia, are prominently activated in these situations (Streit et al., 2004). As early as 1932, the microglia were first mentioned by Pio del Río-Hortega to function as the macrophages of the CNS, but there have been few investigations followed up in the next 50 years using the limited methods that can distinguish microglia from other cells. Until 1995, microglia were known to be the vital components of the brain immune system (Streit and Kincaid-Colton, 1995). Specifically, they can be activated by adverse factors and are the first cells that appear to cause a neuroinflammatory response (Dheen et al., 2007). In fact, microglial activation is a hallmark of neuroinflammatory and neurodegenerative diseases, such as AD, PD, Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS) (Prinz et al., 2019).

Microglia can be polarized into two different activated states, namely, the classical activation (M1) that is characterized by proinflammation and production of reactive oxygen species, which is harmful to neurons, and the alternative activation (M2), which is typified by its opposite anti-inflammatory function and is helpful for tissue repair and wound healing (Boche et al., 2013). Sevoflurane can accelerate microglial migration, promote their activation, enhance their phagocytic efficiency, and promote their proliferation (Dang et al., 2018). In particular, (Zhang et al., 2013), reported that 4% sevoflurane for 6 h led to an increase of interleukin-6 (IL-6) via the nuclear factor-kappa B (NF-κB) pathway in isolated microglia (Zhang et al., 2013). The NF-κB signaling pathway has been well explored and is known to be associated with inflammation and cognitive impairment (Kaushal and Schlichter, 2008; Wang et al., 2014; Yang and Yuan, 2018), one of which is the microglial M1 activation (Kobayashi et al., 2013). Additionally, the activation of NF-κB signaling pathway can be induced by Ca2+ elevation, in which even the local Ca2+ transients may cause apparent NF-κB capacity (Meffert et al., 2003). Sevoflurane also increases the cytosolic calcium via the activation of inositol 1,4,5-trisphosphate receptors, leading to abnormal calcium release from the endoplasmic reticulum (Yang et al., 2008).

In contrast, sevoflurane not only enhances M1 polarization but also simultaneously suppresses M2 activation (Pei et al., 2017). Pei et al. (2017) found that in primary microglial cells isolated from the cerebral cortices of mice, the pretreatment of sevoflurane (2 or 4%) for 12 h before IL-4 (10 ng/ml) can suppress IL-4-induced increases of characteristic M2 marker genes Arg1, Ym1, and IL-10. The protein levels of the aforementioned genes were also inhibited by sevoflurane. Furthermore, other factors involved in M2 polarization, such as suppressor of cytokine signaling one upregulation, SOCS3 suppression, and signal transducer and activator of transcription 6 (STAT6) phosphorylation were found to be regulated by sevoflurane in a dose-dependent manner. In the same experiment, a similar conclusion was drawn in another model of human umbilical cord mesenchymal stromal cells–induced M2 polarization, in which sevoflurane attenuated Arg1, Ym1, and IL-10 protein and mRNA levels.

Moreover, both Tau and amyloid-beta (Aβ) peptides, as mentioned below, are canonical features of AD. Tau peptides can transfer between cells in a prion-like fashion, in which this seeding activity has been associated with AD progression (Laurent et al., 2018). Due to this, the relationship between microglia and the speed of Tau activity might be involved in a vicious cycle described as the following: first, Tau is transferred from the neurons to the microglia, thereby activating it to produce neurotoxic inflammatory molecules and cytokines, such as IL-1β and tumor necrosis factor-α (TNF-α); afterward, Tau can be phagocytized and secreted extracellularly, consequently increasing the progressive spread of tauopathy. Microglial phagocytosis further aggregates the spreading of Tau, given that the secreted Tau was easily transmissible to the neurons (Furman et al., 2017). Most recently, Dong et al. (2021) demonstrated that sevoflurane also induced Tau migration from the neurons to the microglia, leading to IL-6 generation and cognitive impairment. Therefore, the influence of sevoflurane on Tau migration might further worsen the neuroinflammation.

Previously, peripheral immune cells were thought to have less influence on the CNS due to the presence of the BBB; however, contradictory results have been found in models of patients with systemic inflammation and PD, in which monocytes are trafficked into the brain, influencing inflammatory CNS signaling (Zhou et al., 2009; Grozdanov et al., 2014). One of the specific mechanisms may be that proinflammatory factors break the BBB (reviewed in the section “Permeability Changes of Blood–Brain Barrier”).



Permeability Changes of Blood–Brain Barrier

The BBB, formed with a monolayer of brain vascular endothelial cells (BVECs) and supported by astrocytes, pericytes, and a basement membrane, is essential for the regulation of the neural environment and brain homeostasis (Kniesel and Wolburg, 2000; Begley and Brightman, 2003; Abbott et al., 2010). The core element of the BBB is the formation of the blood vessel by the BVECs, acting as a physical barrier to control the microenvironment of cerebral cells. Unlike the peripheral tissue endothelium, BVECs in the brain are unique, as they are connected by numerous tight junctions that severely restrict ionic penetration and fluid movements (Abbott et al., 2006). The dysfunction of BBB is associated with a wide range of neurodegenerative diseases like AD, PD (Desai et al., 2007), and multiple system atrophy (Song et al., 2011).

Previous studies have focused on the protective role of sevoflurane in the BBB, but these articles were often in the precondition of adverse factors, such as surgery (Gao et al., 2019) or cerebral ischemia and reperfusion (Yu Q. et al., 2019). For example, Gao et al. (2019) reported that a short-time (i.e., 2 h) exposure to sevoflurane did not change cognitive impairment in rats; on the contrary, the Aβ, one of the main factors of postoperative cognitive dysfunction (Xu et al., 2014), was significantly eliminated by sevoflurane treatment via upregulating the expression of Aquaporin-4, a water channel expressed in astrocytic end feet. Additionally, Yu Q. et al. (2019) reported that sevoflurane improved the integrity of BBB after ischemia and reperfusion in rats, and they found that 1.5% of sevoflurane preconditioning induced migration of astrocyte toward infarct areas to form scaffolds facilitating neuroblast migration, and then subsequently promoted the formation of neural networks, which closely resemble those of the normal brain.

However, with regards to the aim of this article, there are also studies on sevoflurane-induced BBB disruption, which have mainly focused on BVECs. In particular, Acharya et al. (2015) found in an in vivo study of rats that exposure to 1–3% sevoflurane for 3 h resulted in the compromised BBB integrity and increased permeability, as shown by immunoglobulin G augmentation that leaked into the brain. Additionally, the structural changes in BBB-associated BVECs were observed in this study, resulting in a general flattening of the BVEC luminal surface and subsequent death. Similarly, Sun et al. (2019) observed enlarged perivascular spaces after the sevoflurane exposure in a duration-dependent manner, in which 78% of the capillaries were destroyed after 6 h of 2% sevoflurane treatment.

Although the astrocytes play a vital role in the maintenance of BBB integrity, there have been few studies attributing the disruption of sevoflurane-induced BBB to these astrocytes. It has been reported that the lengthy sevoflurane exposure disrupted the maturation of “tripartite synapse” by altering astrocyte morphogenesis and causing consequential behavioral deficits (Zhou et al., 2019). Despite the apparent adverse impact of sevoflurane on astrocytes, no researchers have linked this impact to direct BBB breakdown. More research is needed to clarify whether sevoflurane can damage BBB by regulating the function of astrocytes.

Interestingly, proinflammatory cytokines, such as IL-1 and TNF-α, can also induce BBB disruption, and their synergistic effects have also been reported (Quagliarello et al., 1991). As those tight junction proteins such as occludin play pivotal roles in maintaining the BBB integrity (Zehendner et al., 2011; Lv et al., 2018), TNF-α decreases the occludin in astrocytes through its specific effect on the TNF type-1 receptor via NF-κB activation (Wachtel et al., 2001). All these effects of TNF-α, such as the decreased levels of tight junction protein and the elevation of BBB permeability, have been attributed to the production of microvascular endothelial IL-6 (Rochfort et al., 2016). Similarly, IL-1β was found to induce neutrophil adhesion to the endothelial cells, decreasing the levels of occludin and zonula occludens protein 1 (ZO-1) and redistributing vinculin, another adherens junction protein, to enhance BBB permeability (Bolton et al., 1998). Thus, the breakdown of BBB may also still be the downstream mechanism of neuroinflammation, in turn, to further aggravate neuroinflammation.

Except for the structural breakdown of BBB, the receptors of the barrier, including receptors for advanced glycation end products (RAGE) and receptors for low-density lipoprotein receptor–related protein 1, play a vital role in the brain Aβ exchanges (Shibata et al., 2000; Deane et al., 2003; Herz and Marschang, 2003). More specifically, the expression of microglial RAGE enhanced the infiltration of astrocyte and microglial and increased the production of IL-1 and TNF-α (Fang et al., 2010). In particular, the study by Liu et al. (2013) proved that exposure to 2% sevoflurane for 2 h will lead to the increased RAGE and decreased IRP-1 in rats, possibly attributing that sevoflurane might induce neuroinflammation by regulating the expressions of RAGE and IRP-1, ultimately leading to Aβ and cytokine accumulation in the brain.



Decreased Gut Microbiota

The dysregulation of gut microbe might also influence the brain through immune molecules, hormones, and relevant metabolites (Mayer et al., 2015; Smith, 2015), such as impairing BBB function by regulating tight junction proteins (Braniste et al., 2014), modulating brain development and behavior by altering canonical signaling pathways, expressing synaptic plasticity–related proteins and allowing neurotransmitter turnover (Diaz Heijtz et al., 2011). The correlations between gut microbes and human neurological diseases, such as MS, PD, AD, HD, ALS, and neuromyelitis optica spectrum disorders, have been well illustrated in previous studies (Tremlett et al., 2017). The gastrointestinal microbiota were further proven to be a key neuroinflammation modulator, possibly by recruiting monocytes into the brain and/or modulating the stress response via the regulation of the activity of the hypothalamic–pituitary–adrenal axis (Rea et al., 2016). Given that gut microbes have been well explored in human neurological diseases and Rea et al. (2016) have reviewed the relationship between gut microbiome and neuroinflammation, the role of gut microbes in regulating neuroinflammation may be compelling.

Frohlich et al. (2016) performed an in vivo study in rats that the short-term antibiotic use (mixed antibiotics of ampicillin, bacitracin, meropenem, neomycin, and vancomycin at 8–11 weeks of age for 11 days) significantly disrupted the gut bacterial community and impaired the cognitive performance. Although researchers have discussed the antibacterial activity of the halogenated anesthetic decades ago, these were always studied at very high concentrations (Wardley-Smith and Nunn, 1971; Molliex et al., 1998), which carries no actual clinical significance. Until recently, a new study performed by Han et al. (2021) finally gave us a certain answer, showing that a clinical concentration of sevoflurane did change the gut microbiota. More specifically, 1.3 minimum alveolar concentration (MAC) of sevoflurane gas (i.e., 2.21%) for 4 h was found to have decreased the diversity and abundance of the intestinal microbiome. Similarly, a previous study conducted on isoflurane proved that one MAC isoflurane for 4 h in juvenile rats (postnatal Day 7) significantly changed their gut microbiota in the long term (i.e., 42 days), in which such changes may be the potential mechanism of isoflurane-induced cognitive dysfunction (Wang et al., 2019).

It is worth noting that Chamberlain et al. (2017) provided a new perspective on the influence of sevoflurane on bacterial behavior, revealing that sevoflurane at clinically relevant concentrations (i.e., 1.5% and 3%) reduced Escherichia coli and Pseudomonas aeruginosa swimming, and conversely enhanced the biofilm formation of Staphylococcus aureus and Enterococcus faecalis, which are the important behaviors in bacteria for liquid mobility and consequent antibiotic resistance. This study also provides a new orientation to evaluate the potential impact of sevoflurane on gut bacteria, rather than focusing on the abundance and diversity of the intestinal microbiome. Unfortunately, neither sevoflurane nor isoflurane experiments have been further extended to the regulation of neuroinflammation after the disturbance of the intestinal microbiome. This should be one of the key directions for future research on neuroinflammation caused by the inhaled anesthetic.

Although there are few direct studies on the regulation of the intestinal microbiome by sevoflurane, in line with the results of the isoflurane study, the effect of sevoflurane on reducing the diversity and abundance of the intestinal microbiome may be convincing. According to the existing studies, when exploring the mechanism of sevoflurane-induced neuroinflammation, it may be safe to put forward the influence of the gut microbiota–brain axis, though more follow-up experiments are needed to prove these findings further.



Modulation of Cholinergic Synaptic Transmission

The selected cholinergic neuron loss in the canonical neuroinflammation-related disease, AD, has been observed decades ago (Davies and Maloney, 1976). The principal neurotransmitter of the vagus nerve is acetylcholine (ACh), which is associated with cognition and learning ability (Conner et al., 2003; Gotti et al., 2006; Lima et al., 2014). There are two types of ACh receptors (AChRs), namely, the muscarinic receptor (mAChR) and nicotinic receptor (nAChR), which are distributed in both the CNS and periphery. Although the ACh anti-inflammatory function was mostly found with the nAChRs, or more specifically, the subdivided α7 nicotinic acetylcholine receptors (α7nAChRs) (Pavlov and Tracey, 2005), the contribution of mAChR has also been reported (Fujii et al., 2017). The core of the cholinergic anti-inflammatory pathway is the α7nAChRs, which are expressed on the surfaces of the immune cell and are known to be required for the cholinergic inhibition of TNF and other proinflammatory cytokines, such as IL-1β and high-mobility group protein B1 (Wang et al., 2003, 2004). Peripheral immune cells such as macrocytes and cerebral immune cells, such as microglia and astrocytes, all have α7nAChRs, in which ACh binding can reduce the production of proinflammatory cytokine.

In addition, it is clear that anti-inflammation and pro-resolution are not equivalent processes. Inflammation resolution, involving pro-resolving mediators, is also vital for the tissues affected by inflammation to regain function (Serhan and Savill, 2005). Meanwhile, Mirakaj et al. (2014) reported that the resolution and pro-resolving mediators of inflammation were controlled by the vagus nerve. Although the vagus nerve induced the anti-inflammatory pathway and pro-resolution function might be vital for neuroinflammation prevention, ACh transmission might also be inhibited by sevoflurane, and the potential mechanisms are reviewed as follows.

It has been reported that the clinical concentration of sevoflurane can inhibit ACh release in a dose-dependent manner (Shichino et al., 1998). Furthermore, an experiment by Chen et al. (2015) in Drosophila melanogaster showed that 1, 2, and 3% sevoflurane for 24 h reduced presynaptic cholinergic neurotransmission, partially by inhibiting calcium current. Interestingly, the in vitro study by Naruo et al. (2005) demonstrated that a clinically relevant sevoflurane concentration (i.e., 0.5–3%) inhibited the postsynaptic cholinergic neurotransmitters without the influence of presynaptic exocytosis or endocytosis, which instead functioned by nAChR blocking on the postsynaptic neuron. Despite these findings, the exact mechanism by which ACh moves to the α7nAChRs on immune cells remains to be elucidated, and it has been postulated that the ACh diffuses to α7nAChRs following its release from the vagus nerve axon terminals. Thus, supposing that this postulate is true, nAChR blockage on the postsynaptic neuron via sevoflurane induction increases ACh diffusion to the immune cells. However, this effect might be insignificant because aside from decreasing presynaptic and postsynaptic cholinergic neurotransmitters, sevoflurane might also increase acetylcholinesterase (AChE) activity and expression (Yin et al., 2019). In consideration of the rapid AChE catabolism, we assumed that ACh redundancy caused by the nAChR blockage on the postsynaptic neuron might not have influenced the diffused quantity, although more studies are needed to verify this hypothesis.




DISCUSSION

In consideration of the clinical importance of sevoflurane, understanding its properties and figuring out its potential noxious effects are significant. Although numerous studies have explored the mechanism of sevoflurane-induced cognitive dysfunction and have brought up multiple mechanisms to support these hypotheses, neuroinflammation was the most mentioned in recent years. Meanwhile, our understanding of the upstream mechanisms of how sevoflurane induces neuroinflammation was enriched with time. Aside from cerebral tissue–initiated inflammation, BBB breakdown, modulation of cholinergic anti-inflammatory pathway, the influence of sevoflurane on peripheral factors and gut microbiota was also investigated. Although the mechanisms of sevoflurane induced-neuroinflammation might not limit to the aforementioned mechanisms, they should still be promising orientations for researchers to understand the impact of sevoflurane on cognitive function well.

In fact, the effects of sevoflurane on neuroinflammation remain controversial. In addition to its proinflammatory function, this anesthetic was also shown to reduce neuroinflammation caused by adverse effects, such as brain ischemic diseases, which was its most evidenced benefit. For instance, the study by Hwang et al. (2017) showed that sevoflurane postconditioning decreased the production of multiple proinflammatory cytokines such as TNF-α, IL-6, and IL-1β, via the Toll-like receptor-4/NF-κB pathway, which was activated by cerebral ischemia/reperfusion injury. Similarly, Xue et al. (2020) reported that sevoflurane postconditioning significantly attenuated the activation of hypoxic–ischemic brain injury–induced microglia/macrophage and impairment of the cognitive function.

In line with this, sevoflurane might also play a dual role in microglial activation, in which Xie et al., found that sevoflurane treatment increased expressions of NF-κB and cytokine IL-6 in isolated neuroglioma cells (Zhang et al., 2013); however, Yu X. et al. (2019) observed different results, in which sevoflurane reduced NF-κB expression and production of proinflammatory cytokines following the lipopolysaccharide (LPS) treatment. These contradictory results might be caused by the concentration and/or duration differences between the studies. In the study by Xie et al., 4.1% sevoflurane for 6 h was used, whereas 3.3% sevoflurane for l h in the study by Yu et al., was only used. Similarly, TNF-α decrease was found in resting isolated microglia after 2% sevoflurane treatment, but a significant increase was observed after 4% sevoflurane. Another similar result was also found in LPS-activated microglia, in which 4% sevoflurane increased IL-1β and IL-6, but this was not observed on using 2% sevoflurane (Ye et al., 2013). This concentration-dependent and/or duration-dependent phenomenon was also observed in the effect of sevoflurane on peripheral immune cells. It is apparent to see that the suppressive effect of sevoflurane on peripheral immune cells was found at relatively low concentrations, which, in most cases, was less than 3% (Mitsuhata et al., 1995; Wada et al., 2007; Kong et al., 2010). In contrast, its stimulative function is always observed in relatively high concentrations, such as two MAC in rats (Morisaki et al., 1997; Kotani et al., 1999) and 5% in humans (Morisaki et al., 1998).

The gut microbes were well explored in human neurological diseases, such as MS, PD, AD, HD, and ALS (Tremlett et al., 2017). Furthermore, the Rea et al. (2016) reviewed the relationship between gut microbiome and neuroinflammation. The gut microbiome–neuroinflammation process might partly be bridged by the breakdown of BBB. For example, the study by Braniste et al. (2014) showed that the lack of gut microbiota was associated with lower expression of the tight junction proteins (e.g., occludin, ZO-1, and claudin-5) and increased the permeability of BBB subsequently. As we reviewed in the section “Permeability Changes of Blood–Brain Barrier,” abundant studies confirmed that sevoflurane induced the breakdown of BBB to cause neuroinflammation. Unfortunately, to date, there is only one study published this year (Han et al., 2021) which reported that sevoflurane might decrease the diversity and abundance of the intestinal microbiome, and this study only focused on the effect of sevoflurane on intestinal bacteria yet did not extend to downstream neuroinflammation. Even so, in line with the similar conclusion drawn by a previous isoflurane study (Wang et al., 2019), the regulative function of sevoflurane on gut bacteria seems convincing. Although the evidence is not particularly strong at present, sevoflurane may be a promising area of research considering the regulation of neuroinflammation by intestinal flora, and further studies are needed to fill in this gap.

It is worth noting that the resulting increase in inflammatory cytokines can increase the permeability of BBB and in turn aggravate neuroinflammation (Quagliarello et al., 1991). Similarly, more research is needed to confirm whether the decrease in the intestinal flora caused by sevoflurane was mediated by neuroinflammation. After all, the brain–gut axis was known as a bidirectional axis (Dinan and Cryan, 2017). This means that the breakdown of BBB and intestinal flora disorder may also be the result of the occurrence of neuroinflammation, which in turn further aggravates neuroinflammation.

Although the inhibitory effect of sevoflurane on the cholinergic nerve is well described in multiple studies, different findings can still be seen. Silva et al. (2005) conversely reported that sevoflurane increased the ACh release, and his opinion was enforced by similar findings in other volatile anesthetics, such as halothane (Gomez et al., 1999; Adachi et al., 2002) and isoflurane (Gomez et al., 2000). This discrepancy might be explained by the differences in the models and drug administration, which was observed in an in vivo study with 0.5 MAC (i.e., 1.1%) to 1.5 MAC (i.e., 3.3%) of sevoflurane gas (Shichino et al., 1998); however, the study by Silva et al. (2005) and relevant isoflurane studies were performed in vitro. As previously mentioned, sevoflurane partially reduced cholinergic neurotransmissions by blockage of the postsynaptic nAChRs, but the question remains on whether the anesthetic also directly blocks the α7nAChRs on the immune cells. This is an interesting question to explore in future studies.

Sevoflurane might induce neuroinflammation through complicated and interacting mechanisms, in which its proinflammatory function is dependent on concentration and duration under certain pathological models. However, the neuroprotective function of sevoflurane should also not be ignored. Therefore, future studies with uniform models should find the thresholds of both the proinflammatory and anti-inflammatory functions of sevoflurane, which will be more instructive for its clinical use.
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Serum Proteomics of Older Patients Undergoing Major Cardiac Surgery: Identification of Biomarkers Associated With Postoperative Delirium
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Background: Postoperative delirium (POD) is an acute altered mental state commonly encountered after cardiac surgery. The pathophysiological mechanisms underlying POD remain unclear. We aimed to identify circulating proteins significantly altered after major cardiac surgery with cardiopulmonary bypass (CPB). We also aimed to enable inferences on associations with POD.

Methods: Serum and whole blood samples were collected before CPB (n = 16 patients; n = 8 with POD) and again from the same patients on postoperative day 1. All patients were clinically evaluated for POD on postoperative days 1–3. An aptamer-based proteomics platform (SOMAscan) was used to quantify serum protein abundance in patients with POD compared with non-POD controls. We also performed a lipopolysaccharide (LPS)-based in vitro functional analysis (TruCulture) on whole blood samples from patients with POD and non-POD controls to approximate surgical stress. Cytokine levels were determined using a Luminex immunoassay.

Results: Cardiac surgery with CPB resulted in a significant (padj < 0.01) change in 48.8% (637 out of 1,305) of proteins detected by SOMAscan. Gene set enrichment showed that the most impacted biological processes involved myeloid cell activation. Specifically, activation and degranulation of neutrophils were the top five highest-scoring processes. Pathway analyses with the Kyoto Encyclopedia of Genes and Genomes (KEGG) showed that metabolic enzymes, particularly those of glycolysis, were elevated in serum concentration after surgery. Several proteins were significantly increased postoperatively in patients diagnosed with POD relative to the non-POD controls, with interleukin-6 (IL-6) showing the greatest fold-change. LPS stimulation of whole blood samples confirmed these findings. Linear regression analysis showed a highly significant correlation between Confusion Assessment Method (CAM) scores and CPB-mediated changes in cGMP-inhibited 3′,5′-cyclic phosphodiesterase A (PDE3A).

Conclusions: Cardiac surgery with CPB resulted in inflammasome changes accompanied by unexpected increases in metabolic pathways. In exploratory analyses, we found that POD was associated with changes in the expression level of various proteins, most notably IL-6 and PDE3A. This study and ongoing protein biomarker studies will likely help quantify risk or confirm the diagnosis for POD and increase understanding of its pathophysiological mechanisms.

Keywords: postoperative delirium, proteomics, SOMAscan, TruCulture, IL-6, TIMP-1, PDE3A, cardiopulmonary bypass


INTRODUCTION

Cardiopulmonary bypass (CPB) was introduced in the 1950s to allow optimal operative conditions for major cardiac surgery (Castellheim et al., 2008). During CPB, venous blood is drained from the body, oxygenated, and then replaced into the arterial system using non-pulsatile flow. CPB and surgical injury are associated with the release of damage-associated molecular patterns that bind to evolutionary conserved families of receptors like Toll-like receptors expressed on various cell types (Sandler et al., 2018). This may subsequently trigger leukocyte migration, release of inflammatory mediators, and recruitment of immune cells. Margraf et al. (2020) recently reviewed this topic. The marked systemic inflammatory response associated with CBP (Gu et al., 1998; Matata et al., 2000; Castellheim et al., 2008; Serrano et al., 2010; Reed et al., 2020), likely influenced by genetic determinants (Lehmann et al., 2006), is associated with increased morbidity and mortality (Cleveland et al., 2001; Tomic et al., 2005).

Delirium, an acute brain dysfunction characterized by disturbances in attention, awareness, and cognition that are not fully explained by a preexisting neurocognitive disorder (American Psychiatric Association, 2013; Oh et al., 2020), is a morbidity commonly associated with older patients who undergo cardiac surgery with CBP (Rudolph et al., 2009; Brown et al., 2018). It is independently associated with increased mortality, prolonged hospitalization, and long-term cognitive deficits (Oh et al., 2020). An improved understanding of the systemic inflammatory response associated with CPB may elucidate putative mechanistic links with delirium. However, the expression pattern of a limited set of proteins is unlikely to lend principle insights into the large-scale complex interactions underlying inflammation associated with CBP. Thus, simultaneous quantification and analyses of a vast number of proteins that span logarithmic folds of abundance are necessary.

Therefore, we analyzed protein concentrations, both before and after CPB, of older patients undergoing major cardiac surgery [(n = 16 patients; n = 8 with postoperative delirium (POD)] using SOMAscan, a large-scale, multiplexed, and sensitive aptamer-based proteomics discovery tool. We found that cardiac surgery results in a significant change (padj < 0.01) in 48.8% of proteins (n = 1,305) analyzed. Changes in the inflammasome were accompanied by unexpected increases in metabolic pathways. In exploratory analyses, we found that POD was associated with changes in the expression level of various proteins, namely, interleukin-6 (IL-6), tissue inhibitor of metalloproteinases-1 (TIMP-1), and cGMP-inhibited 3′,5′-cyclic phosphodiesterase A (PDE3A), and that POD samples displayed an exaggerated response to lipopolysaccharide (LPS) stimulation.



MATERIALS AND METHODS


Selection of Patients and Data Collection

This was a preliminary analysis of data obtained from patients enrolled in the Minimizing Intensive Care Unit Neurological Dysfunction with Dexmedetomidine-induced Sleep (MINDDS) trial. The details of the study about the MINDDS trial have previously been published (Shelton et al., 2018). Inclusion and exclusion criteria can be found at clinicaltrials.gov (NCT02856594). Patients underwent a baseline pre-randomization assessment for the inclusion and exclusion criteria of this study.

We screened for delirium during the pre-randomization assessment using the 3-min Confusion Assessment Method (CAM). Patients were screened for POD two times daily (before midday and past midday with at least 6 h between tests) beginning on postoperative day 1 using the long version of the CAM, until postoperative day 3. The CAM was administered by MINDDS research coordinators who obtained training and certification in delirium assessment via the Hospital Elder Life Program developed at the Beth Israel Deaconess Medical Center and now part of the American Geriatrics Society (AGS) CoCare portfolio and performed several initial assessments under the direct supervision of an experienced clinician or someone already certified. POD was also assessed with a structured chart review beginning on postoperative day 1 until postoperative day 3 by performing a text search for the diagnosis of “delirium” or “delirious” in the medical record.



Blood Sample Collection and Handling (TruCulture and SOMAscan)

For SOMAscan, blood samples were collected before surgery and the morning of postoperative day 1 in a plastic serum separator tube (BD Vacutainer tube, BD Life Sciences, Franklin Lakes, NJ, United States) and allowed to clot for 30 min, followed by centrifugation at 383 × g at 22°C for 30 min. The supernatant was then collected, aliquoted, and stored at −20°C for 24 h, followed by transfer to −80°C until further processing. Samples were shipped on dry ice to SomaLogic (Boulder, CO, United States) for aptamer-based protein identification and quantification, as well as assay calibration and normalization.1 For ex vivo LPS stimulation, whole blood was collected in heparin tubes, with 1 ml of each sample added to pre-warmed TruCulture tubes (Myriad RBM, Austin, TX, United States) containing 2 ml of medium alone or medium with LPS (Escherichia coli O55:B5; 100 ng/ml). Samples were incubated at 37°C for 24 h for the stimulation reaction, after which liquid supernatants were aliquoted, frozen, and shipped on dry ice to Myriad RBM for analysis. Cytokine levels (ng/ml) were quantified by a 48-plex Luminex assay.



Statistical Analyses

Significant differences in biomarker concentrations in the delirium cohort compared with the control group were assessed by using a repeated-measure ANOVA with the Šídák’s multiple comparisons test for each protein detected using GraphPad Prism (version 8.4.3) (GraphPad Software, San Diego, CA, United States). The Kolmogorov–Smirnov normality test was used to determine if the data were normally distributed. The Mann–Whitney U test was used for associations between continuous and categorical variables.

The relationship between preoperative to postoperative change in biomarker levels and CAM score was evaluated using linear regression, with significance determined from a two-tailed test of the beta coefficient. The nominal p-value from this significance test is reported along with the R2 goodness-of-fit metric. The p-value distribution of associations between change in protein level and CAM score was used to estimate false discovery rates. All calculations were performed in R with false discovery rates computed using the q-value package.

To characterize the biological processes most impacted by surgery with CPB, we performed differential gene expression analysis and gene set enrichment analysis (GSEA; Subramanian et al., 2005). For GSEA, proteins were ranked by decreasing test-statistic, and enrichment scores and p-values were calculated using the gseGO, gseKEGG, and gseMKEGG functions, in the clusterProfiler R package (version 3.18.1) (Yu et al., 2012) for the gene ontology (GO), KEGG, and modulated KEGG databases, respectively. The p-values for all enrichments were adjusted for multiple comparisons using the Benjamini–Hochberg method. Analysis was performed by using RStudio Version 1.3.2093.




RESULTS


Changes During Cardiopulmonary Bypass Surgery

We analyzed 1,305 proteins and found that the relative abundance of 828 (63.4%) proteins was altered significantly over the course of surgery with a padj < 0.05 (paired linear model) and 637 (48.8%) with a padj < 0.01. Figure 1 shows a heat map depicting the top 100 proteins whose levels differed most dramatically between the preoperative and postoperative states (padj < 3e10–6; Supplementary Dataset 1). Among the highest scoring proteins were known heart and skeletal muscle biomarkers, such as creatine kinase isoenzymes M and MB (CKM and CKMB), as would be expected after major cardiac surgery. Mediators of inflammation and tissue repair were highly upregulated after cardiac surgery, including cytokines and chemokines involved in both innate and adaptive immune responses. Specifically, significant increases were observed for IL-6 (padj = 7.66e10–10), granulysin (padj = 7.24e10–9), serum amyloid A-1 (padj = 1.52e10–8), macrophage colony-stimulating factor-1 (padj = 3.27e10–8), and interleukin-23 (padj = 3.50e10–7).
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FIGURE 1. Heat map and dendrogram of preoperative and 24-h postoperative proteomes. The top 100 proteins with the most significant change (padj < 3e10− 6) at 24 h after surgery with cardiac bypass are listed. Patients with (n = 8) and without (n = 8) postoperative delirium (POD) are represented by yellow and blue bars, respectively.




Gene Set Enrichment and Pathway Analyses

SOMAscan detects proteins that span a wide range of biological functions, disease pathophysiology, and subcellular distribution. Cytokines constitute about 20% of the cognate proteins recognized by its aptamer library, with the remaining 80% being hormones (3%), protease inhibitors (5%), growth factors (13%), proteases (17%), kinases (20%), receptors (21%), and structural proteins (1%) [SomaLogic, (2014), An Overview of SomaLogic and the SOMAscan Assay, Company document]. While 47% of the proteins are classified as secretory, the rest of them are either intracellular (25%) or possess extracellular domains (28%). Given that approximately half of the 1,305 SOMAscan proteins were significantly changed by surgery with CPB and these proteins represent extensive biological diversity, it was important to determine which cellular functions were most impacted.

Gene set enrichment analysis using GO curated sets was performed to identify biological processes affected by surgery with CPB (Figure 2). Leukocyte functions were highly represented, particularly those governing myeloid cell activation. The top five highest-scoring processes involved neutrophil migration and degranulation. The two most enriched functions were related to the protein ficolin-1, a key component of complement activation in the innate immune response that is expressed on granulocytes and monocytes (Holmskov et al., 2003).
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FIGURE 2. Gene ontology gene set enrichment analysis (GSEA). Immune cell activation and function are highly associated with proteomic changes during cardiac bypass surgery. Ridge plots depict the distribution of core enriched proteins, with positive enrichment scores representing increased expression after surgery.


KEGG pathway analysis (Figure 3) revealed two pathways altered post-CPB with padj < 0.3, metabolism (padj = 0.013), and cytokine–receptor interactions (padj = 0.096). The former was upregulated, and the latter, somewhat surprisingly, was downregulated. In particular, glycolysis was strongly impacted, with alpha-enolase, neuron-specific enolase, hexokinase 2, triosephosphate isomerase, glucose-6-phosphate isomerase, aldolase A, and pyruvate kinase M2, all significantly increased in serum concentration after surgery and depicted by the dark red bars. Certain chemokines with roles in homeostatic maintenance and restriction of leukocyte migration, such as CCL19 (MIP-3b), CCL25 (TECK), CCL27 (CTACK), CXCL11 (I-TAC), and CXCL12 (SDF-1) (Moser and Willimann, 2004; Mantovani et al., 2006; Shachar and Karin, 2013; Karin and Wildbaum, 2015), all had lower serum concentrations after CPB. Of the 47 proteins assigned to this KEGG pathway, CXCL11 had the greatest overall fold-decrease in the postsurgical state, with a padj = 1.34 × 10–6 (Supplementary Dataset 2).
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FIGURE 3. KEGG pathway analysis. The two biological pathways most altered by cardiopulmonary bypass surgery involve upregulation of metabolism (red bars) and downregulation of cytokine–receptor interactions (blue bars). The dark red bars all represent enzymes of glycolysis. PHI, glucose-6-phosphate isomerase; M2-PK, pyruvate kinase isozyme M2; HXK2, hexokinase 2; NSE, neuron-specific enolase.




Delirium-Associated Proteomic Changes

In exploratory analyses, we assessed for differences in protein biomarker levels between the POD and non-POD groups. There were no statistically significant group differences (p < 0.05) in key variables between POD and non-POD groups, including mean age, sex, BMI, and CPB time (Table 1). Importantly, levels of tissue injury in the two groups as assessed by circulating levels of heart and skeletal muscle biomarkers were similar (Supplementary Figure 1). We compared the change in each level of biomarker over the course of surgery between the POD and non-POD groups (Supplementary Dataset 3). Ten proteins (green dots, Figure 4) met threshold criteria for fold change (FC) > 1.5 (absolute log2FC > 0.59) and p-value < 0.05 (−log10p-value > 1.3). Of these proteins, IL-6 notably demonstrated the greatest relative increase in the POD group. The others included cadherin-12, protease nexin I, protein kinase C zeta, and fibroblast growth factor 16.


TABLE 1. Clinical features of the control and delirium cohorts for the SOMAscan analysis.
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FIGURE 4. SOMAscan proteins associated with delirium. The volcano plot shows those proteins most differentially changed during surgery in the POD vs. non-POD groups. Fold change (FC) is calculated by (postoperative/preoperative level)POD group ÷ (postoperative/preoperative level)non–POD group. Those proteins in orange satisfied absFC > 1.5, red achieved p-value < 0.05, and green met both p-value and FC criteria.


Using CAM score as a quantitative phenotype rather than a binary one, we performed a regression of maximum CAM scores of individuals over the postoperative period against the change in protein level from preoperative to postoperative states (Figure 5A). Sixty proteins displayed padj < 0.05, with one having a padj < 0.01 (Supplementary Dataset 4). This protein, PDE3A, demonstrated the highest correlation between change over the course of CPB and CAM score (R-squared = 0.79). Figure 5B shows individual CAM scores plotted against the change in PDE3A. Patients with non-delirium (CAM < 5) showed the greatest relative decrease in PDE3A, while patients with delirium (CAM ≥ 5) had mild decrease or moderate increase in PDE3A.


[image: image]

FIGURE 5. (A) Regression of CAM score against changes in protein levels from preoperative to postoperative states. The red dot represents cGMP-inhibited 3′,5′-cyclic phosphodiesterase A (PDE3A). (B) Significant correlation of individual changes in PDE3A concentration with CAM score.




In vitro Stimulation of Whole Blood

Having identified a set of secreted factors whose levels post-CBP are more altered in the setting of POD, we addressed the possibility that circulating leukocytes in whole blood samples from POD and non-POD patients would respond differently to an inflammatory trigger in vitro. Blood was “activated” by LPS (TruCulture, Myriad RBM), an immune stimulus widely used to elicit inflammatory responses, to approximate surgical stress. A panel of 48 cytokines was quantified in each sample by Luminex immunoassay. We measured the baseline “control” level of each of these proteins preoperatively and postoperatively and then the “activated” level after LPS treatment.

To confirm that the immunoaffinity-based Luminex assay recapitulated the effect of surgery with CPB found in the aptamer-based SOMAscan, we first examined the overall cytokine expression in preoperative vs. postoperative samples. Approximately 31% (15 out of 48) of the proteins in our Luminex array were significantly changed (padj < 0.05) in the post-CPB samples (Supplementary Figure 2). We observed marked increases in several well-established inflammatory biomarkers and acute phase reactants, such as IL-6 (padj = 8.15e–9), C-reactive protein (CRP, padj = 2.31e–8), TIMP-1 (padj = 4.46e–4), von Willebrand factor (vWF, padj = 0.0053), ferritin (FRTN, padj = 0.011), and IL-8 (padj = 0.036). Supplementary Figure 3 depicts the difference in POD vs. non-POD groups in terms of how protein concentration changed with surgery. Similar to our SOMAscan results, IL-6 (padj = 0.023) again showed the most significant elevation, with a postoperative change over 2-fold more in the POD group than in the non-POD group.

Finally, we analyzed the effect of LPS stimulation in preoperative and postoperative samples in order to unmask any potential difference in immune cell reactivity in patients with POD. LPS triggered an increase in nearly half of the inflammatory markers surveyed. There were significant increases in TIMP-1 (padj = 0.042), vWF (padj = 0.033), and IL-8 (padj = 0.0075) in postsurgical samples from POD patients treated with LPS (Figure 6). The increase in eotaxin-1 in response to LPS was significantly lower in presurgical samples from POD patients vs. presurgical samples from non-POD patients (padj = 0.012).
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FIGURE 6. Lipopolysaccharide (LPS) stimulation of preoperative and postoperative whole blood. Samples from patients with delirium exhibited differential responses to LPS treatment as measured by several inflammatory markers. TIMP-1, tissue inhibitor of metalloproteinases 1; IL-8, interleukin 8; LoD, limit of detection. *p < 0.05 and **p < 0.01.





DISCUSSION

Proteomics offers a relatively quick, quantifiable method to survey biological fluids and tissue (Grandi et al., 2011; Khan et al., 2011; Baranyi and Rothenhausler, 2013; Westhoff et al., 2015; Fong et al., 2019b). Abundance, localization, and modification of signaling proteins may reflect upstream genomic and transcriptomic variation, which are often more challenging to broadly assess in a timely and cost-effective manner. In this study, we used SOMAscan (SomaLogic, Boulder, CO, United States), a highly multiplexed aptamer-based platform, which has previously been used to identify biomarkers in a variety of clinical cohorts (Sattlecker et al., 2014, 2016; Marion et al., 2016; Murota et al., 2016; Nishikawa et al., 2016; Petek et al., 2016; Fong et al., 2019a). We found that cardiac surgery with CPB resulted in the modulation of nearly half of a diverse subset of the human proteome. Our results were enriched for proteins implicated in neutrophil and monocyte activity, highlighting a putative role for innate immunity in the pathogenesis of POD. We noted that cardiac surgery with CPB has been shown to modulate leukocyte recruitment and transmigration (Rossaint et al., 2012), much more than cardiac surgery without CBP (Tomic et al., 2005). Specifically, our findings support a prominent role for ficolin-mediated activation of the lectin pathway of complement during cardiac surgery with CPB, likely in response to damage and pathogen-associated molecular patterns, and CPB circuitry (Garred et al., 2009, 2016; Michalski et al., 2019). In addition to regulating coagulation, ficolins augment inflammatory cytokine release and leukocyte chemotaxis.

Pathway analyses showed that surgery with CPB is associated with a significant upregulation in glycolytic enzymes that may support the high bioenergetic requirement of inflammation. It is tempting to speculate that such a rise in anaerobic respiration also reflects an attempt to compensate for an impairment in oxidative respiration. However, further characterization of mitochondrial protein regulation and function in the setting of CPB is warranted. This study also uncovered differences in molecular phenotypes between POD and non-POD groups after cardiac surgery. We found a disproportionate elevation in the cytokine IL-6 in patients with POD. This is consistent with the study by Vasunilashorn et al., who used mass spectrometry to identify proteins elevated in patients with delirium preoperatively, including CRP, and on postoperative day 2, namely IL-2 and IL-6 (Vasunilashorn et al., 2019). Furthermore, we found a highly significant correlation between CAM scores and PDE3A, with increasing POD severity associated with an inability to downregulate PDE3A. Phosphodiesterases degrade cAMP and cGMP, two critical second messengers involved in many physiological processes, including learning, memory, and cognition. Interestingly, inhibition of phosphodiesterases in neurologic diseases has been the focus of many preclinical and clinical studies (Wu et al., 2018; Bhat et al., 2020), with particular attention on PDE3 (Yanai and Endo, 2019).

Since there were no significant differences in baseline serum levels of cytokines preoperatively between POD and non-POD groups, we used an in vitro approach to uncover differential responses to an inflammatory stimulus. LPS activates both innate and adaptive immune responses akin to the tissue injury and bacteremia introduced by surgery. We postulated that LPS may unmask leukocytes primed for a heightened inflammatory response. Whole blood from our patients was assayed for their protein signature before and after exposure to LPS (TruCulture, Myriad RBM). In both SOMAscan and TruCulture approaches, TIMP-1 and IL-6 were higher in the POD group after surgery. LPS treatment of postoperative blood modulated the levels of many critical immune mediators and, in regard to IL-8 and TIMP-1, significantly more in the POD group. These findings supported the notion that there is a heightened level of inflammatory priming in whole blood leukocytes that may contribute to POD. vWF was significantly higher in samples from patients with POD treated with LPS, underscoring a possible hypercoagulable state in those more vulnerable to POD. It was also intriguing that there was relatively less eotaxin-1 in preoperative samples from POD patients after stimulation by LPS, as this chemokine has been associated with cognitive decline, aging, and Alzheimer’s disease (Huber et al., 2018). Interestingly, in certain contexts, such as traumatic brain injury, its level is inversely correlated with poor outcomes (Chaban et al., 2020).

We used two independent proteomic assays with completely different methods of detection to identify proteins that may be associated with POD. Significant findings were shared between these orthogonal methods, thus enhancing confidence that these proteins play important roles in delirium pathogenesis. The changes in a wide range of cytokines reported in this study reflect the systemic inflammation likely triggered by cardiac surgery with CBP. In turn, they may mediate the activation, propagation, or attempted resolution of the pathophysiological mechanisms that underlie POD. IL-6, in particular, has received considerable attention, as its increase may herald susceptibility to POD (Liu et al., 2013, 2018; Capri et al., 2014; Kline et al., 2016; Neerland et al., 2016). TIMPs and matrix metalloproteinases have been implicated with neurodegenerative diseases (Gardner and Ghorpade, 2003; Mroczko et al., 2013; Baranger et al., 2014). However, to our knowledge, TIMP-1 has not previously been associated with POD.

Our study has several important limitations. First, given that our sample size with POD was relatively modest, our findings were exploratory and hypotheses generating. Second, we obtained and analyzed serum samples at two discrete time points. Thus, our findings may not reflect rapid and shorter-lasting proteomic changes (less than 24 h) and do not uniformly coincide with the clinical onset of delirium. The changes we described in this study may represent both pathological mechanisms and compensatory efforts to mitigate the effects of surgery with CPB. Nevertheless, the proteomic signals we detected on postoperative day 1 may benefit prognostication prior to the diagnosis of POD. Future serial sample collection will help develop temporal patterns for each biomarker and allow more precise clinical correlation. Third, SOMAscan does not detect posttranslational modification of proteins, and in fact these modifications and non-specific interactions may affect the ability of the modified aptamers to recognize their cognate proteins. Fourth, our in vitro studies used a single dose of LPS, and future efforts may entail dose ranging of this and other immune stimuli. Finally, this was a substudy of the MINDDS trial where patients were randomized to placebo or dexmedetomidine intervention, to which we are still blinded in this ongoing clinical trial. Thus, the incidence of delirium or proteomic findings on postoperative day 1 may have been modified by dexmedetomidine. Therefore, this study, like all similar studies, needs replication in larger and different patient cohorts and should be further interpreted in the context of dexmedetomidine. Findings from future studies may also be correlated with clinical outcomes (e.g., length of hospital stay and mortality) previously associated with delirium.

Modulation of the immune response to cardiac surgery with CPB and its effect on the central nervous system may contribute to the development of POD. In ongoing and future studies, the tools described in this report may enable objective approaches to preemptively identify patients at risk for POD and predict its severity and those of associated clinical outcomes.
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Supplementary Figure 3 | TruCulture proteins associated with delirium. The plot shows those proteins most differentially changed during surgery in the delirium group vs. the non-delirium group. Fold change (FC) was calculated by (postoperative/preoperative level)POD group ÷ (postoperative/preoperative level)non–POD group. Those proteins in orange satisfied absFC > 1.5 and green met both padj < 0.05 and FC criteria.


FOOTNOTES

1http://somalogic.com/wp-content/uploads/2017/06/SSM-071-Rev-0-Technical-Note-SOMAscan-Data-Standardization.pdf


REFERENCES

American Psychiatric Association (2013). Diagnostic and Statistical Manual of Mental Disorders : DSM-5. Washington, D.C: American Psychiatric Association.

Baranger, K., Rivera, S., Liechti, F. D., Grandgirard, D., Bigas, J., Seco, J., et al. (2014). Endogenous and synthetic MMP inhibitors in CNS physiopathology. Prog. Brain Res. 214, 313–351. doi: 10.1016/b978-0-444-63486-3.00014-1

Baranyi, A., and Rothenhausler, H. B. (2013). The impact of S100b and persistent high levels of neuron-specific enolase on cognitive performance in elderly patients after cardiopulmonary bypass. Brain Inj. 27, 417–424. doi: 10.3109/02699052.2012.750751

Bhat, A., Ray, B., Mahalakshmi, A. M., Tuladhar, S., Nandakumar, D. N., Srinivasan, M., et al. (2020). Phosphodiesterase-4 enzyme as a therapeutic target in neurological disorders. Pharmacol. Res. 160:105078. doi: 10.1016/j.phrs.2020.105078

Brown, C. H. T., Probert, J., Healy, R., Parish, M., Nomura, Y., Yamaguchi, A., et al. (2018). Cognitive decline after delirium in patients undergoing cardiac surgery. Anesthesiology 129, 406–416. doi: 10.1097/aln.0000000000002253

Capri, M., Yani, S. L., Chattat, R., Fortuna, D., Bucci, L., Lanzarini, C., et al. (2014). Pre-operative, High-IL-6 blood level is a risk factor of post-operative delirium onset in old patients. Front. Endocrinol. 5:173.

Castellheim, A., Hoel, T. N., Videm, V., Fosse, E., Pharo, A., Svennevig, J. L., et al. (2008). Biomarker profile in off-pump and on-pump coronary artery bypass grafting surgery in low-risk patients. Ann. Thorac. Surg. 85, 1994–2002. doi: 10.1016/j.athoracsur.2008.03.012

Chaban, V., Clarke, G. J. B., Skandsen, T., Islam, R., Einarsen, C. E., Vik, A., et al. (2020). Systemic inflammation persists the first year after mild traumatic brain injury: results from the prospective trondheim mild traumatic brain injury study. J. Neurotrauma 37, 2120–2130. doi: 10.1089/neu.2019.6963

Cleveland, J. C., Shroyer, A. L., Chen, A. Y., Peterson, E., and Grover, F. L. (2001). Off-pump coronary artery bypass grafting decreases risk-adjusted mortality and morbidity. Ann. Thorac. Surg. 72, 1282–1288. doi: 10.1016/s0003-4975(01)03006-5

Fong, T. G., Chan, N. Y., Dillon, S. T., Zhou, W., Tripp, B., Ngo, L. H., et al. (2019a). Identification of plasma proteome signatures associated with surgery using SOMAscan. Ann. Surg. 273, 732–742. doi: 10.1097/sla.0000000000003283

Fong, T. G., Vasunilashorn, S. M., Libermann, T., Marcantonio, E. R., and Inouye, S. K. (2019b). Delirium and Alzheimer disease: a proposed model for shared pathophysiology. Int. J. Geriatr. Psychiatry 34, 781–789. doi: 10.1002/gps.5088

Gardner, J., and Ghorpade, A. (2003). Tissue inhibitor of metalloproteinase (TIMP)-1: the TIMPed balance of matrix metalloproteinases in the central nervous system. J. Neurosci. Res. 74, 801–806. doi: 10.1002/jnr.10835

Garred, P., Genster, N., Pilely, K., Bayarri-Olmos, R., Rosbjerg, A., Ma, Y. J., et al. (2016). A journey through the lectin pathway of complement-MBL and beyond. Immunol. Rev. 274, 74–97. doi: 10.1111/imr.12468

Garred, P., Honore, C., Ma, Y. J., Munthe-Fog, L., and Hummelshoj, T. (2009). MBL2, FCN1, FCN2 and FCN3-The genes behind the initiation of the lectin pathway of complement. Mol. Immunol. 46, 2737–2744. doi: 10.1016/j.molimm.2009.05.005

Grandi, C., Tomasi, C. D., Fernandes, K., Stertz, L., Kapczinski, F., Quevedo, J., et al. (2011). Brain-derived neurotrophic factor and neuron-specific enolase, but not S100beta, levels are associated to the occurrence of delirium in intensive care unit patients. J. Crit. Care 26, 133–137. doi: 10.1016/j.jcrc.2010.10.006

Gu, Y. J., Mariani, M. A., Van Oeveren, W., Grandjean, J. G., and Boonstra, P. W. (1998). Reduction of the inflammatory response in patients undergoing minimally invasive coronary artery bypass grafting. Ann. Thorac. Surg. 65, 420–424. doi: 10.1016/s0003-4975(97)01127-2

Holmskov, U., Thiel, S., and Jensenius, J. C. (2003). Collections and ficolins: humoral lectins of the innate immune defense. Annu. Rev. Immunol. 21, 547–578. doi: 10.1146/annurev.immunol.21.120601.140954

Huber, A. K., Giles, D. A., Segal, B. M., and Irani, D. N. (2018). An emerging role for eotaxins in neurodegenerative disease. Clin. Immunol. 189, 29–33. doi: 10.1016/j.clim.2016.09.010

Karin, N., and Wildbaum, G. (2015). The role of chemokines in shaping the balance between CD4(+) T cell subsets and its therapeutic implications in autoimmune and cancer diseases. Front. Immunol. 6:609.

Khan, B. A., Zawahiri, M., Campbell, N. L., and Boustani, M. A. (2011). Biomarkers for delirium–a review. J. Am. Geriatr. Soc. 59, (Suppl. 2), S256–S261.

Kline, R., Wong, E., Haile, M., Didehvar, S., Farber, S., Sacks, A., et al. (2016). Peri-operative inflammatory Cytokines in plasma of the elderly correlate in prospective study with postoperative changes in cognitive test scores. Int. J. Anesthesiol. Res. 4, 313–321. doi: 10.19070/2332-2780-1600065

Lehmann, L. E., Schroeder, S., Hartmann, W., Dewald, O., Book, M., Weber, S. U., et al. (2006). A single nucleotide polymorphism of macrophage migration inhibitory factor is related to inflammatory response in coronary bypass surgery using cardiopulmonary bypass. Eur. J. Cardiothorac. Surg. 30, 59–63. doi: 10.1016/j.ejcts.2006.01.058

Liu, P., Li, Y. W., Wang, X. S., Zou, X., Zhang, D. Z., Wang, D. X., et al. (2013). High serum interleukin-6 level is associated with increased risk of delirium in elderly patients after noncardiac surgery: a prospective cohort study. Chin. Med. J. 126, 3621–3627.

Liu, X., Yu, Y., and Zhu, S. (2018). Inflammatory markers in postoperative delirium (POD) and cognitive dysfunction (POCD): a meta-analysis of observational studies. PLoS One 13:e0195659. doi: 10.1371/journal.pone.0195659

Mantovani, A., Bonecchi, R., and Locati, M. (2006). Tuning inflammation and immunity by chemokine sequestration: decoys and more. Nat. Rev. Immunol. 6, 907–918. doi: 10.1038/nri1964

Margraf, A., Ludwig, N., Zarbock, A., and Rossaint, J. (2020). Systemic inflammatory response syndrome after surgery: mechanisms and protection. Anesth. Analg. 131, 1693–1707. doi: 10.1213/ane.0000000000005175

Marion, T., Elbahesh, H., Thomas, P. G., Devincenzo, J. P., Webby, R., and Schughart, K. (2016). Respiratory mucosal proteome quantification in human influenza infections. PLoS One 11:e0153674. doi: 10.1371/journal.pone.0153674

Matata, B. M., Sosnowski, A. W., and Galinanes, M. (2000). Off-pump bypass graft operation significantly reduces oxidative stress and inflammation. Ann. Thorac. Surg. 69, 785–791. doi: 10.1016/s0003-4975(99)01420-4

Michalski, M., Pagowska-Klimek, I., Thiel, S., Swierzko, A. S., Hansen, A. G., Jensenius, J. C., et al. (2019). Factors involved in initiation and regulation of complement lectin pathway influence postoperative outcome after pediatric cardiac surgery involving cardiopulmonary bypass. Sci. Rep. 9:2930.

Moser, B., and Willimann, K. (2004). Chemokines: role in inflammation and immune surveillance. Ann. Rheum. Dis. 63, (Suppl. 2), ii84–ii89.

Mroczko, B., Groblewska, M., and Barcikowska, M. (2013). The role of matrix metalloproteinases and tissue inhibitors of metalloproteinases in the pathophysiology of neurodegeneration: a literature study. J. Alzheimers Dis. 37, 273–283. doi: 10.3233/jad-130647

Murota, A., Suzuki, K., Kassai, Y., Miyazaki, T., Morita, R., Kondo, Y., et al. (2016). Serum proteomic analysis identifies interleukin 16 as a biomarker for clinical response during early treatment of rheumatoid arthritis. Cytokine 78, 87–93. doi: 10.1016/j.cyto.2015.12.002

Neerland, B. E., Hall, R. J., Seljeflot, I., Frihagen, F., Maclullich, A. M., Raeder, J., et al. (2016). Associations between delirium and preoperative cerebrospinal Fluid C-reactive protein, Interleukin-6, and Interleukin-6 receptor in individuals with acute hip fracture. J. Am. Geriatr. Soc. 64, 1456–1463. doi: 10.1111/jgs.14238

Nishikawa, A., Suzuki, K., Kassai, Y., Gotou, Y., Takiguchi, M., Miyazaki, T., et al. (2016). Identification of definitive serum biomarkers associated with disease activity in primary Sjogren’s syndrome. Arthritis Res. Ther. 18:106.

Oh, E. S., Akeju, O., Avidan, M. S., Cunningham, C., Hayden, K. M., Jones, R. N., et al. (2020). A roadmap to advance delirium research: recommendations from the NIDUS Scientific Think Tank. Alzheimers Dement. 16, 726–733. doi: 10.1002/alz.12076

Petek, L. M., Rickard, A. M., Budech, C., Poliachik, S. L., Shaw, D., Ferguson, M. R., et al. (2016). A cross sectional study of two independent cohorts identifies serum biomarkers for facioscapulohumeral muscular dystrophy (FSHD). Neuromuscul. Disord. 26, 405–413. doi: 10.1016/j.nmd.2016.04.012

Reed, C. R., Mccoy, C. C., Nag, U., Nixon, A. B., Otto, J., Lawson, J. H., et al. (2020). Proteomic analysis of infants undergoing cardiopulmonary bypass using contemporary ontological tools. J. Surg. Res. 246, 83–92. doi: 10.1016/j.jss.2019.08.019

Rossaint, J., Berger, C., Van Aken, H., Scheld, H. H., Zahn, P. K., Rukosujew, A., et al. (2012). Cardiopulmonary bypass during cardiac surgery modulates systemic inflammation by affecting different steps of the leukocyte recruitment cascade. PLoS One 7:e45738. doi: 10.1371/journal.pone.0045738

Rudolph, J. L., Jones, R. N., Levkoff, S. E., Rockett, C., Inouye, S. K., Sellke, F. W., et al. (2009). Derivation and validation of a preoperative prediction rule for delirium after cardiac surgery. Circulation 119, 229–236. doi: 10.1161/circulationaha.108.795260

Sandler, N., Kaczmarek, E., Itagaki, K., Zheng, Y., Otterbein, L., Khabbaz, K., et al. (2018). Mitochondrial DAMPs are released during cardiopulmonary bypass surgery and are associated with postoperative atrial fibrillation. Heart Lung Circ. 27, 122–129. doi: 10.1016/j.hlc.2017.02.014

Sattlecker, M., Khondoker, M., Proitsi, P., Williams, S., Soininen, H., Kloszewska, I., et al. (2016). Longitudinal protein changes in blood plasma associated with the rate of cognitive decline in Alzheimer’s disease. J. Alzheimers Dis. 49, 1105–1114. doi: 10.3233/jad-140669

Sattlecker, M., Kiddle, S. J., Newhouse, S., Proitsi, P., Nelson, S., Williams, S., et al. (2014). Alzheimer’s disease biomarker discovery using SOMAscan multiplexed protein technology. Alzheimers Dement. 10, 724–734. doi: 10.1016/j.jalz.2013.09.016

Serrano, C. V. Jr., Souza, J. A., Lopes, N. H., Fernandes, J. L., Nicolau, J. C., et al. (2010). Reduced expression of systemic proinflammatory and myocardial biomarkers after off-pump versus on-pump coronary artery bypass surgery: a prospective randomized study. J. Crit. Care 25, 305–312. doi: 10.1016/j.jcrc.2009.06.009

Shachar, I., and Karin, N. (2013). The dual roles of inflammatory cytokines and chemokines in the regulation of autoimmune diseases and their clinical implications. J. Leukoc. Biol. 93, 51–61. doi: 10.1189/jlb.0612293

Shelton, K. T., Qu, J., Bilotta, F., Brown, E. N., Cudemus, G., D’alessandro, D. A., et al. (2018). Minimizing ICU neurological dysfunction with dexmedetomidine-induced sleep (MINDDS): protocol for a randomised, double-blind, parallel-arm, placebo-controlled trial. BMJ Open 8:e020316.

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. A., et al. (2005). Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S. A. 102, 15545–15550. doi: 10.1073/pnas.0506580102

Tomic, V., Russwurm, S., Moller, E., Claus, R. A., Blaess, M., Brunkhorst, F., et al. (2005). Transcriptomic and proteomic patterns of systemic inflammation in on-pump and off-pump coronary artery bypass grafting. Circulation 112, 2912–2920. doi: 10.1161/circulationaha.104.531152

Vasunilashorn, S. M., Ngo, L. H., Chan, N. Y., Zhou, W., Dillon, S. T., Otu, H. H., et al. (2019). Development of a dynamic multi-protein signature of postoperative delirium. J. Gerontol. A Biol. Sci. Med. Sci. 74, 261–268. doi: 10.1093/gerona/gly036

Westhoff, D., Witlox, J., Van Aalst, C., Scholtens, R. M., De Rooij, S. E., Van Munster, B. C., et al. (2015). Preoperative protein profiles in cerebrospinal fluid in elderly hip fracture patients at risk for delirium: a proteomics and validation study. BBA Clin. 4, 115–122. doi: 10.1016/j.bbacli.2015.10.002

Wu, Y., Li, Z., Huang, Y. Y., Wu, D., and Luo, H. B. (2018). Novel phosphodiesterase inhibitors for cognitive improvement in Alzheimer’s disease. J. Med. Chem. 61, 5467–5483. doi: 10.1021/acs.jmedchem.7b01370

Yanai, S., and Endo, S. (2019). PDE3 inhibitors repurposed as treatments for age-related cognitive impairment. Mol. Neurobiol. 56, 4306–4316. doi: 10.1007/s12035-018-1374-4

Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS 16, 284–287. doi: 10.1089/omi.2011.0118


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Rhee, Kuznetsov, McKay, Lyons, Houstis, Mekkonen, Ethridge, Ibala, Hahm, Gitlin, Guseh, Kitchen, Rosenzweig, Shaefi, Flaczyk, Qu and Akeju. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 16 August 2021
doi: 10.3389/fnagi.2021.716383





[image: image2]

Microarray Analysis Identifies Key Differentially Expressed Circular RNAs in Aged Mice With Postoperative Cognitive Dysfunction

Yu-Qing Wu1, Qiang Liu1, Hai-Bi Wang1, Chen Chen1, Hui Huang1, Yi-Man Sun1, Lin-Hui Ma1, Jie Wan1, Yin-Ying Sun1 and Hui-Hui Miao2*


1Jiangsu Province Key Laboratory of Anesthesiology, Xuzhou Medical University, Xuzhou, China

2Department of Anesthesiology, Beijing Shijitan Hospital, Capital Medical University, Beijing, China

Edited by:
Zhongcong Xie, Massachusetts General Hospital and Harvard Medical School, United States

Reviewed by:
Cheng Ni, Chinese Academy of Medical Sciences and Peking Union Medical College, China
Mian Peng, Wuhan University, China

* Correspondence: Hui-Hui Miao, iverymhh@hotmail.com

Received: 28 May 2021
 Accepted: 22 July 2021
 Published: 16 August 2021

Citation: Wu Y-Q, Liu Q, Wang H-B, Chen C, Huang H, Sun Y-M, Ma L-H, Wan J, Sun Y-Y and Miao H-H (2021) Microarray Analysis Identifies Key Differentially Expressed Circular RNAs in Aged Mice With Postoperative Cognitive Dysfunction. Front. Aging Neurosci. 13:716383. doi: 10.3389/fnagi.2021.716383



Postoperative cognitive dysfunction (POCD) is a common complication in elderly patients. Circular RNAs (circRNAs) may contribute to neurodegenerative diseases. However, the role of circRNAs in POCD in aged mice has not yet been reported. This study aimed to explore the potential circRNAs in a POCD model. First, a circRNA microarray was used to analyze the expression profiles. Differentially expressed circRNAs were validated using quantitative real-time polymerase chain reaction. A bioinformatics analysis was then used to construct a competing endogenous RNA (ceRNA) network. The database for annotation, visualization, and integrated discovery was used to perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of circRNA-related genes. Moreover, protein-protein interactions were analyzed to predict the circRNA-regulated hub genes using the STRING and molecular complex detection plug-in of Cytoscape. Microarray screen 124 predicted circRNAs in the POCD of aged mice. We found that the up/downregulated circRNAs were involved in multiple signaling pathways. Hub genes, including Egfr and Prkacb, were identified and may be regulated by ceRNA networks. These results suggest that circRNAs are dysexpressed in the hippocampus and may contribute to POCD in aged mice.

Keywords: circRNAs, expression profile, postoperative cognitive dysfunction, miRNAs, ceRNA network


INTRODUCTION

Postoperative cognitive dysfunction (POCD) causes significant harm to elderly patients (Deiner and Silverstein, 2009). It may prolong hospital stay, increase medical expenses, reduce patients’ daily living ability, and may even be associated with an increase in long-term mortality. In addition, it may exacerbate the decline in cognitive dysfunction and even increase the rate of dementia (Steinmetz et al., 2009). Age is considered one of the possible risk factors associated with the incidence of POCD, as older adults have reduced cognitive reserve in the fragile brain (Terrando et al., 2011). Aged people are expected to be the largest surgical population in the future. Researchers have suggested that neuroinflammation, neuronal apoptosis, mitochondrial dysfunction, and synaptic dysfunction may contribute to POCD progression (Miao et al., 2017, 2018, 2019; Chen et al., 2019; Qiu et al., 2020). However, the exact mechanisms of POCD remain unclear, and the biomarkers are also lacking (Vutskits and Xie, 2016). Therefore, an in-depth study of the molecular mechanism of POCD is of clinical significance.

Circular RNA (circRNA) is a newly discovered class of approximately 100 nucleotides (nt) in length non-coding RNAs (ncRNAs) as a closed-loop structure. Studies have suggested that circRNAs are potential candidates for clinical diagnostic biomarkers (Jeck and Sharpless, 2014) because they are more stable. A variety of functions and mechanisms have been discovered with circRNAs, such as acting as microRNA (miRNA) sponges, binding proteins, or deoxyribonucleic acid (DNA) sequences, thereby regulating gene expression (Hansen et al., 2013; Memczak et al., 2013). They are stable in tissue and developmental stages in different species (Szabo et al., 2015). New studies suggest that circRNAs may be involved in different physiological or pathological processes and play an important role (Cheng et al., 2020; Wang et al., 2020; Zhang et al., 2020). Evidence has also shown that circRNAs are involved in neurological diseases such as Alzheimer’s disease (AD; Zhou et al., 2018; Ma et al., 2019; Chu et al., 2020). However, the differently expressed circRNAs in the hippocampus of aged mice and the role of circRNA in POCD are largely unknown.

Genome analysis has been used to identify functional genes in POCD for several years (Li et al., 2015). For example, Liu et al. (2019) found that many miRNAs were differentially expressed between POCD and control-aged mice (Chen et al., 2019; Su et al., 2019). Furthermore, long non-coding RNAs (lncRNAs) were found to be differentially expressed in mRNAs and might contribute to POCD (Li et al., 2019). However, the role of circRNAs in POCD in aged mice remains unclear. Therefore, the current study aimed to illustrate the circRNA expression profile and the potential functions and mechanisms of POCD.



MATERIALS AND METHODS


Animal Experiments

C57BL/6 male mice (weighing 30–35 g and aged 18 months) were purchased from Nanjing University’s Model Animal Research Center. Mice were housed under standardized conditions. Before the start of the study, all mice were acclimatized for at least 1 week. The animal protocol was approved by the Animal Care and Use Committee of Xuzhou Medical University.



Animal Model of POCD

Mice were separated into POCD (n = 10) and control groups (n = 10). The surgical operation of intramedullary fixation for open tibial fractures was performed in accordance with previous studies and with modifications (Feng et al., 2017; Chen et al., 2019). For the anesthesia induction period, 3.0% isoflurane was used, and 1.5% isoflurane was used for the maintenance period, which was supported by using 100% oxygen. First, we made an incision on the lateral side of the tibia, in order to expose the bone. Then, a minor hole was drilled into the tibial trochanter, and an intramedullary fixation needle was inserted. All mice were returned to their home cages after recovery from anesthesia. To manage postoperative pain, 2% lidocaine solution and 1% tetracaine hydrochloride glue were used locally twice daily.



Behavioral Tests

We used the open field test (OFT) to estimate motor activity 2 h ahead of the fear conditioning test (FCT) training. Mice were allowed free exploration in the OFT for 5 min. We used the system camera to track and record the mouse movement automatically, and selected the total distance to ascertain locomotor ability.

The test and training stages were included in the FCT. The mice were allowed to adapt to the chamber environment for 2 min, given six pairs stimulation, and then maintained for another 1 min. The cycle consisted of a conditional stimulus (70 dB tone, 20 s), a trace interval (contextual break, 25 s), and an unconditional stimulus (0.70 mA electrical footshock, 2 s). Every cycle was randomly divided into breaks of 45–60 s.



RNA Extraction

The hippocampal tissue of mice was preserved at −80°C after behavioral experimentation on day 3 postoperatively. TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract total RNA.



Microarray Detection

Kangchen Biotechnology (Shanghai, China) Arraystar circRNA microarray was used for RNA sample analysis and the obtained samples were labeled by Arraystar’s standard protocols. We used Limma for the original raw data processing.



Quantification With PCR

The cDNA samples were configured with the real-time PCR reaction system. 2X PCR Master Mix (Arraystar) was used. The primer sequences used for the predicted circRNAs are listed in Table 1.

TABLE 1. The forward and reverse primers for qPCR.
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Annotation and Functional Prediction of Up/Downregulated circRNAs

CircRNA-microRNA interactions were anticipated using microRNA predicted estimate software based on TargetScan (Enright et al., 2003) and miRanda (Pasquinelli, 2012) manufactured by Arraystar Corporation. The software analysis procedure is as follows: First, the target estimate was obtained by employing the latest miRNA. Second, using Context +≤ −0.05 and Context ≤ −0.05, candidate miRNAs were concealed. Third, the demanded circRNA-microRNA interactions were acquired following miRNA-related MREs. We used MiRWalk 3.0 to predict the microRNA-related mRNA. The results of differentially expressed mRNAs were reported and overlapped in the gene expression omnibus (GEO) database (GSE 113738). Next, the acquired circRNAs possible target mRNAs’ protein-protein interactions were analyzed to predict the circRNA-regulated hub genes using Cytoscape STRING and molecular complex detection (MCODE) plug-ins.



Statistical Analysis

Based on our preliminary study, the sample size was chosen to obtain a 0.9 power and p < 0.05. Quantitative data are expressed as mean ± standard error (SEM). Data analysis was carried out using GraphPad Prism 6.0. The double-tailed student’s t-test was used to compare the statistical significance between groups.




RESULTS


Cognitive Dysfunction of Aged Mice on Day 3 Postoperatively

The cognitive function of aged mice was assessed using the OFT and FCT 1 day before and 3 days after the orthopedic surgery under isoflurane anesthesia. The experimental schedule is shown in Figure 1A.


[image: image]

FIGURE 1. Hippocampus-dependent learning and memory, but not hippocampus-independent learning and memory or motor activity was impaired by anesthesia/surgery in aged mice. (A) The experimental process’ schematic diagram. (B) The baseline of total distance the elderly mice traveled in open field test (OFT) during the training period 1 day before surgery. (C) The baseline of freezing time (%) in fear conditioning test (FCT) of aged mice during the training duration 1 day before surgery. (D) The total distance traveled in OFT 3 days after the operation. (E) Freezing time percentage in the FCT context test 3 days after surgery. (F) Freezing time percentage in the FCT tone test 3 days postoperatively. Data for each group are shown as the mean ± standard error (n = 10). **p < 0.01 compared with the control group.



First, the locomotor activity of mice tested by total distance in the OFT suggested that it did not change 1 day before (p > 0.05, Figure 1B) or 3 days (p > 0.05, Figure 1D) postoperatively. Second, FCT was used to evaluate the learning and memory functions. The context/tone test of the FCT was used to evaluate hippocampus-dependent/independent learning and memory. In the training session, the freezing time of FCT was not significantly changed (p > 0.05, Figure 1C), indicating that hippocampus-independent/dependent learning and memory were identical. For the context test, the freezing time was significantly reduced to 3 days postoperatively (p < 0.01, Figure 1E). Nevertheless, the freezing time for the tone test was not significantly different (p > 0.05, Figure 1F). In summary, the above results indicated that hippocampal-dependent cognition was impaired in aged mice postoperatively, which proves that the POCD mouse model has been successfully established.



Differentially Expressed circRNAs in POCD of Aged Mice

Differentially expressed circRNAs from the hippocampal tissues of control and POCD mice were screened by microarray-based profiling. The box plot shows a similar data distribution for both groups (Figure 2A). The scatter plot shows the original circRNA expression values between the two groups (Figure 2B). circRNA expression was observed in volcano plots and hierarchical clustering (Figures 2C,D). A total of 124 differentially expressed circRNAs in POCD hippocampal tissues compared with control tissues were identified, of which 88 were upregulated and 36 were downregulated when the fold change was ≥1.5, and the p-value was <0.05. The top 10 up/down-regulated circRNAs are listed in Table 2. Additionally, we found that 80.65% of circRNAs were exonic circRNAs, 8.87% were sense-overlapping circRNAs, 6.45% were intronic circRNAs, 2.42% were intergenic circRNAs, and 1.61% were antisense circRNAs (Figure 2E). Localization analysis revealed that these abnormally regulated circRNAs were mainly located in chr1-19 and chrX, but not chr20 and chrY (Figure 2F).
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FIGURE 2. Character of differentially expressed circRNA in the postoperative cognitive dysfunction (POCD) and control groups. (A) Distribution of circRNAs in the six samples (C1–3: control group; P1–3: POCD group). (B) The difference expression of circRNA is shown by a scatter plot between the control and POCD groups. (C) The differential circRNA expression is shown by volcano diagrams between the control and POCD groups. (D) Thirty-six downregulated and 88 upregulated circRNAs in POCD are shown in the heatmap. (E) The pie chart showed the transcriptional sources of the differentially expressed circRNAs. (F) Chromosome locations of the differentially expressed circRNAs.



TABLE 2. Top 10 significantly up/downregulated circRNAs in POCD of aged mice.
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Validation of Dysregulated circRNAs Through Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Six dysregulated circRNAs were chosen randomly, including upregulated (circRNA_28795, circRNA_44122, and circRNA_22058) and downregulated circRNAs (circRNA_44559, circRNA_45921, and circRNA_22673). qRT-PCR demonstrated that circRNA_28795, circRNA_44122, circRNA_22058, circRNA_44559, and circRNA_22673 expression in the control and POCD hippocampal tissues was verified with the microarray results. The expression of circRNA_28795, circRNA_44122, circRNA_22058, circRNA_44559, and circRNA_22673 expression were significantly different (Figures 3A–D,F, p < 0.05). The expression of circRNA_45921 was not significantly different (Figure 3E, p > 0.05).
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FIGURE 3. Conformation of the six prospected circRNAs with qRT-PCR. RNAs from the POCD and control groups were involved (A–F). *p < 0.05 compared with the control group.





MicroRNA Response Elements (MREs) Analysis

circRNAs may regulate target gene expression through competitive binding with their target miRNAs (Han et al., 2017; Qiu et al., 2018). The circRNA-microRNA networks were predicted using Arraystar’s self-made miRNA target prediction software. A 2D structure was established through sequence analysis of MREs (Supplementary Figures 1A–E). For circRNA_28795, the predicted miRNAs included miR-151-5p, miR-669b-5p, miR-453, miR-138-5p, and miR-298-5p, circRNA_44122, the predicted miRNAs included miR-7033-5p, miR-6914-3p, miR-6974-3p, miR-7010-3p, and miR-361-3p; for circRNA_22058, the predicted miRNAs included miR-196a-5p, miR-7048-3p, miR-322-5p, miR-6964-3p, and miR-670-3p; for circRNA_44559, the predicted miRNAs included miR-1903, miR-207, miR-6946-3p, miR-6896-3p, and miR-6976-3p; for circRNA_22673, the predicted miRNAs included miR-6952-5p, miR-6982-5p, miR-7092-3p, miR-6957-3p, and miR-6986-5p (Table 3).

TABLE 3. Predicted miRNA response elements of the five confirmed circRNAs.
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circRNA-miRNA-mRNA Interaction Analysis of Validated circRNAs

MiRWalk 3.0 was used to predict target genes of the above-mentioned circRNA-targeted miRNAs. Then, the predicted genes of the three upregulated circRNAs were overlapped by the reported differentially upregulated mRNAs from the GEO database (GSE 113738, from POCD model of aged mice), 131 upregulated mRNAs were screened to build the ceRNA networks, and 268 downregulated mRNAs were screened in the same way. The circRNA-miRNA-mRNA regulatory networks for circRNA_28795, circRNA_44122, and circRNA_22058 included 15 miRNAs and 131 mRNAs (Figure 4A), and for circRNA_44559 and circRNA_22673 included 10 miRNAs and 268 mRNAs (Figure 4B). These results indicate that the ceRNA network might be involved in the POCD mechanism.
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FIGURE 4. circRNA-miRNA-mRNA network analysis. (A) The ceRNA network for the three upregulated circRNAs. (B) The ceRNA network for the three downregulated circRNAs.





Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichment Analysis of the Predicted Network Genes

The functions of the 131 upregulated and 268 downregulated genes were analyzed using GO and KEGG analyses. The top highly enriched GO terms of biological process, cellular component, and molecular function for upregulated and downregulated genes are shown in Supplementary Figures 2A,B. The top terms of upregulated genes were identical protein binding (GO:0042802), extracellular region (GO:0005576), and tube morphogenesis (GO:0035239). For downregulated genes, the top terms were protein binding (GO:0005515), cell part (GO:0044464), and localization (GO:0051179). The KEGG pathway analysis revealed that the upregulated genes were involved in the adherens junction, phospholipase D signaling pathway, and ErbB signaling pathway (Figure 5A). Accordingly, the downregulated genes were significantly enriched in the MAPK signaling pathway, GABAergic synapse, and ubiquitin-mediated proteolysis (Figure 5B).
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FIGURE 5. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. (A,B) The KEGG enrichment analysis of the up/downregulated circRNA’s predicted genes.





Protein-Protein Analysis of circRNAs Regulated Genes

Further analysis was performed to identify the most promising related genes using the proven circRNAs. Analysis of the protein-protein interaction network for these up/downregulated genes was performed using STRING (11.0 version) under default parameters (Figures 6A,E). Using the Cytoscape plug-in MCODE, the top three sub-network modules were aggregated and extracted from the protein-protein interaction network (Figures 6B,F). For the upregulated network, module A contained four nodes, including cxcl2 and cxcl12. For the downregulated network, module A contained seven nodes, including fbxl3 and fbxl16. Moreover, based on the protein-protein interaction results, the hub genes were screened by degree using CytohHubba of the Cytoscape software. As shown in Figures 6C,G, the hub genes Egfr/Prkacb were in the up/downregulated networks, and the mRNA expression levels of Egfr and Prkacb were also measured by qRT-PCR (Figures 6D,H).
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FIGURE 6. Protein-protein analysis of circRNAs regulated genes. (A,E) The protein-protein interaction network analysis for the up/downregulated genes. (B,F) Top three sub-network modules that are predicted by MCODE in the Cytoscape software. (C,G) Top 10 hub genes screened by CytohHubba in the Cytoscape software. (D,H) The mRNA expression level of Egfr and Prkacb validation. *p < 0.05 compared with the control group.






DISCUSSION

POCD has a high incidence among elderly patients, especially those undergoing major surgeries. The pathogenesis of POCD is complex and lacks effective diagnosis and treatment. Therefore, several recent studies have focused on the epigenetic regulation of the pathogenesis of POCD to discover potential therapies (Li et al., 2015; Liu et al., 2019; Zhong and Xu, 2019). miRNAs and lncRNAs in the brain have been reported to contribute to POCD (Li et al., 2019; Su et al., 2019). However, the roles of circRNAs in POCD remain largely unknown.

CircRNAs are evolutionarily conserved at varying species sequence levels (Jeck et al., 2013). For example, 28% of the mouse circRNA molecules are conserved in humans (Rybak-Wolf et al., 2015). CircRNAs are extremely rich, conserved, and dynamically present in the mammalian brain (Westholm et al., 2014). Because circRNAs are preferentially expressed in nervous genes and nervous tissues (Floris et al., 2017), they are associated with neurological diseases, such as AD, one of the most common neurodegenerative diseases (Burns and Iliffe, 2009). Recent studies have shown that several circRNAs are present in the nervous tissues of patients with sporadic AD and AD mice (Huang et al., 2018; Sekar et al., 2018). Additionally, Cao et al. (2020) reported that dexmedetomidine alleviates POCD through circRNA in aged rats. This study compared the differentially expressed circRNAs between dexmedetomidine and POCD groups; however, our study is the first to examine circRNA profiles between POCD and control groups in the hippocampus of aged mice. Wang et al. (2019) found that circRNA_089763 expression in the plasma exosomes of POCD patients after coronary artery bypass graft surgeries, indicating that circRNA may be a potential biomarker for POCD.

CircRNA has been reported to carry out various kinds of modulating roles, including the interaction with RNA-binding proteins, acting as miRNA sponges, and regulation of paternal gene transcription, mainly at the posttranscriptional and transcriptional levels. In the human genome, a total of 519 canonical miRNA genes have been identified (Denzler et al., 2014; Bartel, 2018). Approximately 70% of the discovered miRNAs are present in the temporary brain and neurons (Cao et al., 2006), implying that miRNAs play a significant regulatory function during the development of the nervous system. As in psychiatric dysfunctions such as schizophrenia (Xu et al., 2013), deregulation of miRNAs is involved in neurodegenerative abnormalities such as Parkinson’s disease (PD) and AD as well (Esteller, 2011). Previous studies have reported a significant correlation that supports the role of miRNAs in POCD (Yu et al., 2015; Wei et al., 2017; Chen et al., 2019; Yazit et al., 2020).

Salmena et al. (2011) proposed the ceRNA hypothesis, suggesting that circRNAs interact with miRNAs to modulate gene expression at the transcriptional or posttranscriptional level. Over the past few years, the ceRNA assumption has been confirmed by many experiments. For instance, circRNA_2837 targets miR-34 family members to regulate LC3-II/p62 and protect neurons by autophagy in the sciatic nerve injury model (Zhou et al., 2018). In neural stem cells, circRNA TTC3 sponges miR-372-3p to regulate TLR4 expression and prevent cerebral ischemia reperfusion injury (Yang et al., 2021). With a new understanding of the ceRNA networks in different diseases, therapies targeting ceRNAs rather than miRNAs alone may become more significant and valuable (Bak and Mikkelsen, 2014). Therefore, GO and KEGG enrichment analyses were carried out for the up/downregulated genes in the ceRNA network. In the GO analyses, the top three terms of the upregulated genes were identical protein binding, extracellular region, and tube morphogenesis; for downregulated genes, the top three terms were protein binding, cell part, and localization. Next, KEGG pathway analysis showed that the upregulated genes included adherens junction, phospholipase D, ErbB signaling pathway, and the downregulated genes involved in the MAPK signaling pathway and mediated proteolysis, which were revealed to be associated with POCD (Li et al., 2014, 2016; Vutskits and Xie, 2016; Zhang et al., 2016; Ding et al., 2017; Lu et al., 2017; Wang D. S. et al., 2018; Wang W. X. et al., 2018; Orser and Wang, 2019; Zheng et al., 2019; Zhong and Xu, 2019). Thus, these bioinformatics analyses of possible pathways also suggested the potential functions of the identified circRNAs in POCD of aged mice.

Meanwhile, based on the protein-protein interaction analysis, Egfr and Prkacb were predicted in the interaction network. In addition, Egfr may be modified by circRNA_22058 and circRNA_44122. Prkacb may be modified by circRNA_22673. Egfr has also been proposed as a fundamental disease-associated protein in AD pathogenesis (Quan et al., 2020; Yuen et al., 2020). They have therapeutic abilities through autophagy induction and the attenuation of reactive astrocytes (Tavassoly et al., 2020). Prkacb might be involved in the MAPK signaling pathway, GABAergic synapse, insulin secretion, insulin signaling pathway, and chemokine signaling pathway. PKA has also been reported to contribute to neurodegenerative diseases, such as PD and AD (Dagda and Das Banerjee, 2015; Myeku et al., 2016; Kumar and Singh, 2017; Sanders and Rajagopal, 2020; Zhang et al., 2020). PKA has also been reported to be involved in POCD mechanism (Wang W. X. et al., 2018; Zhu et al., 2019). Therefore, the mmu-circRNA_22058 and circRNA_44122/Egfr ceRNA network or circRNA_22673/Prkacb ceRNA network may contribute to the pathological process of POCD, which will be validated in future studies.

The present study had several limitations. First, we only screened differentially expressed circRNAs in POCD mice 3 days after anesthesia/surgery. Consequently, we did not know whether the differentially expressed circRNAs were time-dependent. Second, although we found that some circRNAs might be associated with POCD, the mechanism needs to be elucidated in further studies.

In summary, we found that circRNAs were differentially expressed in the POCD of aged mice hippocampus. Using bioinformatics analysis of predicted circRNAs, we evaluated the roles and relevant pathways of relative circRNA-target genes.
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Background: Alzheimer’s disease (AD) is the most common type of dementia. However, no curative therapy has been found effective to slow down the process of AD. It is reported that anesthesia and surgery will induce neurocognitive deterioration in AD, but the mechanism is not quite clear. In this study, we aim to compare the cognitive impairment between 5XFAD transgenic (Tg) mice and its littermate (LM) after isoflurane anesthesia and surgery to clarify the specific impacts of anesthesia and surgery on individuals with AD and to explore the mechanisms.

Methods: We performed abdominal surgery in cognitively impaired, 4-month-old female 5XFAD mice and LM control mice. Isoflurane anesthesia (1.4%) was induced and maintained over 2 h. Open field and fear conditioning tests were conducted on 1, 3 and 7 days after anesthesia and surgery. The total distance, velocity and freezing time were the major outcomes. P-tau (AT8), tau oligomers (T22), stress granules (SGs), the SYK tyrosine kinase and p-SYK in the hippocampus at postoperative day 1 were evaluated by Western Blot assays. The colocalization of SGs, SYK, p-SYK, and neurons in the hippocampus section was assessed using qualitative immunofluorescence.

Results: In the open field test, no difference between the distance moved and the velocity of LM mice and 5XFAD Tg mice were found on day 1 after anesthesia and surgery. 5XFAD Tg mice exhibited reduced freezing time of fear conditioning context test on postoperative day 3, but not on day 7; the LM mice showed no changes in FCTs. Furthermore, p-tau, tau oligomers, SGs, SYK and p-SYK were evident in the hippocampus region of 5XFAD Tg mice on a postoperative day 1. In addition, SGs, SYK, p-SYK were colocalized with hippocampus neurons, as shown by immunofluorescence.

Conclusion: This study demonstrates that anesthesia and surgery may induce tau-associated neurocognitive deterioration in individuals with AD. The mechanism under it may be associated with SGs and the tyrosine kinase, SYK. After anesthesia and surgery, in 5XFAD Tg mice, SGs were formed and SYK was phosphorylated, which may contribute to the phosphorylation of tau protein. This study provided hints that individuals with AD may be more vulnerable to anesthesia and surgery.

Keywords: Alzheimer’s disease, postoperative cognitive dysfunction, stress granules, SYK tyrosine kinase, tauopathy, 5XFAD, cognitive decline


INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia, accounting for an estimated 60–80% (Alzheimer’s Association, 2020). Worldwide, about 50 million people were living with AD in 2019, and this number is projected to triple by 2050 (Alzheimer’s Disease International, 2019). However, AD has long been considered to be neither preventable nor treatable (Livingston et al., 2017). As estimated by World Health Organization, there have been about 312.9 million surgeries in 2012 globally (Weiser et al., 2016). As overall life expectancy and the advances in surgical techniques have increased, more and more elderly patients are undergoing anesthesia and surgery. Besides, elderly surgical patients are more likely to have preexisting AD or be at risk for developing it (Işik, 2015). On the other hand, there are clinical studies that fail to support the association of anesthesia and surgery with AD (Avidan and Evers, 2011; Sprung et al., 2013, 2020; Aiello Bowles et al., 2016; Silber et al., 2020). However, some animal experiments have been reported where individuals with AD may develop cognitive impairment after anesthesia and surgery, but the mechanism is not clear (Zhang et al., 2017; Miao et al., 2018; Kim et al., 2021).

Recent advances indicate that the response of RNA metabolism to stress has an important role in the pathophysiology of neurodegenerative disease, particularly AD (Wolozin and Ivanov, 2019). Stress granules (SGs) are transient membraneless organelles that control the utilization of mRNA during stress (Wolozin and Ivanov, 2019). However, evidence suggests that chronic stresses associated with aging, such as AD, lead to chronic and persistent SGs that act as a nidus for the aggregation of disease-related proteins (Wolozin and Ivanov, 2019). Anesthesia/surgery is an acute stress to the body and whether this kind of acute stress would deteriorate the pathology of AD is unknown.

It has been reported that hyperphosphorylation of SYK can result in the aggregation and phosphorylation of tau protein through the SYK/PKA/GSK3β pathway (Paris et al., 2014; Schweig et al., 2017). Furthermore, evidence suggests that SYK can be recruited and activated by SGs, enhance the formation of SGs, and stimulate the production of reactive oxygen and nitrogen species in microglia of AD (Ghosh and Geahlen, 2015). Taken together, we employed the 5XFAD mice in the studies to illustrate the potential role of tau, SGs and SYK in the anesthesia/surgery neurotoxicity in AD.



MATERIALS AND METHODS


Animals and Disease Model

The animal protocol was approved (Protocol number: 2019AW027, Shanghai, China) by the Shanghai General Hospital Clinical Center Laboratory Animal Welfare and Ethics Committee. Efforts were made to minimize the number of animals used. The AD transgenic (Tg) mice, 5XFAD, were purchased from Jackson Lab [B6SJL Tg (APPSwF1Lon, PSEN1∗M146L∗L286V) 6799Vas/Mmjax; Stock Number: 006554] and maintained in Shanghai Donghua University SPF Animal Center until 4 months of age. The mice were housed in a controlled environment (20–22°C; 12 h of light/dark on a reversed light cycle) for 7 days prior to the studies. In this study, littermate (LM) mice were used as the littermate control mice of 5XFAD Tg mice. C57BL/6J female mice and 5XFAD Tg male mice mated to obtain progeny mice. When the progeny mice were 1 month old, their tails were sampled for genotyping. The genotyping of progeny mice was performed by PCR analysis of tail sample DNA, according to the protocol of the supplier. The progeny mice with the expression of both APP (377 bp) and PS1 (608 bp) were identified as 5XFAD Tg mice, whereas ones with the expression of only reference DNA (325 bp) were employed as LM mice in this study. The mice were randomly assigned to either the anesthesia/surgery group or the control condition group. The anesthesia/surgery was performed between 9 a.m. and 12 p.m. A simple laparotomy was made under 1.4% isoflurane anesthesia (anesthesia/surgery). Specifically, anesthesia was induced and maintained with 1.4% isoflurane in 100% oxygen in a transparent acrylic chamber. 15 min after the induction, each of the mice was moved out of the chamber, and isoflurane anesthesia was maintained via a cone device. To monitor the concentration of isoflurane, we inserted a 16-gage needle into the cone near the nose of the mouse. A longitudinal midline incision was made from the xiphoid to the 0.5 cm proximal pubic symphysis on the skin, abdominal muscles and peritoneum. Then, the incision was sutured layer by layer with 5–0 Vicryl thread. The procedure for each mouse lasted about 10 min, and the mouse was put back into the anesthesia chamber for up to 2 h to receive the rest of the anesthesia consisting of 1.4% isoflurane in 100% oxygen. We used this combination of anesthesia and surgery treatment in the studies because it has been reported that the anesthetic could induce cognitive impairment and surgery might potentiate the anesthesia-induced neurotoxicity and neurobehavioral deficits (Zhang et al., 2017; Miao et al., 2018). The temperature of the anesthetizing chamber was controlled to maintain the rectal temperature of the mice at 37 ± 0.5°C during the anesthesia/surgery procedure. After recovering from the anesthesia, each mouse was returned to a home cage with food and water available ad libitum. The mice in the control group (food and water available ad libitum) were placed in their home cages with 100% oxygen for 2 h.



Behavioral Analysis

In this study, we used two behavioral analyses to assess the cognitive changes of 5XFAD Tg mice and LM mice after anesthesia/surgery. The procedure of behavioral analysis is shown in Figure 1.


[image: image]

FIGURE 1. Overview of behavioral analysis timeline. On the first day after anesthesia and surgery, the open field test and fear conditioning training were conducted. Then, on days 3 and 7 after anesthesia and surgery, fear conditioning tests were conducted.



Open Field Test

To test the effects of anesthesia/surgery on locomotor activity, the open-field test was used. The test apparatus was a square arena (40 cm × 40 cm × 60 cm). The mice were gently placed in the center of the field, and behavioral paraments were recorded for 300 s using the EthoVision video tracking system (version 3.0, Noldus, Wageningen, Netherlands). The distance moved (cm/5 min) and velocity (cm/s) were recorded.



Fear Conditioning Test

The fear conditioning test (FCT) training was performed on day 1 after the anesthesia/surgery. Each mouse was allowed to explore the FCT chamber for 180 s before the presentation of a pulsating tone (80 db, 3.6 kHz) that persisted for 60 s. The tone was followed immediately by a mild foot shock (0.8 mA for 0.5 s). The stimulation described above was repeated one more time with an interval of 120 s. The context test was performed on day 3 and then day 7 after the anesthesia/surgery, respectively. Each mouse was allowed to stay in the chamber for a total of 390 s. The function of learning and memory in the context test was assessed by measuring the amount of time the mouse demonstrated “freezing behavior,” which is defined as a completely immobile posture except for respiratory efforts during the second 180 s. The tone test was also performed on days 3 and 7 after the anesthesia/surgery. Each mouse was allowed to stay in the chamber for a total of 390 s. The same tone was presented for the second 180 s without the foot shock. The function of learning and memory in the tone test was assessed by measuring the amount of time the mouse demonstrated “freezing behavior,” defined as a completely immobile posture except for respiratory efforts during the second 180 s. The “freezing behavior” was analyzed by Video Freeze (freezing on the threshold: 18 pixels/f; minimum freezing duration: 30 f). The freezing time was presented in seconds.



Western Blot Analysis

Hippocampus protein was harvested and homogenized in RIPA lysis buffer (NCM Biotech, Suzhou, China) containing protease (NCM Biotech, Suzhou, China) and phosphatase inhibitor (NCM Biotech, Suzhou, China). The protein concentration was determined with a bicinchoninic acid assay kit (Thermo Fisher Scientific, MA, United States). Western blotting was performed as described previously. Briefly, 10 μg of protein was loaded per lane on a 10% SDS-PAGE. The membrane blots were saturated with blocking buffer (NCM Biotech, Suzhou, China) for 15 min at room temperature and then incubated overnight at 4°C with antibodies against GAPDH (1:1000, Proteintech, Wuhan, China), T22 (1:1000, Millipore, MA, United States), AT8 (1:1000, Thermo Fisher Scientific, MA, United States), G3BP (1:1000, Abcam, Cambridge, United Kingdom), SYK (1:1000, Abcam, Cambridge, United Kingdom), and p-SYK (1:1000, Abcepta, Suzhou, China). The gray intensity of proteins was measured using Image J software (United States National Institutes of Health).



Immunofluorescence

The mice were anesthetized with 1% pentobarbital sodium and perfused with saline for a few minutes. Then, the mice were perfused with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). Brains were dissected and soaked overnight at 4°C in 4% PFA, and then soaked in 30% sucrose at 4°C for 48 h. Brain slices (25 μm) were harvested and incubated with primary and secondary antibodies, and then washed in PBST and flat-mounted. The primary antibodies included anti-NeuN (Millipore, MA, United States), anti-G3BP (Abcam, Cambridge, United Kingdom), anti-SYK (Abcam, Cambridge, United Kingdom), and anti-p-SYK (Abcepta, Suzhou, China). The secondary antibodies included donkey anti-rabbit IgG H&L (Alexa Fluor 488, Jackson Immuno Research, PA, United States), donkey anti-rabbit IgG H&L (Alexa Fluor 594, Thermo Fisher Scientific, MA, United States), and donkey anti-guinea pig (Alexa Fluor 647, Abcam, Cambridge, United Kingdom) antibodies. Primary antibodies were diluted at 1:100 for usage, and the secondary antibodies were applied at a dilution of 1:200. In each group, three hippocampus flat mounts were performed and observed under a confocal microscope (LEICA TCS SP8 X, Germany).



Statistical Analysis

Representative results are shown in the figures. The sample size is chosen as generally required for basic research. For behavioral studies, the sample size was 12 per group. For Western blotting, at least five hippocampi per animal group were used. Samples are randomly assigned to experimental groups. Data are presented as mean ± SEM and were analyzed statistically using one-way ANOVA, two-way ANOVA, or two-tailed Student’s t-test. P-values < 0.05 were considered statistically significant.



RESULTS


Anesthesia/Surgery Did Not Impact the Locomotor Activity of LM Mice and 5XFAD Tg Mice

To eliminate the impacts of locomotor activity on the assessment of cognitive function between 5XFAD Tg mice and LM mice, first, we carried out an open-field test. As shown in Figure 2, the movement trajectory of LM mice and 5XFAD Tg mice were both evenly distributed. In addition, we found no difference between the distance moved and velocity of 4-month female 5XFAD Tg mice and LM mice regardless of anesthesia/surgery (Figures 2E,F).
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FIGURE 2. The effect of anesthesia and surgery on the locomotor activity of LM mice and 5XFAD Tg mice. The movement trajectory (A–D), total distance (E), and velocity (F) of LM mice and 5XFAD Tg mice in the control and anesthesia/surgery groups. The movement trajectory of LM mice and 5XFAD Tg mice were both evenly distributed, and no difference was found in the total distance and velocity of LM mice and 5XFAD Tg mice between the control and anesthesia/surgery groups. Results are expressed as mean ± SEM, n = 12. Student t-test. N.S., P > 0.05 vs. untreated controls.




Anesthesia/Surgery-Induced Cognitive Impairment in Female 5XFAD Tg Mice

Given no changes of locomotor activity between female LM mice and 5XFAD Tg mice, we carried out FCT to detect the acute cognitive function after anesthesia/surgery. We found that the anesthesia/surgery significantly decreased the freezing time in the context test, instead of the tone test of FCT as compared with the control group in the 4-month female 5XFAD Tg mice (Figures 3A,B) 3 days after the anesthesia/surgery. However, 7 days after the anesthesia/surgery, the anesthesia/surgery did not significantly change the freezing time in both context and tone test as compared with the control group in 4-month female 5XFAD Tg mice (Figures 3C,D). These data suggest that the anesthesia/surgery could induce hippocampus-dependent cognitive impairment 3 days after, but not 7 days after the anesthesia/surgery in the 4-month female 5XFAD Tg mice.
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FIGURE 3. The effect of anesthesia and surgery on the cognition of LM mice and 5XFAD Tg mice. The percent freezing of LM mice and 5XFAD Tg mice in control and anesthesia/surgery group on day 3 after anesthesia and surgery in context (A) and tone (B) FCT. The percent freezing of LM mice and 5XFAD Tg mice in control and anesthesia/surgery group on day 7 after anesthesia and surgery in context (C) and tone (D) FCT. The FCT revealed that LM mice showed no cognitive dysfunction both on day 3 and day 7 after anesthesia and surgery, but 5XFAD Tg mice showed a cognitive decline in context, but not tone test, on day 3 after anesthesia and surgery. 5XFAD Tg mice showed no cognitive impairment in both context and tone test on day 7 after anesthesia and surgery. Results are expressed as mean ± SEM, n = 12. Student t-test. *P < 0.05 vs. untreated controls. N.S., P > 0.05 vs. untreated controls.


In the age-matched female LM mice, however, we found that the anesthesia/surgery did not significantly change the freezing time of both context and tone test of FCT 3 or 7 days after the anesthesia/surgery as compared with the control group (Figure 3). These data suggested that the anesthesia/surgery did not induce cognitive impairment as compared with the control condition in the age-matched female LM mice.



Anesthesia/Surgery Increased the Levels of p-Tau and Tau Oligomers in the Hippocampus of Female 5XFAD Tg Mice

As the anesthesia/surgery-induced acute cognitive dysfunction in 4-month female 5XFAD Tg mice, next, we determined the potential cellular mechanisms. To evaluate whether the impairment of neurocognitive function is related to changes in hippocampus amounts of p-tau and tau oligomer in 5XFAD Tg mice, we first tested the amounts of these proteins in 5XFAD Tg mice after anesthesia and surgery. Western blot analysis of protein expression revealed that after anesthesia and surgery, p-tau (Figure 4A) and tau oligomers (Figure 4B) in the hippocampus of 5XFAD Tg mice were significantly increased.
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FIGURE 4. The effect of anesthesia and surgery on the levels of p-tau and tau oligomers in the hippocampus of 5XFAD Tg mice. (A,B) The difference in brain amounts of phosphorylated tau at Ser202 and Thr205 sites (AT8) and tau oligomers (T22) in the hippocampus of postoperative 24 h of 5XFAD Tg mice in control and anesthesia/surgery group. In 5XFAD Tg mice, the levels of AT8 and T22 in the hippocampus were significantly increased at postoperative 24 h. Results are expressed as mean ± SEM. Student t-test. **P < 0.005 vs. untreated controls. *P < 0.05 vs. untreated controls.




Anesthesia/Surgery-Induced the Formation of SGs in Neurons of the Hippocampus of Female 5XFAD Tg Mice

As we indicated above, SGs are cytoplasmic members of the RNA granule family and have been implicated in the pathogenesis of AD. Therefore, we determined the effects of the anesthesia/surgery on the amount of SGs in the hippocampus of LM mice and 5XFAD Tg mice. The immunoblotting of G3BP1, a marker of SGs, showed that the anesthesia/surgery increased the density of the bands representing G3BP1 in the hippocampus of 4-month female 5XFAD Tg mice (Figure 5B). However, for LM mice, compared with LM control mice, the expression of G3BP1 of LM mice treated by anesthesia and surgery did not increase (Figure 5A). The immunostaining of G3BP1 showed that G3BP1 and hippocampus neuron (NeuN) were colocalized (Figure 5C).
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FIGURE 5. The effect of anesthesia and surgery on the levels of SGs in the hippocampus of LM mice and 5XFAD Tg mice. G3BP1 expression in the hippocampus of postoperative 24 h of LM mice (A) and 5XFAD Tg mice (B) in control and anesthesia/surgery group. (C) Immunostaining of G3BP1 positive neurons in the hippocampus of LM mice and 5XFAD Tg mice in control and anesthesia/surgery group. The hippocampus level of G3BP1 was significantly increased in 5XFAD Tg mice but not LM mice at postoperative 24 h. The immunostaining of G3BP1 showed that G3BP1 and hippocampus neuron (NeuN) were colocalized. Results are expressed as mean ± SEM. Student’s t-test. N.S., P > 0.05 vs. untreated controls. ***P < 0.0005 vs. untreated controls.




SYK Was Activated and Colocalized With SGs in Neurons of the Hippocampus of Female 5XFAD Tg Mice

To confirm that the protein level of SYK was increased in 5XFAD Tg mice after anesthesia and surgery, we used the immunoblotting method to determine the protein level of SYK. The anesthesia/surgery did not significantly increase the protein level of SYK in LM mice as compared with the control group (Figure 6A). However, the immunoblotting of SYK showed that the anesthesia/surgery significantly increased the density of the bands representing SYK in the hippocampus of 4-month female 5XFAD Tg mice as compared with the control group (Figure 6B). Then, we used the immunofluorescence method to explore whether SYK can also be recruited to SGs. As shown in Figure 6C, SYK was colocalized with G3BP1 in SGs in both LM and 5XFAD Tg mice regardless of anesthesia/surgery. We then ask if SYK colocalized to SGs was activated. Since phosphorylated SYK (p-SYK) is the form of activated SYK, we detected the p-SYK. Firstly, the immunoblotting of p-SYK showed that the phosphorylation of SYK was increased in 5XFAD Tg mice treated with anesthesia/surgery as compared with the control 5XFAD Tg mice (Figure 7B), whereas anesthesia and surgery had no effect on the phosphorylation of SYK in LM mice (Figure 7A). We used immunofluorescence to determine the colocalization of p-SYK and SGs. The results showed that SYK was activated and colocalized with SGs in neurons of the hippocampus in 5XFAD Tg mice after anesthesia and surgery (Figure 7C).
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FIGURE 6. The effect of anesthesia and surgery on the levels of SYK in the hippocampus of LM mice and 5XFAD Tg mice. SYK expression in the hippocampus of postoperative 24 h of LM mice (A) and 5XFAD Tg (B) mice in control and anesthesia/surgery group. (C) Immunostaining of SYK and G3BP1 positive neurons in the hippocampus of LM mice and 5XFAD Tg mice in control and anesthesia/surgery group. The hippocampus level of SYK was significantly increased in 5XFAD Tg mice but not LM mice at postoperative 24 h. The immunostaining of SYK and G3BP1 showed that SYK, G3BP1, and hippocampus neurons (NeuN) were colocalized. Results are expressed as mean ± SEM. Student t-test. N.S., P > 0.05 vs. untreated controls. *P < 0.05 vs. untreated controls.
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FIGURE 7. The effect of anesthesia and surgery on the levels of p-SYK in the hippocampus of LM mice and 5XFAD Tg mice. P-SYK expression in the hippocampus of postoperative 24 h of LM mice (A) and 5XFAD Tg mice (B) in control and anesthesia/surgery group. (C) Immunostaining of p-SYK and G3BP1 positive neurons in the hippocampus of LM mice and 5XFAD Tg mice in control and anesthesia/surgery group. The hippocampus level of p-SYK was significantly increased in 5XFAD Tg mice but not LM mice at postoperative 24 h. The immunostaining of p-SYK and G3BP1 showed that p-SYK, G3BP1, and hippocampus neurons (NeuN) were colocalized. Results are expressed as mean ± SEM. Student t-test. N.S., P > 0.05 vs. untreated controls. *P < 0.05 vs. untreated controls.




DISCUSSION

The findings that the anesthesia/surgery did not significantly affect the total distance and velocity of the open-field test indicated that the anesthesia/surgery did not impair the locomotor activity (Figure 2). Therefore, the observed shorter freezing time of the fear conditioning context test was not due to the changes in locomotor activity. The behavior tests of fear conditioning suggest that isoflurane plus surgery caused a reduced freezing time of fear conditioning context test in 5XFAD Tg mice but not in LM mice (Figure 3). These results were consistent with previous studies (Miao et al., 2018) and with Zhang et al. (2017) reported that after sevoflurane anesthesia and abdominal surgery, 5XFAD Tg female, but not LM mice, were of cognitive dysfunction in fear conditioning context test. In another study, Miao et al. (2018) found that isoflurane, but not desflurane plus abdominal surgery, could cause longer escape latency and distance of Barnes maze probe test, which suggested cognitive impairment in 5XFAD Tg mice. In this study, we used the same surgery type but different inhalation anesthetics and found that 5XFAD Tg mice, instead of LM mice, were of cognitive dysfunction. Therefore, inhalation anesthetics plus abdominal surgery could induce cognitive impairment in 5XFAD Tg mice. Furthermore, Miao et al. reported that isoflurane, instead of desflurane, was detrimental, whereas Zhang et al. reported that sevoflurane was harmful to the cognition of mice with AD, suggesting that different types of inhalation anesthetics may have different impacts on the cognition of AD mice. However, more researches, especially prospective controlled clinical trials are needed to confirm this review to screen which inhalation anesthetics are more suitable for patients with AD.

In the Barnes maze probe test, until 28 days after anesthesia and surgery, 5XFAD Tg mice showed a cognitive decline (Miao et al., 2018). Compared with the FCT, the Barnes maze is a behavioral test intended to test the spatial memory of rodents and has no stress to rodents. Since the FCT involves pain factors and is stressful for rodents, it can test memory in a short time (Wahl et al., 2017). In general, our results are consistent with other studies that anesthesia plus surgery may promote AD development by aggravating cognitive dysfunction.

Amyloid plaques and neurofibrillary tangles are characteristics of AD, which are composed of Aβ peptide and tau protein, respectively (Scheltens et al., 2016). In recent years, most of the new Aβ-targeting therapies have failed in clinical trials. Thus, therapies for AD in clinical trials are gradually shifting from Aβ-targeting therapies to tau-targeting immunotherapies (Long and Holtzman, 2019). In this study, we determined that after anesthesia and surgery, it was tau, but not Aβ that increased significantly. We first analyzed the Aβ oligomers level and the tau phosphorylation of 5XFAD Tg mice after anesthesia and surgery. We found that Aβ oligomers did not increase significantly (data not shown). On the contrary, in 5XFAD Tg mice, anesthesia and surgery-induced abnormal tau phosphorylation, as evidenced by immunoblotting of the hippocampus with antibody AT8 (Figure 4A). Then, we tested the toxic tau oligomers with antibody T22 and found that T22 was significantly increased (Figure 4B). Previous studies have suggested that hyperphosphorylated tau proteins will gradually deposit into tau oligomers, which produce neurotoxicity (Castellani and Perry, 2019). Therefore, it is indicated that anesthesia and surgery may affect the degree of tau hyperphosphorylation and lead to cognitive impairment.

Also, other studies have reported that tau hyperphosphorylation is associated with memory decline after inhalation anesthetics exposure. Tan et al. (2010) found that isoflurane anesthesia combined with hypothermia could increase tau phosphorylation at the Thr205 and Ser396 sites in the hippocampus of WT mice, while Dong et al. (2012) and Li et al. (2014) observed that increased p-tau at the Ser262 site is associated with memory impairment in WT and AD Tg mice (APP695) after isoflurane exposure, respectively. Recently, Dong et al. (2021) used a new approach called nanobeam-sensor to demonstrate that sevoflurane could lead to tau exiting from neurons upon phosphorylation, traveling through both extracellular vesicles (EVs) and non-EVs routes, and then entering microglia, leading to the generation of IL-6 and cognitive impairment in vitro and in vivo experiments. These data indicated that tau also played an important role in anesthesia-induced cognitive impairment.

Stress granules are membraneless organelles, which are composed of messenger ribonucleoproteins and RNA-binding proteins (RBPs). In response to biotic or abiotic stresses, SGs quickly assemble within minutes to hours, and quickly dissolve when the stress is removed. But chronic illness, such as AD, produces persistent stress that allows time for SGs to mature into more stable complexes. SGs may be an initial position where pathological tau proteins aggregate (Apicco et al., 2018; Silva et al., 2019; Wolozin and Ivanov, 2019). Therefore, when we found that the levels of p-tau and tau oligomers were significantly increased after anesthesia and surgery, we paid attention to the influence of anesthesia and surgery on SGs. Anesthesia/surgery was a kind of acute stress for the body, and what effects it would have on SGs was unknown. SGs can be defined by the presence of core nucleating RBPs, such as T cell intracellular antigen 1 (TIA1), G3BP1, etc. (Wolozin and Ivanov, 2019). Among these SGs markers, G3BP1 is an important assembly factor of SGs (Yang et al., 2020). Thus, in this study, we used G3BP1 as a marker of SGs and demonstrated that anesthesia and surgery-induced increased assembly of SGs in 5XFAD Tg mice but not LM mice. Also, immunofluorescence staining was performed to identify the SGs in neurons of the hippocampus, and results showed that G3BP1 was colocalized with neurons. These results suggested that SGs in hippocampus neurons significantly increased in 5XFAD mice after anesthesia/surgery. Then, we wondered whether anesthesia/surgery promotes the progression of AD through the regulation of SGs and how SGs regulate the pathological changes of tau protein. It has been reported that overactivation of SYK can exacerbate the hyperphosphorylation and aggregation of tau proteins (Paris et al., 2014). Activated SYK can inactive the function of protein kinase A (PKA) to enhance the downstream kinase, GSK3β, and GSK3β is one of the main kinases, phosphorylating tau proteins at Ser202 and Ser396/Ser404 sites (Paris et al., 2014; Schweig et al., 2017). Furthermore, Ghosh and Geahlen (2015) found that in microglia, SYK was recruited and activated in SGs. Hence, we tested the expression of SYK in the hippocampus region and found that anesthesia and surgery increased the expression and activation of SYK. Consistently, we showed that SYK was co-localized with SGs in neurons. In addition, recent studies reported that TIA1 could interact with tau protein to induce AD-related neurotoxicity (Apicco et al., 2018). Also, TIA1 is involved in neuronal response to spreading tau oligomers (Jiang et al., 2019). As we indicated above, tau oligomers (T22) were significantly increased in 5XFAD Tg mice after anesthesia and surgery. Thus, whether TIA1 is facilitated in the deterioration of tauopathy caused by anesthesia and surgery still needs more exploration.

In conclusion, we found that abdominal surgery under isoflurane (anesthesia/surgery) was able to induce hippocampus-dependent cognitive decline and an increase in hippocampus level of tau oligomers and p-tau in 4-month female 5XFAD Tg mice, but not LM mice. Meanwhile, we also found increased SGs, SYK and p-SYK in 5XFAD Tg mice after anesthesia and surgery for the first time, which may be related to the cognitive decline of 5XFAD mice with anesthesia and surgery. However, due to the experimental conditions, we have been unable to obtain enough Tg mice with AD to investigate the causal relationship between these phenomena. This is a limitation of this study. Although this study gives us hints that patients with AD may be more vulnerable to develop postoperative cognitive decline than non-demented patients, there is still a long way to go to verify it in human beings.
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Background: To assess the effect of dexmedetomidine on the reducing risk of perioperative neurocognitive disorders (PNDs) following cardiac surgery.

Methods: A systematic review and meta-analysis with trial sequential analysis (TSA) of randomized controlled trials were performed. PubMed, Embase, Cochrane Library, and CNKI databases (to August 16, 2020) were searched for relevant articles to analyze the incidence of PND for intraoperative or postoperative dexmedetomidine administration after cardiac surgery. PND included postoperative cognitive dysfunction (POCD) and postoperative delirium (POD).

Results: A total of 24 studies with 3,610 patients were included. Compared with the control group, the incidence of POD in the dexmedetomidine group was significantly lower (odds ratio [OR]: 0.59, 95% CI: 0.43–0.82, P = 0.001), with firm evidence from TSA. Subgroup analyses confirmed that dexmedetomidine reduced the incidence of POD with firm evidence following coronary artery bypass grafting surgery (OR: 0.45, 95% CI: 0.26–0.79, P = 0.005), and intervention during the postoperative period (OR: 0.48, 95% CI: 0.34–0.67, P < 0.001). Furthermore, the incidence of POD in the dexmedetomidine group was also decreased in mixed cardiac surgery (OR: 0.68, 95% CI: 0.47–0.98, P = 0.039). Irrespective of whether “Confusion Assessment Method/Confusion Assessment Method for intensive care unit” or “other tools” were used as diagnostic tools, the results showed a decreased risk of POD in the dexmedetomidine group. There was no significant difference in the incidence of POCD (OR: 0.47, 95% CI: 0.22–1.03, P = 0.060) between the two groups, but this result lacked firm evidence from TSA.

Conclusion: The administration of dexmedetomidine during the perioperative period reduced the incidence of POD in patients after cardiac surgery, but there was no significant benefit in the incidence of POCD. The effect of dexmedetomidine on the incidence of POD or POCD following different types of surgery and the optimal dose and timing of dexmedetomidine warrant further investigation.

Trial registration: PROSPERO registration number: CRD42020203980. Registered on September 13, 2020.

Keywords: dexmedetomidine, delirium, cognitive dysfunction, cardiac surgery, meta-analysis


INTRODUCTION

Perioperative neurocognitive disorders (PNDs) include acute delirium and longer-lasting postoperative cognitive dysfunction (POCD) (1). Postoperative delirium (POD) and POCD have long been recognized as potential complications of anesthesia and surgery, with risk factors that include patient age, anesthetic drugs, and type of surgery (2, 3). The incidence of POD may vary depending on the type of surgery, with a previous study reporting an incidence of POD ranging from 3 to 47% following major cardiac surgery (4). Similarly, another study estimated the incidence of POD at 26–53% and 3-month POCD at about 10% (5). Further research confirmed that cardiac surgery was associated with higher rates of PND, prolonged length of hospitalization, and consequently increased burden of healthcare cost (6). Perhaps most concerning, POD and POCD have also been associated with long-term disability and increased mortality. Recognizing the significance of PND, the reduction of POD and POCD has been included as a target element of Enhanced Recovery After Surgery protocols (7). Though the pathogenesis of PND remains unclear, efforts to minimize the risk of POCD have taken on special importance.

Dexmedetomidine is a highly selective α2-adrenergic receptor agonist that has been widely used in the perioperative setting to provide sedation, anxiolysis, analgesia, and for its sympatholytic actions, which have been associated with neuroprotective effects and demonstrated to prevent the development of POD and POCD (8, 9). In contrast, a recently published study suggested that dexmedetomidine infusion did not decrease POD following cardiac surgery (10). Therefore, the neuroprotective effect of dexmedetomidine has been challenged and remains controversial, especially in cardiac surgery patients. The purpose of this meta-analysis of randomized controlled trials (RCTs) was to determine whether administration of dexmedetomidine reduced the incidence of PND following cardiac surgery.



METHODS


This Meta-Analysis Was Conducted in Accordance With Cochrane Review

This systematic review and meta-analysis were conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement (11). All analyses were made based on previously published studies; therefore, no ethical approval or patient consent was required. This study was registered in the international prospective register of systematic reviews (CRD42020203980).



Eligibility Criteria

Included studies were limited to RCTs in adult surgical patients (age ≥ 18 years) that addressed the incidence of POD/POCD, administered dexmedetomidine, and were published from the inception of databases through August 16, 2020. Non-cardiac surgery, non-intravenous administration of dexmedetomidine, and animal experiments were excluded from this meta-analysis.



Information Sources and Search

PubMed, Embase, Cochrane Library, and CNKI databases were systematically searched. Additional studies were identified from the reference sections of all eligible studies and previously published systematic reviews. According to the search strategy, both MeSH terms and free terms were used. A basic search strategy was conducted using the following terms: (dexmedetomidine OR “dexmedetomidine” [MeSH]) AND (perioperative neurocognitive disorders OR “perioperative neurocognitive disorders” [MeSH] OR PND) AND (postoperative cognitive dysfunction OR “postoperative cognitive dysfunction” [MeSH] OR POCD) AND (postoperative delirium OR “postoperative delirium” [MeSH] OR POD). A summary of the search strategies is shown in Supplementary 1.



Data Extraction and Quality Assessment

Data extraction and quality assessment were independently completed by two authors (XX and DC). Differences of opinion between the two authors were resolved by JS. Study elements included author, publication year, sample size, type of surgery, time and duration of the intervention or control group, the dosage of dexmedetomidine, POD/POCD assessment methods, and the incidence of POD/POCD. The risk of bias of the included studies was independently assessed by two reviewers (XLX and DXC). The Cochrane Collaboration Risk Assessment Tool (12) was adapted to evaluate the risk of bias for RCT evidence, seven domains of bias were classified as high, unclear, or low risk accordingly (Supplementary 2: Figure 1).



Grading the Quality of Evidence

The quality of evidence for each finding was rated based on criteria established by the grading of recommendations assessment, development, and evaluation (GRADE) group (12). The quality of evidence was classified as very low, low, moderate, or high. Any disagreement was settled by discussion among the research team.



Statistical Analysis

We performed the meta-analyses using Review Manager 5.3 (The Cochrane Collaboration, Copenhagen, Denmark) and STATA 15 software (Stata Corp LP, College Station, TX, USA). The odds ratios (OR) with 95% CIs were calculated for dichotomous outcomes. Considering the expected heterogeneity across studies, we applied a random-effects model to evaluate outcomes. We performed funnel plots to detect publication bias. I2 test was used to assess heterogeneity. Significant heterogeneity was denoted by I2 > 50%. To validate results, sensitivity analysis and subgroup analysis were performed. We conducted subgroup analysis based on the type of cardiac surgery, namely, cardiac valve surgery, mixed cardiac surgery, and coronary artery bypass grafting (CABG) surgery; time and duration of dexmedetomidine administration, categorized as the intraoperative period (dexmedetomidine infused from anesthesia induction to the end of surgery), perioperative period (dexmedetomidine infused from the surgical procedure and continued in the intensive care unit [ICU]), and postoperative period (dexmedetomidine infused in the ICU following cardiac surgery). Assessment for the diagnosis of delirium included the Confusion Assessment Method (CAM/CAM-ICU) or “other tools” that included the Richmond Agitation Sedation Scale (RASS), the modified Hewitt questionnaire, the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR), the Delirium Rating Scale (DRS), and the Intensive Care Delirium Screening Checklist (ICDSC). One trial diagnosed POD according to clinical criteria, and one study did not report their method of assessment. P < 0.05 was considered statistically significant.

Meta-analyses could be data driven because they were retrospectively conducted. Random errors could arise due to repetitive testings as data were accrued and testing of multiple outcome measures, which could lead to type I errors. To adjust for random error risk, meta-analyses (not reaching the required sample size) were analyzed with trial sequential monitoring boundaries (TSMBs) that are analogous to interim monitoring boundaries in a single trial. TSMBs adjusted the P-value that was required to reach statistical significance according to the number of participants and events in a meta-analysis. The fewer participants and events, the more restrictive the monitoring boundaries were, and the lower P-value was required to obtain statistical significance (13). Therefore, trial sequential analysis (TSA) offered the possibility to evaluate the credibility of the statistical results from our meta-analyses to decide whether CI and P-values in the meta-analyses were sufficient to show the anticipated effect. We calculated the required information size (IS) adjusted for the present meta-analysis and TSMBs to determine whether the evidence in our meta-analysis was reliable (14). If the cumulative Z-curve entered the futility area, or crossed TSMB, or reached the IS, we determined that the result had reached the anticipated intervention effect and showed firm evidence. Otherwise, the evidence was rated as absent. We set effect measure “Odds Risk” and model as “Random-effect (Dersimonian-Laird)” in the TSA software version 0.9 beta software (Copenhagen Trial Unit, Centre for Clinical Intervention Research, Copenhagen, Denmark). A two-sided TSA was performed to maintain a risk of 5% for type I error and a power of 80%.




RESULTS


Study Selection

The flowchart of selection processes is shown in Figure 1. Our initial search identified 605 studies. After removing duplicates, we screened 458 studies based on abstracts. In total, we preliminarily evaluated 43 full-text articles for eligibility. Ultimately, 24 studies were enrolled in our systematic review and meta-analysis.


[image: Figure 1]
FIGURE 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram for the literature search and exclusion criteria.




Study Characteristics/Participants

The recorded elements of the enrolled studies are presented in Table 1. In total, 3,610 patients were analyzed in this study, 1,807 patients received dexmedetomidine and 1,803 patients received saline or other drugs. The number of cases included in each study ranged from 55 to 794. Specific to our study design, four studies concentrated on cardiac valve surgery (24, 26, 28, 34), 15 studies included combined CABG and valve surgeries (10, 16–23, 25, 27, 29, 31, 33, 37), and the remaining five studies related to CABG (15, 30, 32, 35, 36). Dexmedetomidine was administered during the intraoperative period in six studies (26–29, 31, 35), the perioperative period in eight studies (10, 15, 23–25, 33, 34, 37), and the other 10 studies during the postoperative period (16–22, 30, 32, 36). CAM/CAM-ICU was used in nine studies as the diagnostic tool for POD (16, 18, 20, 23, 25, 30–33) and five studies used RASS (10, 17, 19, 21, 22). The following tools were used to diagnose POD in a single trial each: the modified Hewitt questionnaire (15), the DSM-IV-TR (24), the DRS (26), and the ICDSC (37). One trial diagnosed POD according to clinical criteria (29), and one study did not report their method of measurement (36). The incidence of POD was reported in 19 studies (10, 15–25, 29–33, 36, 37), four studies reported the incidence of POCD (27, 28, 34, 35), and one study reported the incidence of both (26). Dexmedetomidine was demonstrated to reduce the incidence of POCD in three of four studies (27, 34, 35), 14 studies reported that dexmedetomidine decreased the incidence of POD (16–21, 23, 24, 29, 30, 32, 33, 36, 37), and one study found that dexmedetomidine reduced the risk of both POD and POCD (26).


Table 1. Main characteristics of all included studies.
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Risk of Bias and Quality of Evidence

The overall quality of the studies was high. Seven domains of bias were described in Supplementary 2: Figure 1. There were no important imbalances at baseline in enrolled trials. None of the RCTs reported a loss of follow-up > 15%. GRADE evidence for POD and POCD is summarized in Supplementary 3.



Outcomes
 
The Incidence of POD

There were 3,297 patients from 20 studies (10, 15–26, 29–33, 36, 37) included in the meta-analysis for POD. The incidence of POD in the dexmedetomidine group was significantly lower than in the control group (OR: 0.59, 95% CI: 0.43–0.82, P = 0.001; Figure 2A), without substantial heterogeneity (I2 = 44%). The funnel plot for the incidence of POD did not suggest publication bias (Supplementary 2: Figure 2). Sensitivity analysis of the incidence of POD, by excluding each study individually, found that the outcome was consistent (Figure 2B). Although the TSA required the IS to be 4,673 patients and the cumulative Z-curve did not reach this number, the cumulative Z-curve did cross TSMB (Figure 3). Therefore, the TSA of the pooled meta-analysis demonstrated firm evidence for the anticipated intervention effect. GRADE evidence for POD incidence within all included studies was moderate, downgraded for “inconsistency” (Supplementary 3A).


[image: Figure 2]
FIGURE 2. Postoperative delirium (POD) incidence and sensitive analysis within cardiac surgery. (A) Forest plot with POD incidence and (B) sensitive analysis for POD incidence. OR, odds ratio.



[image: Figure 3]
FIGURE 3. Trial sequence analysis for postoperative delirium. DEX, dexmedetomidine; ICA, incidence in control arm; IIA, incidence in intervention arm; IS, information size; TSA, trial sequential analyses.


Subgroup analyses were performed for different types of surgery, comprising three studies (23, 24, 26) with 208 patients conducted on cardiac valve surgery, 14 studies (10, 16–23, 25, 29, 31, 33, 37) with 2,443 patients focused on mixed cardiac surgery, and five studies (15, 23, 30, 32, 36) with 646 patients regarding CABG surgery. The forest plot revealed that there was no significant difference in POD incidence in cardiac valve surgery (OR: 0.34, 95% CI: 0.08–1.45, I2 = 52.6%, P = 0.146), while the POD incidence of dexmedetomidine-treated patients was significantly lower in mixed cardiac surgery (OR: 0.68, 95% CI: 0.47–0.98, I2 = 44.4%, P = 0.039) and CABG surgery (OR: 0.45, 95% CI: 0.26–0.79, I2 = 0.0%, P = 0.005) (Supplementary 2: Figure 4A). TSA analysis showed that the number of participants did not reach the IS in the “cardiac valve surgery” subgroup, but the Z-curve crossed the TSMB and futility boundary (FB) (Supplementary 2: Figure 4B). In the “mixed cardiac surgery” subgroup, TSA analysis revealed that the number of participants did not reach the IS or cross TSMB with the resultant absence of evidence for the anticipated intervention (Supplementary 2: Figure 4C). However, the dexmedetomidine-treated patients in the CABG group showed a decreased incidence of POD, and TSA revealed the required IS to be 405 patients. The cumulative Z-curve did reach the required IS, and TSA of the pooled meta-analysis confirmed firm evidence for the anticipated intervention effect (Supplementary 2: Figure 4D).

Additional subgroup analyses were performed for different times (relative to the cardiac operations) and the duration of dexmedetomidine administration. These included three studies (26, 29, 31) involving 284 patients that were given dexmedetomidine during the intraoperative period; seven studies (10, 15, 23–25, 33, 37) with 1,687 patients treated in the perioperative period; while dexmedetomidine infusion postoperatively occurred in 10 studies (16–22, 30, 32, 36) with 1,326 patients. The forest plot revealed that there was no significant difference in POD incidence in the “intraoperative period” and the “perioperative period” subgroups; however, the POD incidence was significantly lower when dexmedetomidine was used during the postoperative period (OR: 0.48, 95% CI: 0.34–0.67, I2 = 0.0%, P < 0.001) (Supplementary 2: Figure 5A). TSA analysis showed that the number of participants did not reach the IS, but the Z-curve crossed FB when dexmedetomidine was used during the intraoperative period (Supplementary 2: Figure 5B). In the “perioperative period” subgroup, TSA analysis revealed that the number of participants did not reach the IS or cross TSMB with the resultant absence of evidence for the anticipated intervention (Supplementary 2: Figure 5C). In the “postoperative period” subgroup, TSA analysis showed that the number of participants reached the IS, and the Z-curve crossed TSMB and FB (Supplementary 2: Figure 5D).

Further subgroup analysis was conducted based on different diagnostic tools used to assess POD. These included nine studies (16, 18, 20, 23, 25, 30–33) with 1,736 patients that used CAM/CAM-ICU, whereas the remaining 11 studies (10, 15, 17, 19, 21, 22, 24, 26, 29, 36, 37) with 1,561 patients used other different measurements, labeled as “other tools.” The forest plot showed a statistical difference both in the subgroup using “CAM/CAM-ICU” (OR: 0.64, 95% CI: 0.47–0.87, I2 = 21.4%, P = 0.001) and “other tools” (OR: 0.44, 95% CI: 0.22–0.89, I2 = 52.7%, P = 0.023) (Supplementary 2: Figure 6A). TSA analysis showed that the number of participants did not reach the IS or cross TSMB in the “other tools” subgroup, indicating the absence of evidence for the anticipated intervention effect (Supplementary 2: Figure 6B). However, for the diagnostic tool CAM/CAM-ICU, although the cumulative Z-curve did not reach the required IS, the cumulative Z-curve crossed TSMB (Supplementary 2: Figure 6C) indicating that TSA of the pooled meta-analysis had firm evidence for the anticipated intervention effect.



The Incidence of POCD

Only five studies (26–28, 34, 35) with 373 patients evaluated the incidence of POCD. There was no significant difference found in the incidence of POCD for dexmedetomidine administration when compared with other drugs (OR: 0.47, 95% CI: 0.22–1.03, I2 = 44.5%, P = 0.060) (Figure 4A). The funnel plot for the total POCD incidence did not suggest the presence of publication bias (Supplementary 2: Figure 3). Sensitivity analysis of the incidence of POCD, by excluding each study individually, found the outcome was consistent (Figure 4B). TSA revealed that the required IS was 705 patients, but the cumulative Z-curve did not reach the required IS. TSA showed that the Z-curves did not cross the TSMB or the FB; therefore, there was an absence of evidence for the anticipated intervention effect (Figure 5). GRADE evidence for POCD incidence for all included studies was moderate, downgraded due to “small sample size” (Supplementary 3B).


[image: Figure 4]
FIGURE 4. Postoperative cognitive dysfunction (POCD) incidence and sensitive analysis within cardiac surgery. (A) Forest plot with POCD incidence and (B) sensitive analysis for POCD incidence. OR, odds ratio.
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FIGURE 5. Trial sequence analysis for postoperative cognitive dysfunction (POCD). DEX, dexmedetomidine; ICA, incidence in control arm; IIA, incidence in intervention arm; IS, information size; TSA, trial sequential analyses.


Subgroup analysis was also performed according to different types of cardiac surgery (cardiac valve surgery, mixed cardiac surgery, and CABG surgery) and different intervention time points (intraoperative period and perioperative period). Only three studies (26, 28, 34) including 233 patients were identified in the cardiac valve surgery subgroup, one (27) with 80 patients for the mixed cardiac surgery subgroup, and one other study (35) including 60 patients for the CABG subgroup. Regarding operative time-point interventions, four studies (26–28, 35) with 297 patients contributed data to the intraoperative subgroup and one study (34) with 76 patients to the perioperative subgroup. The subgroup analyses showed a statistical difference in the “mixed cardiac surgery” group, but there was no significant difference in all of the other subgroups for incidence of POCD with dexmedetomidine intervention (Supplementary 2: Figures 7A, 8A). TSA analysis showed the number of participants did not reach the IS or cross TSMB in either subgroup, indicating the absence of evidence for anticipated intervention effect (Supplementary 2: Figures 7B, 8B). All outcomes of meta-analysis and trial sequential analysis are presented in Table 2.


Table 2. Meta-analysis and trial sequential analysis for subgroup analyses of postoperative delirium incidence and postoperative cognitive dysfunction.
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DISCUSSION

This meta-analysis demonstrates that administration of dexmedetomidine could decrease the risk of POD for adult cardiac surgical patients, with firm evidence from TSA. However, dexmedetomidine did not reduce the incidence of POCD following cardiac surgery in a statistically significant way, but TSA suggested that this outcome lacked firm evidence.

Prior research indicated that cardiac surgery has been associated with higher rates of PND, a serious complication associated with high morbidity and mortality (38) and that the most promising pharmacological strategy to avoid this complication seemed to be perioperative administration of dexmedetomidine (9, 39). In recent years, a great deal of research confirmed that dexmedetomidine had a protective effect on multiple organ systems, namely, the heart, lungs, kidneys, liver, and the central nervous system. The reported neuroprotective mechanisms of dexmedetomidine included (1) inhibiting the excitability of sympathetic nerves and regulating the release of catecholamines; (2) regulating the release of central glutamate; (3) inhibiting cell apoptosis and release of inflammatory cytokines; (4) antioxidant stress; and (5) regulating synaptic plasticity and reducing neurotoxicity of anesthetics (40, 41). Our study showed a decreased risk of POD following dexmedetomidine administration in cardiac surgery. Although the TSA showed that Z-curves did not reach the required IS, since they did cross TSMB, statistical significance was reached to detect intervention effect for dexmedetomidine administration following cardiac surgery. Data from a recently published trial conducted by Turan et al. (10) conflicted with our results. A total of 798 patients who underwent cardiac surgery were included. In the placebo group, POD occurred with an incidence of 12% compared to an incidence of POD of 17% in patients who had received dexmedetomidine. The authors concluded that dexmedetomidine did not decrease POD in patients undergoing cardiac surgery, and dexmedetomidine should be used cautiously in cardiac surgical patients with attention to preventing hypotension. Another meta-analysis (42) assessed the effect of dexmedetomidine on POD in elderly cardiac surgical patients that included five studies with 1,217 patients, and also demonstrated that dexmedetomidine did not prevent POD, in recognition of the higher incidence of POD in elderly patients, the author suggested that the sample size may have contributed to the negative finding, a possibility that should be explored further. In contrast, a previous study had suggested that dexmedetomidine could reduce the risk of POD in non-cardiac surgery (43). In addition, Duan et al. (44) suggested that dexmedetomidine could reduce the incidence of POD in adult cardiac surgical patients, but no subgroup analysis was conducted to clarify whether the effect of dexmedetomidine on POD in cardiac surgical patients differed between different types of cardiac surgery or different time-points of dexmedetomidine administration. Considering the inconclusive and controversial results of prior studies, we performed an updated meta-analysis on this topic. According to the firm evidence of TSA and moderate quality of GRADE, we suggested that dexmedetomidine infusion was a reasonable pharmacological strategy for reducing the risk of POD in cardiac surgical patients. This conclusion was supported by the European Society of Anesthesiology and Intensive Care recommendation that dexmedetomidine might be considered to decrease the incidence of POD following cardiac or vascular surgery (45).

Considering the internal heterogeneity of the enrolled studies, we performed subgroup analyses to verify the consistency of the results. The result of our subgroup analysis for different types of cardiac surgery indicated that the incidence of POD could be decreased with dexmedetomidine administration in mixed cardiac surgery and CABG surgery, whereas there was no significant difference in cardiac valve surgery. The trials in the “mixed cardiac surgery” subgroup comprised studies without distinguishing specifically between CABG and cardiac valve surgeries, which would require the inclusion of additional numbers to detect a statistical difference. A previous study found that treatment with dexmedetomidine did significantly decrease the incidence of delirium following mixed cardiac surgery, whereas a similar difference was not apparent in the CABG group (46). These results were different from our study, but might be explained by the fact that only 2 of their 10 included studies focused on CABG surgery. The incidence of delirium following CABG was reported to be 30.52% (47), while patients after cardiac valve surgery were more likely to develop POD and POCD than after CABG surgery alone, perhaps contributing to other complications and reflective of a longer recovery period (48). Nevertheless, based on our results, dexmedetomidine did not prove statistically advantageous in reducing the incidence of POD for patients undergoing cardiac valve surgery. TSA revealed an absence of evidence for the anticipated intervention effect when dexmedetomidine was used in mixed cardiac surgery and cardiac valve surgery; additional studies are needed to further define the risks and benefits of dexmedetomidine in different types of cardiac surgery.

Based on different time-points of dexmedetomidine administration, subgroup analysis showed that the incidence of POD was significantly lower when dexmedetomidine was used during the postoperative period, but there were no significant differences in the “perioperative period” and the “intraoperative period” subgroups. Since only three studies were included in the “intraoperative period” subgroup, the results may have been influenced by the small sample size. A previous report (49) of dexmedetomidine infusion used as the primary or sole sedative in ICU patients did not lower 90-day mortality, coma, and delirium compared to usual care. On the contrary, our study demonstrated the prevention of POD during the postoperative period. Further research is needed to clarify the effect of perioperative dexmedetomidine administration on the incidence of POD.

Confusion Assessment Method for intensive care unit is known for its high validity and reliability for the detection of ICU delirium (81% sensitivity and 96% specificity) (50). In this study, nine studies applied the CAM or CAM-ICU to detect POD, and 11 studies used “other tools.” Our results showed a decrease in the incidence of POD whether CAM/CAM-ICU or “other tools” were used as the diagnostic tool. Based on the firm evidence for the anticipated intervention effect from TSA, CAM, and CAM-ICU were further verified as valid tools for the diagnosis of delirium.

Regarding our investigation of the incidence of POCD after dexmedetomidine administration in cardiac surgery, there was no significant difference between dexmedetomidine administration compared with other drugs. Contrary to our results, four of the five studies (26, 27, 34, 35) included in our meta-analysis suggested that dexmedetomidine decreased the incidence of POCD. Only one study (28) reported a different outcome. This study enrolled 97 patients, and dexmedetomidine infusion during cardiac valve surgery with cardiopulmonary bypass decreased the concentrations of biochemical markers of brain injury (matrix metalloproteinase-9 and glial fibrillary acidic protein) but did not improve POCD in the early postoperative period. All five studies had followed up for 7 days after the surgery to measure POCD, but other studies have shown that the incidence of POCD in cardiac surgery patients 1 month postoperatively ranged from 12 to 30% (51). In our study, dexmedetomidine infusion was limited to the intraoperative period in four studies, and the perioperative period in one study. For a beneficial effect of dexmedetomidine on POCD after cardiac surgery, a continuous infusion might be necessary. More high-quality studies with larger sample sizes are needed.

In further subgroup analyses based on different types of cardiac surgery and different intervention time points of dexmedetomidine infusion, except for a decrease in POCD with dexmedetomidine administration in the mixed cardiac surgery group, no other subgroup analysis showed a statistically significant difference. Because few available studies were included in these subgroups, the number of trials and patients was markedly low in the subgroup analysis. The maintenance dose of all the studies (26–28, 35) in the intraoperative period subgroup ranged between 0.2 and 0.5 ug·kg−1·h−1, which was lower than the recommended maximum sedation dosage and may have affected the results. Therefore, it is impossible to draw meaningful conclusions from these results. Many publications have indicated favorable outcomes of dexmedetomidine for the reduction of POD, but further studies are needed before recommending the use of dexmedetomidine for reduction of POCD (52), particularly for patients undergoing cardiac surgery.


Limitations

Several limitations to the present meta-analysis need to be considered in the interpretation of our results. First, the sample size of this meta-analysis is relatively small, therefore, at potential risk of inaccurately estimating treatment effects. Second, the duration and dosage of dexmedetomidine varied markedly between studies which may have influenced the results. Third, some of the analyses were limited by underpowered statistics, namely, heterogeneity in the characteristics of the participants (e.g., underlying diseases, the type of surgery, initial severity of PND, and trial duration), the small trial numbers for some treatment arms, heterogeneous diagnostic assessment tools, and the inclusion of few studies on the influence of different interventions for the treatment and prevention of PND.




CONCLUSION

In summary, the administration of dexmedetomidine during the perioperative period reduced the incidence of POD in patients following cardiac surgery, but there was no significant reduction in the incidence of POCD. Further research is needed to explore the neuroprotective effect of perioperative dexmedetomidine, particularly regarding the optimal dose, timing of administration, and need for maintenance infusion.
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Background: Volatile anesthetic-induced agitation, also called paradoxical excitation, is not uncommon during anesthesia induction. Clinically, patients with agitation may lead to self-injury or disrupt the operative position, increasing the incidence of perioperative adverse events. The study was designed to investigate clinical features of sevoflurane-induced agitation and examined whether any gene polymorphisms can potentially be used to predict agitation.

Methods: One hundred seventy-six patients underwent anesthesia induction with sevoflurane were included in this study. Frontal electroencephalogram (EEG), electromyography (EMG), and hemodynamics were recorded continuously during anesthesia induction. DNA samples were genotyped using the Illumina Infinium Asian Screening Array and the SNaPshot technology. Genetic association was analyzed by genome-wide association study. Logistic regression analysis was used to determine the role of variables in the prediction of agitation.

Results: Twenty-five (14.2%) patients experienced agitation. The depth of anesthesia index (Ai index) (p < 0.001), EMG (p < 0.001), heart rate (HR) (p < 0.001), and mean arterial pressure (MAP) (p < 0.001) rapidly increased during the agitation. EEG exhibited a shift toward high frequencies with spikes during agitation. The fast waves (alpha and beta) were more pronounced and the slow rhythms (delta) were less prominent during the occurrence of agitation. Moreover, three SNPs in the methionine synthase reductase (MTRR) gene were correlated to the susceptibility to agitation (p < 5.0 × 10−6). Carrying rs1801394 A > G (odds ratio 3.50, 95% CI 1.43–9.45) and/or rs2307116 G > A (3.31, 1.36–8.95) predicted a higher risk of agitation.

Discussion: This study suggests that the agitation/paradoxical excitation induced by sevoflurane is characterized as increases in Ai index, EMG, HR and MAP, and the high frequency with spikes in EEG. Moreover, our results provide preliminary evidence for MTRR genetic polymorphisms, involving folate metabolism function, may be related to the susceptibility to agitation.

Clinical Trial Number and Registry URL: ChiCTR1900026218; http://www.chictr.org.cn/showproj.aspx?proj=40655.

Keywords: sevoflurane, anesthesia, agitation, paradoxical excitation, electroencephalogram, folate metabolism, single-nucleotide polymorphism


INTRODUCTION

Volatile anesthetics have been widely used for the induction and maintenance of anesthesia in clinics for more than 170 years, but the mechanism of their effects remains elusive (1). Sevoflurane is being utilized increasingly in clinic, but it also can cause adverse effects, such as induction and emergence agitation, malignant hyperthermia, nausea, and vomiting (2–4). Agitation, also called paradoxical excitation, is not uncommon during anesthesia induction with an incidence reported to range from 5 to 60% (5–7). In clinical practice, patients with agitation or involuntary body movements may lead to self-injury or disrupt the dressing, operative position, or indwelling devices, increasing the incidence of perioperative adverse events (5, 8).

Previous studies have been reported that induction agitation, emergence agitation, and postoperative delirium have similar characteristics with disturbance of consciousness and excited behavior (5, 9–11). This implies that the same or similar mechanism may underlie. Thus, characteristic changes in hemodynamics and electroencephalogram (EEG) during agitation deserve particular attention, which may facilitate further understanding of emergence agitation and postoperative delirium. Anesthesia induction with sevoflurane can induce an initial increase in heart rate (HR) and a comparable reduction in systolic blood pressure (5), however, this is distinctly different from the changes in hemodynamics during agitation. Moreover, anesthesia induction with sevoflurane is related to seizure-like electroencephalographic activity and has been reported in observational studies (7, 12, 13), but it is unclear whether epileptiform electroencephalographic activity is the same as EEG signatures during agitation.

Also, although sevoflurane, children, the female gender, speed of anesthesia induction, and high alveolar concentration have been reported as risk factors of anesthesia-induced agitation/paradoxical excitation (12, 14, 15), the underlying mechanisms remain unknown. Our clinical observations found that individuals showed difference in the susceptibility to agitation/paradoxical excitation. Therefore, we hypothesized that a genetic predisposition for agitation may exist and could explain individual variation in the susceptibility to agitation/paradoxical excitation.

Therefore, the aim of this study was to investigate clinical features of sevoflurane-induced agitation/paradoxical excitation in hemodynamics, EEG, and explore its association with gene polymorphism. Our present study may help anesthesiologists to identify agitation/paradoxical excitation during anesthesia induction in time and provide clues for further research on its mechanisms.



MATERIALS AND METHODS


Participants

This study protocol was approved by the local ethics committee (Institutional Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology, 2019-S1205) and registered at the Chinese Clinical Trial Registry with ChiCTR1900026218. All methods were conducted following the relevant regulations and guidelines of the institutional ethics committee. NIH guidelines for conducting human genetic research were followed. Participants gave informed consent for genetic testing and analysis. Informed consent was provided from all individuals before commencing study. This article adheres to the applicable CONSORT guidelines. Inclusion criteria: (1) elective surgery, (2) provided informed consent, (3) patients were 25-55 years and had a BMI of 20-30 kg/m2, (4) ASA I or II, and (5) no history of allergy and drug addiction. Exclusion criteria: (1) history of hepatic or renal disease, hyperthyroidism, hypothyroidism, and severe anemia; (2) severe hypertension or coronary heart disease; (3) any neurological or psychological disease; (4) infectious diseases (include viral hepatitis, syphilis).



Clinical Protocol

All patients followed strict fasting guidelines according to the American Society of Anesthesiologists (ASA) guidelines before the procedure (16). None of the patients received premedication before anesthesia. Upon arrival in the operating room, patients were monitored with an electrocardiograph (ConView system, China), pulse oximeter, non-invasive arterial pressure (NIAP), and electrocardiography. Anesthesia was induced by sevoflurane using an anesthesia workstation (Dräger Telford, PA, USA). Three percent sevoflurane was inhaled with oxygen (3 L/min) via face mask. End-tidal CO2 and sevoflurane concentration were continuously determined with a monitor accurate to within 0.1% (Drägerwerk, Lübeck, Germany). All patients breathed spontaneously throughout the sevoflurane induction procedure. Before the administration of sevoflurane, the respiratory circuit was pre-infused with 3% sevoflurane with oxygen (3 L/min). Anesthesia was induced from purposeful movement and loss of verbal (LOV) to loss of response to trapezius squeeze (LOTS). The duration of anesthesia induction for all patients in our study was 300–600 s. The facemask was kept sealed during the anesthesia induction. Anesthesia induction, in all patients, was administered by one experienced anesthesiologist. During the induction of anesthesia, another investigator evaluated and recorded LOV and LOTS (using Extended Observer's Assessment of Alertness and Sedation) (17). All procedure was recorded by the camera with participants consent for further analysis.

After induction of anesthesia with sevoflurane, the trachea was intubated and mechanical ventilation was started after intravenous propofol, sufentanil, and cisatracurium injections by one skilled anesthetist. Subsequently, anesthesia was maintained with propofol and remifentanil. All patients had stable vital signs intraoperatively and finished the surgery successfully.



Agitation Behavior Evaluation

The anesthesia induction period was videotaped continuously and reviewed by an independent neurologist to assess the presence of agitation. We defined the uncoordinated movements of body and/or limbs during anesthesia induction as agitation, and excluded the movements regarding mask placement.



Electrocardiograph Recording and Analysis

The disposable sensor (Pearlcare, China) was applied to the forehead of each patient after arrived at the operating room. Then, connected it to the YY-106 ConView monitor (Pearlcare, China), which could record the raw EEG and EMG of frontal-temporal muscle signals and calculate Ai index simultaneously. The signal was acquired (500 Hz) on the ConView YY-106 monitor and processed through 0–50 Hz band-pass digital filter. The forehead skin was prepared to ensure low impedance for real-time signal recording. Before anesthesia induction, baseline EEG and Ai index were recorded with the patients lying comfortably and eyes closed in an operating theater suite. The baseline of Ai index was calculated as the mean values during a 60 s period prior to induction and the nadir of Ai index was the lowest value detected before agitation.

Ai index is an index of depth of anesthesia. It is calculated based on sample entropy (SampEn), 95% spectral edge frequency (95% SEF), and burst suppression ratio (BSR). Ai index ranges from an isoelectric EEG (0) to wake (80–99), general anesthesia (40–60), and light/moderate sedation (60–80), this feature is the same as Bispectral Index (BIS). Ai index has comparable traits of BIS and shows the advantage of SampEn for demonstrating the level of conscious, which has been validated previously in a multicenter study (18).

The unprocessed EEG data was analyzed using Welch's and/or Fast Fourier transformation (FFT) methods in MATLAB (MathWorks Inc., Natick, MA). All EEG data were reviewed by an independent blinded investigator experienced in EEG interpretation.



DNA Sample Collection and Analysis

We collected the arterial whole blood samples (~4 ml) in the EDTA-Vacutainer tube and stored them at −80°C until processed. Preliminary DNA samples (n = 30, 15 patients each in the two groups) were genotyped on an Illumina Infinium Asian Screening Array microchip (Illumina Inc., San Diego, USA). The Illumina Infinium Asian Screening Array microchip contains more than 700k markers and combines genome-wide coverage of East Asian populations and relevant clinical research content. Markers with allele numbers larger than two, missing data greater than 0.5, minor allele frequency lesser than 0.05, and heterozygosity greater than 0.8 were removed resulting in 359,584 SNPs. A total of 359,584 high-quality SNPs were used to perform genome-wide association study (GWAS) for five traits in TASSEL v.5.2.54 software (19), using a simple linear model (GLM). Five traits for GWAS included age, height, weight, BMI, and susceptibility to agitation. The significance threshold of genome-wide was assessed with the formula p = 0.05/n, where the n is the effective number of independent SNPs (20). Therefore, the p-value thresholds for significance in our study were approximately 5 × 10−6. Then, all the DNA samples of the patients (n = 176) were genotyped by the SNaPshot technology for validation based on the results of GWAS. Linkage disequilibrium (LD) test was performed using PopldDecay v.3.40 software suite (21) base on filtered SNPs.



Statistical Analysis

All statistical analysis was performed with GraphPad Prism version 8 (Graph-Pad Software Inc., San Diego, CA, USA), SPSS software (version 25 for Mac; IBM, New York, USA), and MATLAB (MathWorks Inc., Natick, MA). Data are expressed as Mean ± SD or median and 25th−75th percentile. The differences in age, weight, height, and BMI between two groups were determined by the independent-sample t-test. Differences in sex and SNPs were analyzed using Pearson Chi-square tests. Physiological parameters data (include Ai index, EMG, HR, MAP) were analyzed by repeated measures analysis of variance (Bonferroni post hoc test). EEG data were analyzed using non-parametric repeated measures ANOVA (Friedman's test using Bonferroni post hoc test). LD analysis was performed to determine the associations of different SNPs. A standardized coefficient of R2 was used to evaluate LD. The higher value of R2 indicated the stronger LD. R2 > 0.8 represented high LD. Univariable logistic regression analysis was used to determine the role of variables in the prediction of agitation. Significance was assigned at p < 0.05.




RESULTS

In the cohort of 176 patients (81 men and 95 women), the mean (SD) age was 42.24 (10.77) years (Table 1). Of all patients, 25 (14.2%) patients experienced agitation 0.25 patients with high-quality clinical cases were enrolled in the agitation (+) group, 151 patients in agitation (-) group for control. The two groups were comparable concerning sex, age, height, weight, and body mass index (BMI) (Table 1). They also underwent the same clinical protocol and sequencing process. No adverse events were reported during this study. The flow chart of this study is shown in Figure 1. The schematic of the anesthesia induction protocol and data from two illustrative subjects were presented in Figure 2.


Table 1. Characteristics of included patients (n = 176).
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FIGURE 1. Flow chart of the study design of this study. GWAS, genome-wide association study.



[image: Figure 2]
FIGURE 2. The schematic of the anesthesia induction protocol and data from two illustrative subjects. (A) Sevoflurane was administered to anesthesia induction. (B–E) Examples of time course of Ai index, electromyography (EMG), Heart rate (HR), and mean arterial pressure (MAP) during sevoflurane induction at baseline, loss of verbal (LOV), loss of response to trapezius squeeze (LOTS), and agitation behavior in two groups with either the occurrence of agitation (D,E) or not (B,C). The LOV, LOTS, Nadir of Ai index and agitation period were shown. EMG, electromyography; Ai index, the depth of anesthesia index; MAP, mean arterial pressure; HR, heart rate; LOV, loss of verbal; LOTS, loss of response to trapezius squeeze.


Anesthesia induction was associated with a rapid decrease in Ai index. The maximal depression of Ai index (the lowest value detected before the occurrence of agitation) was defined as the nadir of Ai index in the agitation (+) group (n = 15). The Ai index, EMG, and MAP decreased in a depth of anesthesia manner, reaching the maximal depression at the nadir of Ai index (Figures 3A,B,D). No significant changes in HR were found before agitation (Figure 3C). It was followed by a significant and rapid increase in Ai index, EMG, HR, and MAP during the agitation period compared to the nadir of Ai index. The Ai index increased from 52 ± 13 to 78 ± 11 (p < 0.001), the EMG increased from 27 ± 10 to 52 ± 12 (p < 0.001), the HR increased from 70 ± 9 to 94 ± 14 (p < 0.001), and the MAP increased from 84 ± 7 to 96 ± 10 (p < 0.001). Then, this trend gradually decreased to the previous deep anesthesia sedation level with the disappearance of the agitation. There were no observations of similar changes in Ai index, EMG, HR, and MAP in the agitation (-) group (n = 15).


[image: Figure 3]
FIGURE 3. Detailed analysis of characteristic changes of the Ai index, EMG, HR, and MAP in agitation (+) group (n = 15). Ai index (A), EMG (B) and MAP (D) decreased before agitation. Ai index, EMG, HR (C), and MAP increased during agitation period. Data are expressed as mean ± SD; ***p < 0.001; ###p < 0.001; ∧∧p < 0.01, ∧∧∧p < 0.001; ns, not significant; Repeated measures analysis of variance using Bonferroni post hoc tests (A–D). EMG, electromyography; Ai index, the depth of anesthesia index; MAP, mean arterial pressure; HR, heart rate; LOV, loss of verbal; LOTS, loss of response to trapezius squeeze.


Regarding the raw EEG data, these raw waveforms underwent similar changes as the depth of anesthesia increased in both agitation (+) group (n = 15) and agitation (-) group (n = 15). The frequency was high and the amplitude was shallow during light anesthesia (LOV). The frequency slowed and amplitude deepened, when a deeper depth of anesthesia achieved (LOTS and/or Nadir of Ai index). But the wave change displayed a significant transition of the EEG oscillations to high frequencies with spikes when the agitation occurred (Figure 4A). Moreover, the spectrogram displayed the EEG change in real-time, with changes in the depth of anesthesia (Figure 4B). Spectral bands of delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), and beta (13–30 Hz) were analyzed from two groups (Figure 4C). Sevoflurane induced an increase in power within the 1–30 Hz (delta, theta, alpha and beta band) frequency ranges from awake (baseline) to deep anesthesia (LOTS and/or Nadir of Ai index). At LOTS and Nadir of Ai index, EEG signatures were characterized by generally high-amplitude and low-peak frequency, reflecting increased delta and decreased beta band activity. However, it exhibited a decrease in delta band and increases in alpha and beta bands during agitation. No differences in theta band were found. Additionally, we also calculated some other parameters of EEG for further study (Figure 4D). Anesthesia induction with sevoflurane was related to an increase in delta band (%), decreases in beta band (%), and spectral edge 95 (SEF95). During the occurrence of agitation, the fast waves (alpha and beta) were more pronounced, and the slow rhythms (delta) were less prominent, with higher median power frequency (MPF) (p < 0.001) and SEF95 (p < 0.01) compared to the nadir of Ai index.


[image: Figure 4]
FIGURE 4. Unprocessed EEG waveform, spectrogram, spectrum and EEG analysis from agitation (+) group (n = 15) and agitation (-) group (n = 15). (A) Sample of 5 s EEG traces recorded during sevoflurane-induced different states. Agitation displayed a significant transition of the EEG oscillations to high frequencies with spikes. (B) Spectrogram shown an increase in the fast waves (alpha and beta) and a decrease in the slow rhythms (delta) during agitation. The LOV, LOTS, Nadir of Ai index, and agitation period are shown. (C) Spectral bands of delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), and beta (13–30 Hz) were analyzed from two groups. The power spectra across the 1–30 Hz frequency band were presented (solid line, median; shaded area, 25th−75th percentile). (D) Changes in delta band (%), alpha band (%), beta band (%), MPF, and SEF95 during agitation. Center (red) line, median; green line, upper and lower quartiles. *p < 0.05, **p < 0.01, ***p < 0.001; ∧p < 0.05, ∧∧∧p < 0.001; ns, not significant; Non-parametric repeated measures analysis of variance (Friedman's test) using Bonferroni post hoc tests (D). EEG, electroencephalogram; EMG, electromyography; Ai index, the depth of anesthesia index; MAP, mean arterial pressure; HR, heart rate; LOV, loss of verbal; LOTS, loss of response to trapezius squeeze; MPF, median power frequency; SEF95, spectral edge 95.


Based on the results of GWAS (n = 30), we observed five SNPs displaying significant association with the susceptibility to agitation (defined by p < 5.0 × 10−6) (Table 2). Manhattan plot and quantile-quantile plot for the susceptibility to agitation were shown in Figure 5. Among these five SNPs, rs11932717, rs3733784, rs2307116, and rs1801394 came from genic regions (intronic or exonic regions). The remaining one, rs1588064, came from noncoding regions. Interestingly, rs3733784, rs2307116, and rs1801394 are in the MTRR gene. The most valuable association was observed for MTRR rs1801394 on chromosome five, which showed significant association (p = 3.02 × 10−6) with the susceptibility to agitation. Additionally, LD analysis revealed that these five SNPs were in moderate LD (R2 0.33–0.70) (Table 2).


Table 2. SNPs displaying significant association with the susceptibility to agitation by GWAS (n = 30).
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FIGURE 5. Manhattan plot (A) and quantile-quantile plot (B) representing the results of the genome-wide association study (GWAS) of the discovery cohort (n = 30). (A) Manhattan plot representing the association between SNPs and the susceptibility to agitation induced by sevoflurane anesthesia induction. The x-axis exhibits the chromosome number and y-axis exhibits genome-wide p-values. The genome-wide significance threshold of p = 5.0 × 10−6 is represented by the red horizontal line. (B) Quantile-quantile plot of genotyped and imputed SNPs. GWAS, genome-wide association study; SNPs, single-nucleotide polymorphisms.


To verify the accuracy of the results of GWAS, we then sequenced these five SNPs using the SNaPshot technology in all patients (n = 176). Higher frequency of rs2307116 G > A (p = 0.009) and rs1801394 A > G (p = 0.006) were found in agitation (+) group compared to agitation (-) group (Table 3). Lower frequency of rs11932717 A > C (p < 0.001) and rs1588064 G > A (p = 0.025) were found in agitation (+) group compared to agitation (-) group. There was no difference in the frequency of rs3733784 T > C (p = 0.125) between the two groups.


Table 3. Distribution of SNPs associated with the susceptibility to agitation in all included patients (n = 176).

[image: Table 3]

To determine which variables could be used in agitation prediction, univariable logistic regression analysis was performed using the age, sex, BMI, rs11932717 A > C, rs1588064 G > A, rs3733784 T > C, rs2307116 G > A, and rs1801394 A > G as independent variables and experienced agitation as the dependent variable (Table 4). It indicated that the rs1801394 A > G (odds ratio 3.50, 95% CI 1.43–9.45, p = 0.008) and rs2307116 G > A (3.31, 1.36–8.95, p = 0.011) could be used as significant predictors of agitation. Carrying rs11932717 A > C (0.17, 0.05–0.48) and rs1588064 G > A (0.32, 0.10–0.84) may predict a lower risk of agitation. There was no obvious relationship between age, sex, BMI, and the risk of agitation.


Table 4. Univariable logistic regression analysis of preoperative variables and SNPs for predicting the susceptibility to agitation (n = 176).
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DISCUSSION

In the present study, we discovered that (i) anesthesia induction with sevoflurane could induce agitation and its incidence was 14.2% (25/176); (ii) Patients with agitation were characterized as increases in Ai index, EMG, HR, and MAP; (iii) EEG displayed a shift toward high frequencies with spikes during agitation. The fast waves (alpha and beta) were more pronounced and the slow rhythms (delta) were less prominent; and (iv) we provided preliminary evidence of three SNPs in the MTRR gene of known folate metabolism function associated with the susceptibility to agitation.

In our study, sevoflurane induced a decrease in MAP in a dose-related manner, and HR remains nearly constant before the occurrence of agitation. These data are consistent with previous reports. All volatile anesthetics have an impact on the cardiovascular system, either through reducing systemic vascular resistance or by direct effects on the myocardium itself (5). Sevoflurane reduces the MAP and cardiac output index in a dose-dependent fashion (22). Previous studies of sevoflurane have not displayed an increase in HR in humans at clinically used concentrations as well (23, 24). However, agitation/paradoxical excitation during sevoflurane anesthesia induction exhibited a significant and rapid increase in HR and MAP in our study. This early increase in HR may result from the withdrawal of parasympathetic cardiac activity (5). We therefore speculate that both increases in HR and MAP may associate with inhibition of the parasympathetic and transitory relative increase in sympathetic vascular tone. Uncoordinated movements and increased muscle tension during agitation may also contribute to it. Additionally, increased muscle tone may cause an increase in EMG of frontal-temporal muscle. Clinically, rapid changes in hemodynamics (hypertension, tachycardia, etc.) may lead to an increment in the incidence of perioperative adverse events, especially in high-risk individuals with cardiovascular complications. Therefore, these issues should be paid close attention in the clinical work.

Different anesthetics induce distinct brain states through acting at different molecular targets and neural circuits, which are continuously visible in the EEG (25). Thus, brain states could be manifested by the characteristic changes in EEG activity in a relatively direct manner. Our findings are consistent with previous studies in which frontal power predominance increased with deeper sevoflurane anesthesia, including delta, theta, alpha, and beta band (26). Interestingly, in our study, the typical EEG patterns seen during agitation with sevoflurane anesthesia was marked by a distinct shift to high frequencies with spikes. These changes were accompanied by increases in the fast waves (alpha and beta) and decreases in the slow rhythms (delta). These results may demonstrate a relationship between the agitation and these changes in EEG. Agitation and changes of EEG both were simultaneous and transient in anesthesia induction. The rapid onset of cerebral effects of volatile anesthetics and different effects on the cortical and subcortical areas may contribute to it (27). The presence of spontaneous movement, including stiffening, blinking, limbs, and jaw movements accompanied with the high cerebral concentration of isoflurane (3–10%), and the EEG shown isoelectric with sharp transients (28). However, the isoelectric with sharp transients were not observed in patients with agitation in our study and the underlying mechanisms remain unknown. Moreover, anesthesia induction with sevoflurane may induce seizures or seizure-like activity (12, 29), but this was not the same as the EEG patterns observed in patients with agitation. There is no proof to recommend that the abnormal behaviors or high frequencies with spikes activities share same neural mechanisms as anesthetics-induced agitation/paradoxical excitation. Therefore, it may serve to emphasize the importance of further research to investigate the neurophysiological mechanisms regarding the generation of the EEG. In clinics, the monitoring of high frequencies with spikes patterns during anesthesia induction may provide the possibility to identify agitation in time.

Our clinical observations found that individuals showed difference in the susceptibility to agitation. Our results of GWAS found five SNPs exhibiting significant association with the susceptibility to agitation. LD analysis revealed that these five SNPs were in moderate LD (R2 0.33–0.70). Interestingly, both rs3733784, rs2307116, and rs1801394 are SNPs in the MTRR gene involved in folate metabolism. Carrying rs1801394 A > G and/or rs2307116 G > A may predict a higher risk of agitation. MTRR plays an important role in the remethylation of homocysteinemia (Hcy) to methionine. In particular, MTRR rs1801394 has been related to abnormal plasma Hcy levels (30). It had been observed that individuals with the G allele of rs1801394 have an association with the higher risk of developing hyperhomocysteinemia (HHcy) (31). Neuronal excitotoxicity induced by Hcy has been repeatedly demonstrated (32–34). Hcy induced calcium influx through N-methyl-D-aspartate (NMDA) channel activation, which motivated glutamate neuronal excitotoxicity (34). Therefore, Hcy-induced neuronal excitotoxicity may underlie the susceptibility to agitation. Moreover, a recent study reported that general anesthesia can induce folate metabolism disorder and consequently demyelination in the developmental brain (35). Demyelination is related to motor deficits, and childhood exposure to multiple procedures requiring general anesthesia increases the risk of attention-deficit hyperactivity disorder (ADHD) (36–38). These data propose that general anesthesia may impede neuronal transportation and communication, causing motor deficits or abnormal movements like agitation/paradoxical excitation. The genetic screening of the MTRR gene before anesthesia may have the potential to assist the prediction of agitation/paradoxical excitation, avoid its occurrence. However, the complex relationship between agitation/paradoxical excitation and folate metabolism, and specific molecular mechanisms require further investigation. In addition, a previous study reported that GABR2 genetic polymorphisms may be involved in emergence agitation in pediatric anesthesia with sevoflurane (9). But this genetic polymorphism was not observed in our study using GWAS. One important reason may contribute to this discrepancy. Only GABARs genetic polymorphisms were selected and analyzed in the previous study. But in our study, a total of 359,584 high-quality SNPs were used to perform GWAS, and the SNaPshot technology was used for validation based on the results of GWAS. Therefore, contrasting with previous reports, our methods and results were more systematic, and by far more comprehensive.

There were several limitations in our study. Firstly, the EEG recordings analyzed in this study were obtained from frontal channels, and our analysis was unable to examine anterior-posterior connectivity and different brain regions dynamics. Thus, a wide-band multi-channel EEG recording is essential to analyze the different sources of EEG patterns. Secondly, there is an increasing recognition that GWAS results in too many false positives, especially with small sample sizes. We adopted a series of filtering strategies mentioned above and used the currently recognized linear model (GLM) in TASSEL v.5.2.54 for GWAS to avoid false positives as much as possible. Moreover, based on the results of GWAS, we sequenced these five SNPs in all included patients using the SNaPshot technology for validation. Thirdly, our study is associative rather than causative. The results of this study can only suggest correlations between SNPs and agitation, but cannot demonstrate causation. These SNPs that we found merit further definitive investigation through a larger sample size cohort study to increase statistical power and validate its relevance. Meanwhile, functional studies in mice models using genome editing methodologies should be carried out as well. Additionally, anesthesia induction with sevoflurane is most often used in pediatric anesthesia, and anesthesia-induced agitation in children is the most common and the most extensively investigated. But only adults in the age of 25–55 years were included in this study. Future studies should be adequately powered and consider age stratification.

In conclusion, our present study suggests that the agitation/paradoxical excitation induced by sevoflurane is characterized as increases in Ai index, EMG, HR, and MAP, and the high frequency with spikes in EEG. Moreover, our results provide preliminary evidence for MTRR genetic polymorphisms, involving folate metabolism function, may be related to the susceptibility to agitation.
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Background: Perioperative neurocognitive disorders (PNDs) occur commonly in older patients after anesthesia and surgery. Treating astrocytes with general anesthetic drugs stimulates the release of soluble factors that increase the cell-surface expression and function of GABAA receptors in neurons. Such crosstalk may contribute to PNDs; however, the receptor targets in astrocytes for anesthetic drugs have not been identified. GABAA receptors, which are the major targets of general anesthetic drugs in neurons, are also expressed in astrocytes, raising the possibility that these drugs act on GABAA receptors in astrocytes to trigger the release of soluble factors. To date, no study has directly examined the sensitivity of GABAA receptors in astrocytes to general anesthetic drugs that are frequently used in clinical practice. Thus, the goal of this study was to determine whether the function of GABAA receptors in astrocytes was modulated by the intravenous anesthetic etomidate and the inhaled anesthetic sevoflurane.

Methods: Whole-cell voltage-clamp recordings were performed in astrocytes in the stratum radiatum of the CA1 region of hippocampal slices isolated from C57BL/6 male mice. Astrocytes were identified by their morphologic and electrophysiologic properties. Focal puff application of GABA (300 μM) was applied with a Picospritzer system to evoke GABA responses. Currents were studied before and during the application of the non-competitive GABAA receptor antagonist picrotoxin (0.5 mM), or etomidate (100 μM) or sevoflurane (532 μM).

Results: GABA consistently evoked inward currents that were inhibited by picrotoxin. Etomidate increased the amplitude of the peak current by 35.0 ± 24.4% and prolonged the decay time by 27.2 ± 24.3% (n = 7, P < 0.05). Sevoflurane prolonged current decay by 28.3 ± 23.1% (n = 7, P < 0.05) but did not alter the peak amplitude. Etomidate and sevoflurane increased charge transfer (area) by 71.2 ± 45.9% and 51.8 ± 48.9% (n = 7, P < 0.05), respectively.

Conclusion: The function of astrocytic GABAA receptors in the hippocampus was increased by etomidate and sevoflurane. Future studies will determine whether these general anesthetic drugs act on astrocytic GABAA receptors to stimulate the release of soluble factors that may contribute to PNDs.

Keywords: astrocyte, GABAA receptors, general anesthesia, etomidate, sevoflurane, perioperative neurocognitive disorders, patch-clamp


INTRODUCTION

Astrocytes, which are among the most abundant cells in the mammalian brain, play an essential role in numerous functions, from the maintenance of molecular, cellular, and metabolic homeostasis to the regulation of cognition and behavior (Verkhratsky and Nedergaard, 2018; Santello et al., 2019). Not surprisingly, astrocytes are implicated in a variety of neurological disorders, including neurodegenerative diseases, ischemic stroke, epilepsy, and depression (Liu and Chopp, 2016; Wang et al., 2017; Santello et al., 2019; Siracusa et al., 2019; De Majo et al., 2020; Zhang et al., 2021).

One group of cognitive conditions that is of particular interest to the fields of anesthesia and critical care is perioperative neurocognitive disorders (PNDs) (Evered et al., 2018). PNDs occur most commonly in older patients after anesthesia and surgery. These patients may experience a range of symptoms, including delirium, confusion, inattention, and cognitive deficits, that can persist for days to months (Evered et al., 2018). The incidence of PNDs is remarkably high, ranging from 10 to 60%; and these disorders are associated with poor long-term outcomes, increased healthcare costs, loss of independence, and increased mortality (Witlox et al., 2010; Moskowitz et al., 2017; Sprung et al., 2017; Boone et al., 2020). Few effective prevention and treatment strategies are currently available (Berger et al., 2018; Mahanna-Gabrielli et al., 2019). Therefore, PNDs represent a major unmet health concern.

The causes of PNDs are complex and multifactorial, with general anesthetic drugs likely being one of several key contributing factors (Weinstein et al., 2018; Memtsoudis et al., 2019). Interestingly, we and others have postulated that astrocytes may play a causal role in PNDs (Terrando et al., 2013; Zurek et al., 2014; Wang et al., 2018; Li et al., 2020). Our previous studies using primary cultures of astrocytes, neurons, and astrocyte-neuron co-cultures have suggested that astrocytes contribute to the cognitive deficits that persist after brief exposure to general anesthetic drugs (Zurek et al., 2014; Wang et al., 2018). Indeed, we refer to these in vitro cell culture models that have demonstrated a crosstalk between astrocytes and neurons following exposure to anesthetic drugs as “PND in a dish.” Specifically, both an intravenous anesthetic drug (etomidate) and an inhalational agent (isoflurane) trigger a sustained increase in cell-surface expression and hence function of a subtype of γ-aminobutyric acid type A (GABAA) receptors in neurons (Zurek et al., 2014; Wang et al., 2018). Such an increase in GABAA receptor function is sustained after the anesthetic drug is eliminated and is associated with long-lasting cognitive deficits (Zurek et al., 2014; Li and Zhang, 2021; Zuo et al., 2021). Furthermore, in vitro studies have shown that anesthetic drugs act on astrocytes to stimulate the release of one or more soluble factors that crosstalk with neurons, triggering a persistent increase in GABAA receptor function in those neurons (Zurek et al., 2014; Wang et al., 2018). However, the receptors in astrocytes that act as targets for general anesthetic drugs have not yet been identified.

Astrocytes express a wide range of neurotransmitter receptors and transporters, including GABAA receptors, which allow them to sense and respond to their surroundings (Verkhratsky and Nedergaard, 2018; Mederos and Perea, 2019). In contrast to what typically occurs in neurons, the activation of GABAA receptors in astrocytes induces membrane depolarization, rather than hyperpolarization, and an increase in intracellular Ca2+ (Meier et al., 2008; Egawa et al., 2013; Mederos and Perea, 2019). These changes stimulate the release of various signaling molecules (Verkhratsky and Nedergaard, 2018). Because GABAA receptors in neurons represent the primary target of most general anesthetic drugs (Garcia et al., 2010), GABAA receptors in astrocytes may also be sensitive to commonly used drugs. These drugs may act upon GABAA receptors in astrocytes to depolarize the membrane potential and trigger the release of soluble factors. Indeed, studies showing that pentobarbital, and the benzodiazepine agonists flunitrazepam and midazolam, increased the activity of GABAA receptors in astrocytes were first reported in the 1980s and 1990s (Backus et al., 1988; Bormann and Kettenmann, 1988; Macvicar et al., 1989; Muller et al., 1994; Fraser et al., 1995). However, to date, no subsequent studies have directly examined the sensitivity of GABAA receptors in astrocytes to modern general anesthetic drugs that are now in common use.

The goal of this study was to determine whether two representative general anesthetic drugs, etomidate and sevoflurane, modulate the function of astrocytic GABAA receptors in hippocampal slices from mice. Etomidate is an intravenous agent that is often used for the induction of general anesthesia in critically ill patients because of its favorable hemodynamic profile (Hannam et al., 2019). Sevoflurane is one of the most commonly used inhalational anesthetic drugs (Brioni et al., 2017). Both these drugs have been shown to trigger the persistent increase in GABAA receptor function in neurons (Zurek et al., 2014; Wang et al., 2018). Our results show that etomidate and sevoflurane increase the function of GABAA receptors in astrocytes. These results provide the foundation for future studies, which will define the role of astrocytic GABAA receptors in the pathophysiology of PNDs and assist in the development of potential new treatments for these disorders.



MATERIALS AND METHODS


Experimental Animals

All experiments were performed with C57BL/6 male mice at postnatal days 21–27 (Charles River, Montreal, QC, Canada). This age was selected because astrocytes have reached maturity (Zhou et al., 2006), and the quality of brain slices significantly reduces with further aging (Lipton et al., 1995; Ting et al., 2014). Mice were housed in the animal care facility at the University of Toronto (Toronto, Ontario, Canada).



Hippocampal Slice Preparation

Mice brains were obtained by decapitation after the mice were euthanized with a brief exposure to isoflurane. Sagittal brain slices (300 μm) containing hippocampus were prepared using a VT1200S vibratome (Leica, Deerfield, Illinois). Hippocampal slices were prepared in ice-cold sucrose-based cutting solution that contained (in mM): 212 sucrose, 25 NaHCO3, 5 KCl, 1.25 NaH2PO4, 10 glucose, 2 sodium pyruvate, 1.2 sodium ascorbate, 3.5 MgCl2, and 0.5 CaCl2. Slices were immediately transferred to a chamber containing artificial cerebrospinal fluid (aCSF) that contained (in mM): 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 10 glucose, 1.3 MgCl2, and 2.5 CaCl2. The slice chamber was first placed in a water bath (32°C, 30 min) for recovery of neuronal activities, and later placed at room temperature. All solutions were aerated with 95% O2/5% CO2 throughout the procedures.



Whole-Cell Recordings of Astrocytes

Whole-cell patch-clamp recordings were performed at room temperature from astrocytes located in the stratum radiatum of the CA1 region of the hippocampus. Slices were transferred to a submersion recording chamber, where they were perfused with aCSF at 3–4 ml/min and were visualized using a 400x microscope (BX50WI; Olympus, Tokyo, Japan). Glass pipette resistance ranged between 3 and 5 MΩ. All recordings were performed using a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, California, United States), and data were acquired with pCLAMP 10.6 (Molecular Devices) via a Digidata 1550A interface (Molecular Devices).

Recordings were conducted with a KCl-based internal solution that contained (in mM): 140 KCl, 0.5 CaCl2, 1 MgCl2, 5 EGTA, 10 HEPES, 3 Mg2+-ATP (pH 7.3 using KOH at 290 mOsm). Upon achieving the whole-cell patch configuration, cells were confirmed as astrocytes based on the unique electrophysiological properties including a low membrane resistance (RM < 15 MΩ), a low resting membrane potential (VM < -70 mV), and a unique linear I-V relationship (Zhou et al., 2006, 2009; Du et al., 2016). The RM and Ra were measured with “membrane test” protocol that is built into the pCLAMP 10.6 software (Molecular Devices). The resting membrane potential was measured in “I = 0” mode. The I-V relationship was tested by measuring currents that were generated in response to voltage steps from holding potentials that ranged from −180 to 0 mV, in 20 mV increments. Astrocytes were then voltage-clamped at their resting membrane potentials.

All slices were continuously perfused with aCSF that contained TTX (tetrodotoxin, 0.5 μM), APV ([2R]-amino-5-phosphonovaleric acid, 20 μM), and CNQX (6-Cyano-7-nitroquinoxaline-2,3-dione, 10 μM). Only recordings with an initial Ra less than 25 MΩ that varied less than 20% throughout the experiments were included in the analyses.



Drugs and Chemicals

TTX was purchased from Alomone Labs (Jerusalem, Israel). APV and CNQX were obtained from Hello Bio Inc. (Princeton, NJ, United States). GABA and picrotoxin were from Sigma–Aldrich (Oakville, ON, Canada), while etomidate was purchased from US Pharmacopeia (Rockville, MD, United States) and sevoflurane was obtained from Abbott Laboratories (North Chicago, IL, United States).

Stock solutions of etomidate (100 mM) were prepared by dissolving etomidate powder in propylene glycol (35% v/v in physiological saline) and were stored at 4°C (Sprung et al., 2000). A final concentration of etomidate at 100 μM was used for the studies. Sevoflurane (532 μM) was diluted from the saturated aqueous phase of sevoflurane and was prepared at room temperature, as previously described (Lecker et al., 2013). This concentration of sevoflurane is twice the MAC (Minimum Alveolar Concentration of anesthetics) value for sevoflurane and was selected to ensure adequate drug levels in the slices (Nishikawa and MacIver, 2001; Lecker et al., 2013). In brief, 50 ml of sevoflurane was mixed with 100 ml of aCSF in a gas-tight glass bottle and stored at 4°C overnight. Sevoflurane at the saturated aqueous phase was measured at 11.8 mM (Lecker et al., 2013).



GABA Puff Application

Focal puff applications of GABA (300 μM) were applied to the soma of the astrocytes using a Picospritzer system (Picospritzer II, Parker Hannifin, United States). A glass pipette (tip diameter 3–5 μm) that was filled with aCSF containing GABA (300 μM) was placed approximately 50–100 μm away from the cell soma before performing whole-cell configuration. The concentration of GABA was chosen based on a previous study (EC50 = 300 μM) (Ma et al., 2012). Puff pressure was set at 15–20 psi, and puff duration between 20 and 150 ms to obtain a baseline current amplitude of approximately 50–100 pA.



Data and Statistical Analyses

The peak amplitude, rise time, decay time, and area of GABA-evoked responses were analyzed with Clampfit 10.7 software (Molecular Devices). The rise time was measured as the time from 10 to 90% of peak amplitude, and the decay time was defined as the duration from 90 to 40% of peak amplitude due to fluctuations in late decay phase. The area of the current responses was measured to the point where currents returned to baseline.

Data are represented as mean ± SD (Standard Deviation). Statistical analyses were performed using R statistical software version 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria). All continuous variables were tested to determine whether they met conditions of normality (Shapiro-Wilk test) and homogeneity of variance (Levene’s test). Paired Student’s t-test was performed to compare paired data. A two-tailed hypothesis test was used, and statistical significance was set at P < 0.05.




RESULTS


Identification of Astrocytes in Hippocampal Slices

Astrocytes were identified in hippocampal slices based on their morphology and electrophysiological properties. We recorded from cells that were relatively small, as astrocytes have a diameter of approximately 10 μm with round or irregularly shaped somas (Zhou et al., 2006; Du et al., 2015). Morphology alone was not sufficient to identify the astrocytes as other cell types, such as interneurons, have similar structural properties (Zhou et al., 2006). Thus, we next examined the electrophysiological properties of each cell to confirm that the recorded cells were indeed astrocytes. Astrocytes have unique electrophysiological properties that allow them to be readily distinguished from other cell types including interneurons. Specifically, astrocytes have a low membrane resistance (RM < 15 MΩ), a relatively hyperpolarized resting membrane potential (VM < -70 mV), and they generate a linear current-to-voltage (I-V) relationship in response to voltage steps due to passive K+ membrane conductances (Zhou et al., 2006, 2009; Ma et al., 2014; Du et al., 2016). All the cells we recorded from had a low membrane resistance (3.2 ± 2.2 MΩ, n = 21) and a hyperpolarized resting membrane potential (−80.2 ± 3.7 mV, n = 21; Figure 1A). The cells also displayed a linear I-V relationship in response to voltage steps (−180–0 mV in 20 mV increments), as shown in Figures 1B,C.
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FIGURE 1. Astrocytes displayed unique electrophysiological properties. After the whole-cell patch configuration was achieved, cells were confirmed to be astrocytes based on their low membrane resistance, hyperpolarized resting membrane potentials, and linear I-V relationships. (A) Summarized data for membrane resistance and resting membrane potential (n = 21). (B) Linear I-V relationship of the astrocytes. Representative recordings show current responses (Right) to voltage steps (500 ms) that ranged from -180 to 0 mV in 20 mV increments (Left). The cell was held at -78 mV between voltage commands. Current amplitudes were measured 435 ms after initiation of each step voltage as indicated by the vertical blue dash line. The amplitudes were normalized to that at -180 mV as indicated by the asterisk. (C) Summarized I-V plot. Each data point represents the mean of values from 21 recorded astrocytes. The reversal potential obtained from the fitted I-V plot was -78 mV. Data are presented as mean ± SD.




GABA Activates γ-Aminobutyric Acid Type A Receptors in Astrocytes

To study the effects of general anesthetic drugs on the function of GABAA receptors in astrocytes, we first needed to record stable GABA-evoked responses. We used focal puff applications of GABA as previous studies have examined GABAA receptor-dependent currents using similar methods (Ma et al., 2012). A glass capillary that contained GABA (300 μM) was placed 50–100 μm away from the recorded cell (Figure 2A). After the whole-cell patch configuration was successfully established in astrocytes, a focal puff application of GABA was applied. The application of GABA consistently activated an inward current (Figure 2B). To confirm the GABA-evoked responses were generated by GABAA receptors, the non-competitive GABAA receptor antagonist picrotoxin (0.5 mM) was then added to the bath solution for 5–10 min and a subsequent puff of GABA was applied. The amplitude of the peak current was measured before and during the application of picrotoxin. The peak current was reduced to 28.9 ± 8.0% of the control (Figure 2B, 85.4 ± 12.0 pA for GABA vs. 24.0 ± 3.2 pA for GABA + picrotoxin, n = 3; P = 0.019, paired t-test). These results showed that the inward currents evoked by GABA were primarily generated by GABAA receptors.
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FIGURE 2. Focal puff application of GABA to astrocytes induced an inward current that was inhibited by picrotoxin. (A) Schematic drawing shows that a glass capillary containing GABA (300 μM) was placed 50–100 μm away from the recorded astrocyte in the stratum radiatum of CA1 region of a hippocampal slice. (B) Left: Representative traces demonstrate current responses to puff applications of GABA before (black) and during addition of picrotoxin (0.5 mM, blue), a non-competitive GABAA receptor antagonist. Right: Quantified data show the inhibitory effects of picrotoxin (PTX). n = 3, *P = 0.019, paired Student’s t-test. Data are presented as mean ± SD.




Etomidate Increases the Function of γ-Aminobutyric Acid Type A Receptors in Astrocytes

We next sought to examine the effects of etomidate (100 μM) on GABAA receptor-generated currents in astrocytes. After obtaining an initial baseline current in response to GABA (300 μM), the slices were perfused for 2 min with aCSF containing etomidate and a second puff of GABA was applied. The amplitude of the peak current (pA), the rise time and decay time (s) of the current, and the area (pA4⋅ms) under the current response curve were measured. Notably, we observed that the late decay phase of current evoked by GABA, both in the absence and the presence of etomidate, was somewhat unstable. Specifically, the decay current had several different undulating shapes, as shown in Figure 3A. This variability in the late phase of current decay differed from current recorded in hippocampal neurons, as observed by us and others (Bai et al., 1999; Caraiscos et al., 2004; Domínguez et al., 2016). To minimize the impact of the baseline instability on the analysis of current responses, the decay time of the current was measured from 90 to 40% of the peak amplitude.
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FIGURE 3. Etomidate potentiated GABA-evoked current in astrocytes. (A) Representative traces show the GABA-evoked responses before and during etomidate (ETM) treatment from four different astrocytes. Note the different shapes of the late phase of the current decay in both the absence and the presence of etomidate. (B) Summarized data for peak amplitude, rise time, decay time, and charge transfer (area). n = 7, *P < 0.05, **P < 0.01, n.s.: not significant, paired Student’s t-test. CONT: control. (C) Representative traces (top) and summarized data (bottom) show that GABA-evoked current in the presence of etomidate (ETM) is inhibited by picrotoxin (PTX, 0.5 mM, 5–10 min). n = 4, ***P = 0.001, paired Student’s t-test. Data are presented as mean ± SD.


Etomidate increased the amplitude of the current by 35.0 ± 24.4% (Figure 3B; control: 77.5 ± 13.0 pA, vs. etomidate: 102.9 ± 15.4 pA, n = 7; P = 0.006, paired t-test). Etomidate did not alter the current rise time (control: 1.3 ± 0.5 s vs. etomidate: 1.7 ± 0.8 s, n = 7; P = 0.10, paired t-test) but prolonged the decay time by 27.2 ± 24.3% (control: 2.6 ± 1.0 s vs. etomidate: 3.4 ± 1.7 s, n = 7; P = 0.037, paired t-test). The total charge transfer was also increased by 71.2 ± 45.9% [control: 3.1 ± 1.4 (×105) pA⋅ms vs. etomidate: 4.9 ± 1.5 (×105) pA⋅ms, n = 7; P = 0.006, paired t-test]. We next confirmed that GABA-evoked responses in the presence of etomidate were primarily generated by GABAA receptors. The co-application of etomidate and picrotoxin (0.5 mM) to the bath solution showed that the peak current was reduced by 75.3 ± 5.5% (Figure 3C; pre-picrotoxin: 94.0 ± 19.4 pA vs. picrotoxin: 23.8 ± 9.6 pA, n = 4; P = 0.001, paired t-test).



Sevoflurane Increases the Function of γ-Aminobutyric Acid Type A Receptors in Astrocytes

In the next set of studies, sevoflurane (532 μM) was added to the bath solution and the changes in the peak amplitude and time course of GABA-evoked currents were investigated (Figure 4A). Sevoflurane did not increase the peak current (Figure 4B; control: 75.3 ± 10.4 pA vs. sevoflurane: 71.9 ± 10.4 pA, n = 7; P = 0.21, paired t-test) nor did it increase the current rise time (Figure 4B; control: 1.4 ± 0.4 s vs. sevoflurane: 1.5 ± 0.4 s, n = 7; P = 0.33, paired t-test). However, sevoflurane prolonged the current decay by 28.3 ± 23.1% (Figure 4B; control: 2.2 ± 0.6 s vs. sevoflurane: 2.8 ± 0.9 s, n = 7; P = 0.030, paired t-test) and increased the total charge transfer by 51.8 ± 48.9% [Figure 4B; control: 2.86 ± 0.64 (×105) pA⋅ms vs. sevoflurane: 4.22 ± 1.10 (×105) pA⋅ms, n = 7; P = 0.029, paired t-test]. Thus, sevoflurane increased the GABA-evoked currents. GABA-evoked currents in the presence of sevoflurane were also inhibited by 64.4 ± 12.5% when picrotoxin (0.5 mM) was added to the bath solution (no picrotoxin: 76.9 ± 7.1 pA vs. picrotoxin: 27.4 ± 10.0 pA, n = 4; P = 0.003, paired t-test), confirming that the currents were mainly GABAA receptor-dependent (Figure 4C).
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FIGURE 4. Sevoflurane potentiated GABA-evoked current in astrocytes. (A) Representative traces show the GABA-evoked responses before and during sevoflurane (SEV) treatment from four different astrocytes. Note the different shapes of the late phase of the current decay in both the absence and presence of sevoflurane. (B) Summarized data for peak amplitude, rise time, decay time, and charge transfer (area). n = 7, *P < 0.05, n.s.: not significant, paired Student’s t-test. CONT: control. (C) Representative traces (top) and summarized data (bottom) show that GABA-evoked current in the presence of sevoflurane (SEV) is inhibited by picrotoxin (PTX, 0.5 mM, 5–10 min). n = 4, **P = 0.003, paired Student’s t-test. Data are presented as mean ± SD.





DISCUSSION

The goal of this study was to determine whether GABAA receptors in astrocytes are targets for etomidate and sevoflurane. We first recorded GABAA receptor–mediated current from astrocytes in the stratum radiatum of the CA1 region of hippocampal slices from mice and then showed that both etomidate and sevoflurane increased the GABA-evoked responses. More specifically, etomidate increased the peak amplitude of the current and prolonged its decay, whereas sevoflurane prolonged current decay but had no effect on the peak. Overall, both etomidate and sevoflurane increased the total charge transfer of the GABA-evoked responses. To the best of our knowledge, these results provide the first direct evidence that commonly used general anesthetic drugs increase the function of GABAA receptors in astrocytes.

As noted by others, it is technically challenging to perform voltage-clamp recording of GABA-evoked responses in astrocytes (Ma et al., 2014). While patch-clamp recording techniques have been widely used by us and others to study anesthetic modulation of GABAA receptors in neurons (Orser et al., 1994; Bai et al., 1999; Caraiscos et al., 2004; Schools et al., 2006; Zhou et al., 2021), astrocytes have a low membrane resistance because of passive K+ conductances and are extensively coupled into a syncytium through gap junctions (Ma et al., 2016), which makes patch-clamp recording difficult. Such unfavorable patch-clamp recording conditions cause the voltage change to occur primarily at the tip of the recording electrode, rather than across the cell membrane (Ma et al., 2014). Poor voltage-clamp conditions also cause instability of baseline currents and prevent accurate measurement of current responses during long-term whole-cell recordings. To minimize the impact of such current instability, we recorded from slices obtained from young mice and used a Picospritzer perfusion system to focally and rapidly deliver a transient puff (<150 ms) of GABA. Using this combined approach, we were able to record relatively stable GABA-evoked responses that were generated by GABAA receptors.

Our results provide convincing evidence that the function of astrocytic GABAA receptor is increased by commonly used general anesthetic drugs. These results are consistent with findings from several earlier studies that date back to the 1980s and 1990s of pentobarbital and benzodiazepines (Backus et al., 1988; Bormann and Kettenmann, 1988; Macvicar et al., 1989; Muller et al., 1994; Fraser et al., 1995). For instance, pentobarbital but not diazepam increased GABA-evoked responses in Bergmann glial cells of cerebellar slices from young animals (postnatal days 5–12) (Muller et al., 1994). However, these studies were undertaken at a development stage when glial cells are still immature (Zhou et al., 2006). In another study, using hippocampal slices, to which kainic acid had been applied to reduce the number of neurons, GABA-evoked responses in CA3 astrocytes increased after pentobarbital and flunitrazepam treatment (Macvicar et al., 1989). Although kainic acid helps in isolating astrocytes, it also modifies the surviving cells into a pathological state (Kim et al., 2007). The same limitation remains for acutely isolated astrocytes obtained through enzymatic digestion (Fraser et al., 1995). Surprisingly, since those earlier studies, little progress has been made regarding anesthetic modulation of astrocytic GABAA receptors, probably because of the technical challenges outlined above. We overcame these limitations by recording currents in mature astrocytes in brain slices from young mice.

Interestingly, we observed that etomidate, but not sevoflurane, increased the peak amplitude of GABA responses in astrocytes. At least three factors could contribute to this difference including drug bioavailability, the effects of the drugs on GABAA receptor kinetics, and the subunit composition of the underlying receptors. For instance, it is unlikely that “MAC equivalent” concentrations of etomidate and sevoflurane were present at the tip of the recording electrode as the physical properties of the drugs differ. Etomidate is stable in aqueous solution but requires a considerable time to penetrate the brain slices. Indeed, it can take as long as 1–2 h to reach an equilibrium in brain slices (Benkwitz et al., 2007). In contrast, sevoflurane readily diffuses into brain tissues, but rapidly evaporates from the perfusion solution (Nishikawa and MacIver, 2001; Sebel et al., 2006). Another reason could be differences in drug action on GABAA receptor kinetics. Anesthetic drugs generally increase the potency of GABA, increase the rate of receptor activation, and slow the rate of receptor deactivation (Orser et al., 1994; Yang and Uchida, 1996; Belelli et al., 1997; Bai et al., 1999; Benkwitz et al., 2004). However, etomidate, similar to other intravenous anesthetics including propofol, reduced desensitization, whereas volatile anesthetics increased receptor desensitization (Wu et al., 1996; Liu et al., 2015). Since the peak current reflects the summed effects of receptor activation, deactivation and desensitization, differences in the peak current could result from differences in drug action on receptor kinetics. Finally, the effects of anesthetic drugs on GABAA receptor kinetics are highly dependent on the subunit composition of the receptors. Thus, the subunit composition of the heterogeneous GABAA receptors influences the response to anesthetic drugs (Uchida et al., 1995; Krasowski et al., 1998; Jenkins et al., 2001; Nishikawa and Harrison, 2003; Benkwitz et al., 2004; Zhong et al., 2008; Hoft et al., 2014; Woll et al., 2018; Liao et al., 2019).

Our results raise some interesting questions that are worthy of future studies. It would be of interest to examine the concentration-dependence of anesthetic modulation of astrocytic GABAA receptors and whether the anesthetic sensitivity of astrocytic and neuronal GABAA receptors differ. Given technical challenges with standard whole-cell patch-clamp recordings from astrocytes, we investigated the effects of just one anesthetic concentration with one concentration of GABA. A previous study overcame some of these technical challenges by using a dual-patch technique that permitted simultaneous recordings of membrane currents and potentials in astrocytes (Ma et al., 2014). Future studies might also investigate GABAA receptors in astrocytes that are mechanically isolated from brain slices or macro patches that are excised from astrocytes. These techniques allow drugs and agonists to be rapidly applied to and then washed away from the recorded astrocytes. Drug concentrations can also be more accurately controlled to study the concentration-dependent effects of anesthetic drugs. Thus, the approaches allow anesthetic effects on GABAA receptor responses in astrocytes and neurons to be more effectively compared.

Another important issue that requires further study is whether astrocytic GABAA receptors play a role in PNDs in vivo. Given that exposure of astrocytes to anesthetic drugs triggers a sustained increase in cell-surface expression and function of GABAA receptors in neurons in vitro, it is possible the drugs act upon astrocytic GABAA receptors to cause similar changes in vivo. Indeed, general anesthetic drugs increase Ca2+ signaling in astrocytes by activating GABAA receptors in vivo (Meier et al., 2008; Thrane et al., 2012). This increase in cytosolic Ca2+ may trigger the release of soluble factor(s) that modify the function of neighboring neurons. Future studies will determine whether astrocytic GABAA receptors contribute to this crosstalk with neuronal GABAA receptors that may contribute to PNDs, as well as identify the soluble factor(s). Using genetic approaches, such as astrocyte-specific gene knockdown/knockout, and novel CRISPR-based technology to target anesthetic-sensitive astrocytic GABAA receptors in vitro and in vivo, may help answer these questions (Mori et al., 2006; Shinohara et al., 2016; Meneghini et al., 2021). Such studies may lead to the discovery of novel strategies to mitigate the cognitive dysfunction experienced by older patients with PNDs.

This study had some limitations. We were able to test only the early phase of current decay (90–40% decay time) induced by puff applications of GABA in astrocytes because the late phase is highly variable in both the absence and presence of anesthetic treatment. Such variability could be due to low membrane resistance of astrocytes and to changes in membrane resistance caused by secondary inhibition of the K+ channel after application of GABA (Ma et al., 2012, 2014). As noted above, performing dual-patch recordings in hippocampal astrocytes may reduce this variability and may help in further evaluating the effects of anesthetics on astrocytic GABAA receptors. In addition, this study focused on the effects of anesthetics in mature hippocampal astrocytes at a single age of animal. However, a distinct feature of astrocytes is their heterogeneity across different brain regions (Matias et al., 2019; Batiuk et al., 2020). Also, the subunit compositions and expression profiles of GABAA receptors are heterogeneous across brain regions and at different developmental stages (Backus et al., 1988; Macvicar et al., 1989; Muller et al., 1994; Fraser et al., 1995; Hoft et al., 2014; Zhang et al., 2016). Therefore, the anesthetic effects on GABAA receptors in astrocytes may differ in different brain regions and at different ages.

In summary, etomidate and sevoflurane, two modern general anesthetic drugs used in clinical settings, increased GABAA receptor function in hippocampal astrocytes. These results provide the foundation for future studies that will determine whether astrocytic GABAA receptors contribute to PNDs.
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Type 2 Diabetes Increases Risk of Unfavorable Survival Outcome for Postoperative Ischemic Stroke in Patients Who Underwent Non-cardiac Surgery: A Retrospective Cohort Study
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Objective: Diabetes mellitus (DM) has been critically associated with unfavorable outcomes in the general population. We aimed to investigate the association between type 2 DM and long-term survival outcomes for postoperative ischemic stroke in patients who underwent non-cardiac surgery.

Research Design and Methods: This was a retrospective cohort study of patients with non-cardiac surgery who had suffered from postoperative ischemic stroke between January 2008 and August 2019. Diabetic individuals were included in postoperative ischemic stroke patients with the DM group. The outcome of interest was long-term overall survival (OS). We conducted propensity score matching (PSM) and inverse probability treatment weighting (IPTW) to adjust for baseline characteristic differences between groups. Multivariate Cox regression analysis with stepwise selection was used to calculate the adjusted hazard ratio (HR) of OS and type 2 DM.

Results: During a median follow-up of 46.2 month [interquartile range (IQR), 21.1, 84.2], 200 of 408 patients (49.0%) died. The OS rates at 3, 5, and 10 years were significantly lower for postoperative ischemic stroke patients with DM than those without DM (3 years OS: 52.2 vs. 69.5%, p < 0.001; 5 years OS: 41.6 vs. 62.4%, p < 0.001; 10 years OS: 37.2 vs. 56.6%, p < 0.001). All covariates were between-group balanced after using PSM or IPTW. The postoperative ischemic stroke patients with type 2 DM had a shortened OS in primary analysis (HR: 1.947; 95% CI: 1.397–2.713; p < 0.001), PSM analysis (HR: 2.190; 95% CI: 1.354–3.540; p = 0.001), and IPTW analysis (HR: 2.551; 95% CI: 1.769–3.679; p < 0.001).

Conclusion: Type 2 DM was associated with an unfavorable survival outcome for postoperative ischemic stroke in patients who underwent non-cardiac surgery. When postoperative ischemic stroke co-occurred with type 2 DM, the potential synergies would have multiplicative mortality risk. Further research to assess the adverse effects of type 2 DM on long-term survival may be warranted.

Keywords: type 2 diabetes mellitus (type 2 DM), overall survival, perioperative stroke, postoperative complications, large hemispheric infarction (LHI)


INTRODUCTION

As the world population ages, surgical cases volume increases gradually. Postoperative ischemic stroke is a rare, under-recognized, and life-threatening neurological complication of surgery with high mortality and disability (Wong et al., 2000; Vlisides and Mashour, 2016). Compared to community-onset stroke, patients who are experiencing postoperative ischemic stroke have worse outcomes after surgery (Selim, 2007; Saltman et al., 2015). With a delay to diagnostic imaging, a narrow time window, and the high risk of bleeding, less than 5% of eligible patients benefit from thrombolysis and the majority may suffer from poor prognosis (Saltman et al., 2015; Thiebaut et al., 2018).

The presence of type 2 diabetes mellitus (DM), which affected 11.2% of adults in China, has been critically linked to increased mortality (Li et al., 2020). Meanwhile, type 2 diabetes is characterized by impaired insulin signaling, hyperglycemia, lipid metabolism dysfunction, and defective glucagon secretion (Feldman et al., 2017, 2019). Altered insulin signaling provokes apoptosis by inhibiting axonal growth and neurotrophin secretion (Pop-Busui et al., 2017; Calcutt, 2020). Abnormal glucose metabolism results in hypoxia and microcirculation dysfunction, which in turn leads to an irreversible impairment of neurons, astrocytes, and endothelial cells (Sloan et al., 2021).

Given the high prevalence and adverse effects of type 2 DM, we hypothesized that the potential risk of long-term survival outcomes attributable to type 2 DM could be substantial. Herein, we conducted a retrospective study to examine the association between type 2 DM and long-term survival outcomes in the patients with postoperative ischemic stroke.



RESEARCH DESIGN AND METHODS

This retrospective cohort study was approved by the Medical Ethics Committee of Chinese PLA General Hospital (reference number: S2021-493-01), and the requirement for informed content was waived. The manuscript of the cohort study adheres to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines (Supplementary Table 1).


Study Subjects

We identified the patients who had undergone non-cardiac surgery between January 1, 2008, and August 31, 2019, at Chinese PLA General Hospital, a tertiary academic hospital in Beijing, China. We excluded patients with (1) age < 18 years, (2) duration of surgery ≤ 60 min, (3) regional anesthesia, (4) American Society of Anesthesiologists (ASA) physical status ≥ IV, (5) type 1 DM, and (6) missing data for any confounders. For patients who underwent multiple surgeries within the study period, only the first eligible surgery was included. Additionally, we screened the patients who were diagnosed to have a postoperative ischemic stroke within 30 days after surgery, identified through ICD 9/ICD 10 diagnosis codes (Supplementary Table 2). If patients were lost to follow-up, the patients were excluded. The screening process of eligible patients is depicted in Figure 1.
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FIGURE 1. Study flow diagram. ASA, American Society of Anesthesiologists; DM, diabetes mellitus; PSM, propensity score matching; IPTW, inverse probability treatment weighting.




Study Outcome

The outcome of interest was overall survival (OS). The survival data after surgery were derived from hospital medical records, follow-up database, and confirmed by the Chinese Center for Disease Control and Prevention (CCDC). OS was defined as the period from the date of surgery to the day when the death occurred after surgery or the remainder were censored at the end of the follow-up point (June 30, 2021) (Rich et al., 2010).



Exposure of Interest and Covariates

The exposure of interest was type 2 DM (hereafter simplified as DM) before the postoperative ischemic stroke event, identified through ICD 9/ICD 10 diagnosis codes (Supplementary Table 2).

Covariates of interest included age, sex, body mass index (BMI), American Society of Anesthesiologists physical status, other comorbidities (hypertension, previous ischemic stroke, myocardial infarction, peripheral vascular disease, and chronic kidney disease), use of preoperative medications (β blockers, aspirin), preoperative serological examination and index (hemoglobin, albumin, total bilirubin, prothrombin time, neutrophil-lymphocyte ratio, and platelet to lymphocyte ratio), surgery-related data [emergency surgery, surgery type, malignant tumor, duration of surgery, estimated blood loss, preoperative mean arterial pressure (MAP), blood products depot, colloids infusion, crystalloids infusion, non-steroid anti-inflammatory drugs (NSAIDs), morphine equivalents, and ICU admission after surgery], stroke severity (National Institutes of Health Stroke Scale), stroke laterality, stroke location, large hemispheric infarction (LHI), and thrombolysis.

Postoperative ischemic stroke is defined as a brain infarction of ischemic etiology with motor, sensory, or cognitive dysfunction (e.g., hemiplegia, hemiparesis, aphasia, sensory deficit, and impaired memory) 30 days after surgery (Mashour et al., 2011; Sacco et al., 2013; Vlisides and Moore, 2021). Preoperative MAP was determined on the first blood pressure in the operation room. Stroke laterality, stroke location, and LHI were suggested by CT or MRI. LHI was defined as follow: (1) suffered from >1/3 infarction of the middle cerebral artery (MCA) territory within 6 h after the onset of stroke (or >1/2 MCA territory from 6 h to 7 days after onset) by the assessment of CT scan, (2) exceeded 80 ml within 6 h after the onset of stroke (or 145 ml within 14 h after onset) for infarction volume by appraisal of the MRI), and (3) suffered from >3 cm infarction of cerebellar region on the MRI (Sheth et al., 2016; Vorasayan et al., 2019).



Statistical Analysis

Baseline characteristics and outcomes of the patients were summarized through frequencies and descriptive statistics. Continuous variables are expressed as mean (SD), or median (interquartile range, IQR), and categorical variables are presented as n (%). Kaplan-Meier method was performed to compare OS between groups.

To control the potential confounding effects, we performed multivariate Cox regression analysis with step-wise selection to evaluate the relationship between DM and OS. In Cox regression analysis, multiple models were conducted with different covariates to calculate the hazard ratio (HR) of OS and DM (Table 2).

In sensitivity analyses, we conducted propensity score (PS) analysis, such as propensity score matching (PSM) and inverse probability treatment weighting (IPTW) to examine the OS associated with DM (Haukoos and Lewis, 2015; Grool et al., 2016). For adjusting between-group differences, PSs were developed to reflect the probability of each patient having DM (Kurth et al., 2006; Austin, 2011). PS, a composite score, was derived from synthesized baseline characteristics (Williamson and Forbes, 2014). Clinically relevant covariates (the aforementioned 34 covariates) were included in the multivariate logistic regression model to yield a PS (Zhang et al., 2020). In PSM, matching between two groups was randomly conducted with PS at a 1:1 ratio, by using the greedy nearest-neighbor approach, with a caliper width of the PS with 0.1 pooled SD (Rosenbaum and Rubin, 2012). In IPTW, symmetric trimming was performed to minimize the adverse effects of extreme PS outliers. We excluded the patients whose estimated PS was beyond the range (10–90%) (Li et al., 2019). After obtaining matched data or weighted data, Kernel density plots and standardized mean difference (SMD) were applied to assess the balance of covariates between the two groups. An SMD < 0.2 was deemed as acceptable deviations for the particular covariate (Brookhart et al., 2006; Cheung et al., 2019). The association between DM and OS was estimated using multivariate Cox regression analysis to calculate the adjusted HR.

Advanced age, malignant tumor surgery, LHI, HbA1c level, and the follow-up time were associated with shortened OS in several previous meta-analyses or studies (Sheth et al., 2018; GBD 2019 Diseases and Injuries Collaborators, 2020; Wang et al., 2021). Thus, we performed subgroup analysis according to age, malignant tumor surgery, LHI, HbA1c level, and the follow-up time to explore the potential interaction. Multivariate Cox regression analyses were separately performed on each individual subgroup to calculate the adjusted HR.

A two-sided p < 0.05 was considered statistically significant. Statistical analyses were performed using IBM SPSS Statistics (version 26; IBM Corp) and R program (version 4.0.5; R Foundation for Statistical Computing, Vienna, Austria), along with Table 1, MatchIt, car, survival, survminer, survey, glm 2, and ggplot 2 packages.


TABLE 1. Baseline characteristics unadjusted sample, propensity score-matched sample, and inverse probability of treatment-weighted sample.
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RESULTS


Baseline Characteristics of Patients

From January 1, 2008, to August 31, 2019, at Chinese PLA General Hospital, a total of 2,21,541 patients who underwent non-cardiac surgery were included, of whom 484 (0.22%) patients were diagnosed to have an ischemic stroke within 30 days after surgery. After excluding 72 patients without follow-up data, 408 of 484 (84.3%) eligible patients with postoperative ischemic stroke remained in the cohort, of whom 113 (27.7%) had DM (Figure 1). During a median follow-up of 46.2 months (IQR: 21.1, 84.2), the overall all-cause mortality was 49.0% (200/408).

Baseline characteristics of the postoperative ischemic stroke patients with or without DM are summarized in Table 1. Some of the patient characteristics were similar between the two groups. However, several characteristics, such as BMI, medical history, preoperative aspirin, surgery type, malignant tumor, and stroke location, differed significantly between the two groups. Postoperative ischemic stroke patients with the DM group had more cardiovascular comorbidities (hypertension, myocardial infarction, previous ischemic stroke, and peripheral vascular disease) and higher long-term use of aspirin, than did those without DM. In terms of surgery type, the patients with the DM group underwent more spine or intra-abdominal surgery, whereas the patients without the DM group had more neurosurgery. Compared with patients without the DM group, patients with the DM group had higher BMI and more malignant tumor surgery.

After adjustment with PSM or IPTW method, most of the covariates were well balanced, with the standardized mean difference less than 0.10 for all covariates (Table 1).



Causes of Death

In total, 200 patients with postoperative ischemic stroke had died during the follow-up period. In the analysis of causes of death, nine patients without specific causes of death were excluded. More than half of the postoperative ischemic stroke patients had subsequently died from cerebrovascular diseases and cardiovascular diseases. More patients with postoperative ischemic stroke had died from cerebrovascular diseases (35.1%) than from heart disease (22.5%). Meanwhile, the mortality rate of postoperative ischemic stroke patients with DM due to all cerebrovascular diseases was higher than that in those without DM (44.9 vs. 29.5%, DM vs. no DM). However, the mortality rate of postoperative ischemic stroke patients without DM due to cancer was much higher than that in those with DM (18.8 vs. 30.3%, DM vs. no DM) (Supplementary Table 3).



Primary Analysis

Median follow-up time for postoperative ischemic stroke patients with DM was 33.8 months (IQR: 17.0–67.8) and 50.9 months (IQR: 24.8–89.1) for those without DM. In the Kaplan-Meier survival curves for OS, the postoperative ischemic stroke patients with DM had a significantly unfavorable survival (log-rank test, p < 0.001). The median OS time and OS rates at 3, 5, and 10 years were significantly lower for the postoperative ischemic stroke patients with DM than those without DM [median OS (95% CI): 34.3 (29.4, 40.9) vs. 52.8 (47.2, 60.2) months, p < 0.001; 3 years OS: 52.2% (59/113) vs. 69.5% (205/295), p < 0.001; 5 years OS: 41.6% (47/113) vs. 62.4% (184/295), p < 0.001; 10 years OS: 37.2% (42/113) vs. 56.6% (167/295), p < 0.001; Figure 2A].
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FIGURE 2. The Kaplan-Meier survival curves for overall survival from the date of surgery. (A) Before matching. (B) After matching. (C) Inverse probability of treatment-weighting analysis. DM, diabetes mellitus.


In the Cox proportional hazards model regression analysis (Table 2), the presence of DM was significantly associated with a shortened OS in both the univariate analysis (HR: 1.763; 95% CI: 1.319–2.356; p < 0.001) and the multivariable Cox regression adjustment (HR range: 1.775–2.039; p < 0.001 for all). The detailed data of univariate and multivariable Cox regression analyses for OS are displayed in Supplementary Table 4.


TABLE 2. Association between diabetes mellitus (DM) and overall survival (OS) using the Cox proportional hazards regression model and propensity score analysis.
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Propensity Score-Matched Analysis and Adjustment

Prior to PS adjustment, median PS in postoperative ischemic stroke patients with DM group was 0.399 (IQR: 0.246–0.501) vs. 0.202 (IQR: 0.118–0.325) in those without DM group. After matching, 96 patients remained in postoperative ischemic stroke patients with DM group and 96 patients remained in those without DM group. The distribution of PSs among the two groups is graphically displayed by kernel density estimation before and after adjustment (Figures 3A,B). In the post-matched cohort, the mean (SD) PS was similar between those reporting DM [0.350 (0.167)] and those patients without DM [0.347 (0.165)], and all confounders were well balanced between the two groups (standardized mean difference less than 0.1; Table 1). The Kaplan-Meier survival plot suggests that the presence of DM was still significantly associated with a shortened OS (log-rank test, p = 0.005; Figure 2B). In the multivariable Cox model after PSM (n = 96), the association between the presence of DM and OS yielded robust results (HR: 2.190; 95% CI: 1.354–3.540; p = 0.001; Table 2 and Supplementary Table 5).
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FIGURE 3. Distribution of propensity scores in the postoperative ischemic stroke patients with DM group and without DM group. (A) Before matching. (B) After matching. (C) IPTW. DM, diabetes mellitus.




Inverse Probability Treatment Weighting Analysis and Adjustment

A total of 362 patients with postoperative ischemic stroke remained after the IPTW trimming, of whom 107 (29.6%) patients in those were with the DM group and 255 (70.4%) patients in those were without the DM group. After IPTW adjustment, the weighted distribution of PSs among the two groups is shown in Figure 3C. The mean (SD) weight was 1.950 (1.316) with a range from 1.091 to 10.333. In the IPTW cohort, all covariates were between-group balanced (SMD < 0.1), except for stroke laterality (SMD: 0.117) (Table 1). In the Kaplan-Meier curves or IPTW Cox regression analysis, the OS also remained significantly unfavorable in the postoperative ischemic stroke patients with DM group compared with those without DM group [log-rank test, p < 0.001; HR (95% CI): 2.551 (1.769, 3.679), p < 0.001; Figure 2C, Table 2 and Supplementary Table 6].



Subgroup Analysis

Among 113 postoperative ischemic stroke patients with DM, 62 (54.9%) patients were aged ≥ 65 years, 55 (48.7%) underwent malignant tumor surgery, 12 (10.6%) presented with LHI, and 81 (71.7%) were with the follow-up time > 18.5 months. Figure 4 shows the subgroup analysis according to age, malignant tumor, LHI, HbA1c level, and follow-up. The HR of the presence of DM was significant in the age subgroup [≥65 years: HR (95% CI): 2.011 (1.281, 3.158), p = 0.002; <65 years: HR (95% CI): 3.001 (1.452, 6.201), p = 0.003]. Additionally, the increased risk of unfavorable OS was noted among those who underwent malignant tumor surgery (HR: 2.026; 95% CI: 1.225–3.351; p = 0.006) and those who did not undergo malignant tumor surgery (HR: 2.139; 95% CI: 1.254–3.647; p = 0.005). The presence of DM was only significantly associated with increasing all-cause death in negative LHI group (HR: 1.751; 95% CI: 1.217–2.520; p = 0.003), whereas it was not significant in positive LHI group (HR: 1.374; 95% CI: 0.738–2.560; p = 0.126). The association between DM and OS was only significant for follow-up time > 18.5 months subgroup [HR (95% CI): 2.272 (1.389, 3.717), p = 0.001, DM vs. no DM], whereas it was not significant for follow-up time ≤ 18.5 months subgroup [HR (95% CI): 0.393 (0.165, 1,071), p = 0.135, DM vs. no DM). Since 69 patients without HbA1c data were excluded, we performed HbA1c level subgroup analyses of 339 patients with HbA1c data. Suboptimal diabetes control (HbA1c ≥ 6.5%) was associated with a higher risk of unfavorable survival [HR (95% CI): 3.632 (1.694, 6.316), p = 0.007] than those with HbA1c < 6.5% [HR (95% CI): 2.078 (1.263, 3.418), p = 0.004].
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FIGURE 4. Subgroup analysis of the association between DM and overall survival (OS). HR, hazard ratio; DM, diabetes mellitus; LHI, large hemispheric infarction.





DISCUSSION

In this retrospective cohort study of 408 patients with postoperative ischemic stroke, we showed that type 2 diabetes was associated with a worsened prognosis for OS. After several statistical adjusting approaches for the difference between postoperative ischemic stroke patients with DM and those patients without DM, this finding remained consistent.

Individually, evidence about the increased risk for cardiovascular disease, neuropathy, and mortality with DM or stroke are unequivocal (Hu and Jia, 2018; Meagher et al., 2018). Patients with DM were reported of 2–4 times increased risk in death and cardiovascular events as great as the patients without DM, particularly, in the elderly population (Chen et al., 2020). According to the works of literature, a range of interventions that target elevated levels of glycated hemoglobin, high blood pressure, and elevated cholesterol have proved effective in reducing the risks of complications of DM (Rawshani et al., 2018). Stroke in the community is independently associated with an adjusted increase in physical disability, cognitive dysfunction, and mortality. When stroke in the community co-occurs with DM, the potential synergies will have multiplicative mortality risk (Emerging Risk Factors Collaboration et al., 2015). Additionally, postoperative ischemic stroke also shows prolonged hospital stays, increased risks of 30-days mortality and disability, and poor prognosis for long-term survival (Selim, 2007). Compared with DM and stroke in the community in which the latest insights with respect to an unfavorable prognosis have reached a consensus, the field of combination of postoperative ischemic stroke and DM lags behind.

The major hurdle of the postoperative ischemic stroke study is the lower incidence, requiring a huge sample size. In the PeriOpearative Ischemic Evaluation (POISE) trial of 8,351 patients who underwent non-cardiac surgery, 60 (0.7%) patients developed stroke within 30 days after surgery (POISE Study Group et al., 2008). A recent retrospective cohort study, such as 1,165,750 surgical patients, suggests that postoperative ischemic stroke was found in 2,500 patients (0.25%) (Woo et al., 2021). In the current study, 484 patients with postoperative ischemic stroke were found in a large cohort of 2,21,541 patients with non-cardiac surgery. Compared to aforementioned studies reporting, the stroke rate (0.22%) was comparable with an incidence of stroke between 0.1 and 0.7% (Vasivej et al., 2016). When postoperative ischemic stroke co-occurred with DM, more patients were died from cerebrovascular diseases due to the potential synergies between these two factors. Multicenter, well-designed, and prospective trials are welcomed to further verify our hypothesis. Based on the cohort of patients with postoperative ischemic stroke, we demonstrated the association between DM and OS. Furthermore, we noticed that the subgroups still rendered the finding statistically significant with advanced age and malignant tumor surgery, which indicated a robustly adverse effect on the long-term survival of DM in the patients. However, the adverse effect of DM only existed in the negative LHI group, whereas it remained insignificant in the positive LHI group. LHI is a devastating stroke affecting the majority or complete occlusion of MCA and usually accompanies malignant cerebral edema (MCE) (Liebeskind et al., 2019). In the current study, 57 (14.0%) patients with postoperative ischemic stroke were classified as LHI; the rate was approximate to prior studies reporting the incidence of LHI less than 10% (Wijdicks et al., 2014). LHI showed a higher mortality (61.4 vs. 47.0%, p < 0.001, LHI vs. no LHI) and a shorten OS [median OS (95% CI): 31.6 (26.5, 37.1) vs. 48.4 (43.2, 55.2) months, p < 0.001, LHI vs. no LHI]. Therefore, we speculated that the association between DM and OS was eliminated due to a faster progression and high severity of LHI. The subgroup analysis of HbA1c level in this study showed that postoperative ischemic stroke with DM with HbA1c ≥ 6.5% had a much higher risk of death, implying that strict glycemic control might help to improve survival.

The major hurdle of the postoperative ischemic stroke study is the lower incidence, requiring a huge sample size. In the POISE trial of 8,351 patients who underwent non-cardiac surgery, 60 (0.7%) patients developed stroke within 30 days after surgery (POISE Study Group et al., 2008). A recent retrospective cohort study, such as 1,165,750 surgical patients, suggests that postoperative ischemic stroke was found in 2,500 patients (0.25%) (Woo et al., 2021). In the current study, 484 patients with postoperative ischemic stroke were found in a large cohort of 2,21,541 patients with non-cardiac surgery. Compared to aforementioned studies reporting, the stroke rate (0.22%) was comparable with an incidence of stroke between 0.1 and 0.7% (Vasivej et al., 2016). When postoperative ischemic stroke co-occurred with DM, more patients were died from cerebrovascular diseases due to the potential synergies between these two factors. Multicenter, well-designed, and prospective trials are welcomed to further verify our hypothesis. Based on the cohort of patients with postoperative ischemic stroke, we demonstrated the association between DM and OS. Furthermore, we noticed that the subgroups still rendered the finding statistically significant with advanced age and malignant tumor surgery, which indicated a robustly adverse effect on the long-term survival of DM in the patients. However, the adverse effect of DM only existed in the negative LHI group, whereas it remained insignificant in the positive LHI group. LHI is a devastating stroke affecting the majority or complete occlusion of MCA and usually accompanies MCE (Liebeskind et al., 2019). In the current study, 57 (14.0%) patients with postoperative ischemic stroke become LHI; the rate was approximate to prior studies reporting the incidence of LHI less than 10% (Wijdicks et al., 2014). LHI showed a higher mortality (61.4 vs. 47.0%, p < 0.001, LHI vs. no LHI) and a shorten OS [median OS (95% CI): 31.6 (26.5, 37.1) vs. 48.4 (43.2, 55.2) months, p < 0.001, LHI vs. no LHI]. Therefore, we speculated that the association between DM and OS was eliminated due to a faster progression and high severity of LHI. The subgroup analysis of HbA1c level in this study showed that postoperative ischemic stroke with DM with HbA1c ≥ 6.5% had a much higher risk of death, implying that strict glycemic control might help to improve survival.

This study has the following merits. First, as the postoperative ischemic stroke with lower incidence, we constructed a larger retrospective database with 3,76,933 surgical patients to screen the eligible patients with postoperative ischemic stroke as much as possible. Second, the survival data after surgery were derived from hospital medical records and a follow-up database. We validated the precision of survival data from the Chinese CCDC. Third, we made efforts to integrate preoperative, intraoperative, and postoperative data into this retrospective database. Thus, we included a variety of potential confounding factors, such as preoperative, intraoperative, and postoperative data, which allow for precise effect size evaluation. Fourth, we also assessed stroke laterality, stroke location, and especially LHI by CT or MRI imaging to reflect the difference in stroke status. Fifth, sensitivity analyses, such as PSM or IPTW analysis and subgroups analysis, were successfully applied to further validate the robustness of our findings. Last, to the best of our knowledge, this is the first study to evaluate the association between DM and long-term OS for patients with ischemic stroke after surgery.

Several potential limitations in our study deserve closer attention. First, we cannot draw conclusions regarding cause-effect relationships due to this retrospective study. Therefore, this causality between DM and long-term OS for patients with postoperative ischemic stroke will need to be validated with larger randomized clinical trials. Second, the results derived from a single-center study and thus the generalizability of our findings may be limited in other centers. Thus, multicenter, well-designed, and prospective trials are welcomed to further verify our hypothesis. Third, residual and unmeasured potential confounding cannot be completely ruled out in an observational study. Fourth, given the high specificity but low sensitivity of ICD codes, the true incidence may be underestimated with DM or peripheral vascular disease. Fifth, due to insufficient awareness of the HbA1c test among the surgeons, it is not a routine test for screening diabetes between the years 2008 and 2010 in our center. Thus, we did not have enough HbA1c data to evaluate overall glycemic control before the surgery. In the study, we only performed the HbA1c subgroup analyses of 339 patients with HbA1c data. Sixth, despite many efforts in obtaining more relevant data, we still lacked the preoperative data of antidiabetic medications, such as insulin and metformin, and long-term data of glycemic control. These potential confounders should be adjusted.



CONCLUSION

Type 2 DM was associated with a unfavorable prognosis for OS in patients with postoperative ischemic stroke. When postoperative ischemic stroke co-occurred with Type 2 DM, the potential synergies would have multiplicative mortality risk. Future larger randomized clinical trials are required to confirm the adverse effects of type 2 DM on long-term survival.
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Perioperative neurocognitive disorders (PNDs) are a type of cognitive dysfunction occurring with a higher incidence in elderly patients. However, the pathological mechanism of PND and effective treatment remain elusive. We generated a PND mouse model by providing wild-type mice with surgical trauma; in our case, we used tibial fracture to investigate PND pathology. Mice aged 7–8 months were randomly divided into two groups: the surgery (tibial fracture) group and the control (sham) group. All mice were subjected to anesthesia. We examined the transcriptome-wide response in the hippocampus, a brain region that is tightly associated with memory formation, of control mice and mice subjected to surgical trauma at day 1 and day 3 after the surgical procedure. We observed reduced transcript levels of respiratory complex components as early as day 1 after surgery, and subsequent protein changes were found at day 3 after surgical trauma. Consequently, the activities of respiratory complexes were reduced, and adenosine triphosphate (ATP) production was decreased in the hippocampus of mice with surgical operations, supporting that respiratory chain function was impaired. In support of these conclusions, the mitochondrial membrane potential (MMP) levels were decreased, and the reactive oxygen species (ROS) levels were significantly increased. Mechanistically, we demonstrated that surgery induced a significant increase in cytokine IL-1β levels at day 1 after surgery, which concomitantly occurred with transcript changes in respiratory complex components. We further uncovered that transcription factors PGC-1α and NRF-1 were responsible for the observed transcript changes in mitochondrial complex components. Importantly, HT22 cells treated with the cytokine IL-1β resulted in similar reductions in PGC-1α and NRF-1, leading to a reduction of both the transcript and protein levels of respiratory complex subunits. Consequently, respiratory function was impaired in HT22 cells treated with IL-1β. Taken together, we demonstrated that reductions in respiratory complex components and subsequent impairment in mitochondrial functions serve as a novel mechanism for PND pathology, providing a potential therapeutic target for PND treatment.

Keywords: perioperative neurocognitive disorders, postoperative cognitive dysfunction, neuroinflammation, mitochondrial respiratory chain complex, respiratory function


INTRODUCTION

Perioperative neurocognitive disorders (PNDs), including postoperative delirium (POD) and postoperative cognitive dysfunction (POCD) (Evered et al., 2018), are serious complications that affect up to 50% of surgical patients, especially those who are over 65 years old, for whom there is a lack of effective therapeutic treatments. It has been reported that the incidence of PND varies from 41–75% at 7 days to 18–45% at 3 months post-surgery (Zuo et al., 2020). Many major surgeries, such as hip or knee replacement, spinal operation, lower extremity arterial bypass operation, and open or laparoscopic colectomy, could lead to PND (Daiello et al., 2019). In fact, how anesthesia or surgery induces PND remains elusive (Eckenhoff et al., 2020). Currently, many reports speculate that neuroinflammation could be responsible for PND (Cibelli et al., 2010; Terrando et al., 2010; Degos et al., 2013; Hu et al., 2018; Ni et al., 2018; Skvarc et al., 2018; Saxena et al., 2019; Subramaniyan and Terrando, 2019; Yang et al., 2019, 2020). Patients who develop PND display increased proinflammatory cytokines in their cerebrospinal fluid (CSF) after anesthesia and surgery, suggesting a role of neuroinflammation in the pathology of PND (Hirsch et al., 2016). However, treatment with antibiotics prevents only a portion of model animals from PND induced by major surgeries (Liang et al., 2018). Additionally, corticosteroids, an anti-inflammatory medicine, could induce PND in a portion of patients over 65 years of age (Berger et al., 2018). These findings suggest that a mechanism other than neuroinflammation must exist.

Neuronal activity in the brain depends on the high energetic support provided by adenosine triphosphate (ATP), which is predominantly produced by mitochondria. Mitochondria-based energy metabolism is essential for cognitive function (Hebert-Chatelain et al., 2016). Neurons are highly specialized postmitotic cells that are inherently dependent on mitochondria to accommodate their high bioenergetic demand. Emerging evidence demonstrates that mitochondria are crucial for adult neurogenesis, which in turn contributes to cognitive processes in the mature brain (Khacho et al., 2019). Mitochondrial dysfunction is also tightly associated with various cognitive impairment-related disorders, such as Alzheimer’s disease (Swerdlow, 2018), Parkinson’s disease (Macdonald et al., 2018), and diabetes-associated cognitive impairment (Ma et al., 2020).

In this study, we adopted a classical mouse model of PND by conducting a surgical procedure of tibial fracture (Terrando et al., 2011; Hu et al., 2018; Xiong et al., 2018). The cognition of PND mice was assessed by conducting a series of behavioral tasks. We demonstrated that both the transcript and protein levels of mitochondrial respiratory complexes are significantly reduced in the hippocampus of PND model mice. These changes in respiratory complexes lead to decreased respiratory function in the hippocampus of PND model mice. Therefore, we defined a novel mechanism of PND pathology, where cognitive function decline results from the downregulation of respiratory chain function. This study also provides a potential therapeutic intervention for PND.



MATERIALS AND METHODS


Animals

Male C57BL/6 wild-type mice aged 7–8 months were purchased from Vital River Laboratory Animal Technology [Beijing, China; Permit Number: SCXK (ZHE) 2019-0001]. All experimental protocols were approved by the Animal Studies Committee at the University of Science and Technology, Hefei, China. The animals were given ad libitum access to food and water. A 12:12-h light:dark cycle (09:00 a.m. to 09:00 p.m.) was followed in an air-conditioned environment. Animals were randomly divided into groups prior to any procedure or treatment.



Establishment of Perioperative Neurocognitive Disorder Mouse Model

Mice were randomly assigned to two groups: the control (sham) and surgery (tibial fracture) groups. Control mice were subjected to anesthesia only, and the surgery group was subjected to anesthesia followed by tibial fracture operation. Mice were anesthetized with 2.1% isoflurane (RWD Life Science) using a commercially available rodent inhalation anesthesia apparatus (MIDTRX VIP2000, Midmark, Dayton, OH, United States) (Terrando et al., 2011; Hu et al., 2018). Tramadol (30 mg/kg) was subcutaneously administered to mice for analgesia immediately after anesthetic induction and prior to surgery (Xiang et al., 2019). Mice were subjected to an aseptic open tibial shaft fracture, and the fracture was managed by intramedullary nailing. During the surgery, the body temperature was maintained at 37°C using a heating lamp and a warming pad. Control mice received the same dose of anesthesia and analgesia but without tibial fracture procedures. The full procedure from the administration of anesthesia to the end of surgery lasted no longer than 15 min.



RNA Isolation, Reverse Transcription, and Quantitative Polymerase Chain Reaction (PCR)

Hippocampal tissues were isolated from the brains of both control and surgery mice on day 1 post-surgery. Total RNA was extracted from hippocampal tissues using TRIzol (Invitrogen) and subjected to DNase I digestion for genomic DNA removal (Raihan et al., 2019). Reverse transcription was conducted using HiScript II Reverse Transcriptase (Vazyme) following the instructions of the manufacturer. Quantitative polymerase chain reaction (qPCR) was performed with AceQ qPCR SYBR Green Master Mix (Vazyme) on a Light Cycler 96 (Roche) instrument according to standard procedures. The real-time value for each sample was averaged and compared using the CT method, where the amount of target RNA (2–ΔΔCT) was normalized to a reference (ΔCT). The relative levels in the surgery group over the control group were plotted accordingly. qPCR detection primers are listed in Table 1.


TABLE 1. The forward and reverse primers for Quantitative PCR (qPCR) detection.
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Next-Generation Sequencing

Hippocampal tissues were isolated from the brains of both control and surgery mice on day 1 post-surgery. Total RNA was extracted from hippocampal tissues (2 mice in each group). Total mRNA was enriched by oligo (dT) beads, followed by fragmentation and reverse transcription with random primers. The remaining mRNA was removed by RNase H treatment. cDNA was purified, and the adapters were ligated at the 5′ and 3′ ends. Ligated cDNA was PCR amplified and subjected to an Illumina NovaSeq System for 150 nt paired-end sequencing (Annoroad Gene Technology). The raw RNA-Seq data were filtered to obtain clean reads, followed by mapping to the mouse reference genome (mm10) using HISAT.



Kyoto Encyclopedia of Genes and Genomes and Gene Ontology Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses and Gene Ontology (GO) functional annotation were performed for differentially expressed genes in surgery over control groups using Database for Annotation, Visualization, and Integrated Discovery (DAVID v6.8).



Purification of Mitochondria From Hippocampal Tissues

Mitochondria were purified from hippocampal tissues using a commercial kit (Beyotime, Cat#:C3606). Briefly, fresh tissues were homogenized in ice-chilled isolation buffer (1:10, w/v) using Dounce homogenizers and centrifuged at 1,000g for 5 min at 4°C. Supernatants were saved and transferred to an EP tube, followed by centrifugation at 3,500g for 10 min at 4°C. The resulting sediment was considered mitochondria. The protein concentration in mitochondrial fractions was determined using a BCA protein assay kit (Thermo Scientific, Cat #: P0010S).



Enzyme-Linked Immunosorbent Assay (ELISA)

Mice were perfused with phosphate-buffered saline (PBS), and the hippocampal tissues were harvested. Proteins were extracted with RIPA buffer (Beyotime, Cat#: P0013B) containing 1% PMSF (Beyotime, Cat#: ST506) and 1% cocktail protease inhibitor (MCE, Cat#: C0001), followed by protein concentration determination with a BCA protein assay kit (Thermo Scientific, Cat #: P0010S). Levels of IL-6 (R&D Systems, Cat#: EMC004) and IL-1β (NeoBioscience, Cat#: EMC001b) were measured in hippocampal tissues by an Enzyme-linked immunosorbent assay (ELISA)-based approach according to the protocols of the manufacturer.



Plasmid Construction

The coding sequences of the PGC-1α gene were synthesized and then inserted into the pcDNA 3.1 vector (General Biol).



Immunoblotting and Densiometric Analysis

Proteins were extracted from hippocampal tissues or cells as described in the “ELISA” section. Equal amounts of proteins were resolved by SDS-PAGE electrophoresis and then transferred from SDS-PAGE gels to nitrocellulose membranes (Poll, Cat# 66485). The membranes were incubated with 5% non-fat milk at room temperature for 1 h, followed by incubation with primary antibodies at 4°C overnight. The following antibodies were used: polyclonal rabbit anti-IL-1β (1:1,000, Proteintech, Cat#:16806-1-AP), monoclonal mouse anti-PGC-1α (1:5,000, Proteintech, Cat#:66369-1-Ig), polyclonal rabbit anti-NRF-1 (1:1,000, Proteintech, Cat#:12482-1-AP), polyclonal rabbit anti-Cox5a (1:500, Proteintech), polyclonal rabbit anti-ATP5d (1:1000, Proteintech, Cat#:14893-1-AP), polyclonal rabbit anti-ATP5k (1:500, Proteintech, Cat#:16483-1-AP), polyclonal rabbit anti-Ndufs6 (1:500, Proteintech, Cat#:14417-1-AP), monoclonal mouse anti-Ndufb8 (1:10,000, Proteintech, Cat#:67690-1-Ig), polyclonal rabbit anti-Ndufb10 (1:1,000, Proteintech, Cat#:15589-1-AP), and monoclonal mouse β-actin antibody (1:5,000, Affinity, Cat#:AF7018). The immunoreactive bands were visualized by enhanced chemiluminescence (Thermo Scientific) and detected by Chemiscope (CLiNX). Immunoreactive bands were quantified using ImageJ software (NIH).



Mitochondrial Respiratory Complex Activity Determination

Activities of nicotinamide adenine dinucleotide (NADH) dehydrogenase (complex I) and cytochrome C oxidase (complex IV) were measured by commercially available kits (Solarbio, Cat#: BC0515 and Cat#: BC0945) according to the instructions of the manufacturer. Briefly, reaction buffer was added to purified mitochondria, and this reaction mixture was transferred to a 96-well plate, followed by reading on a SpectraMax i3x microplate reader (Molecular Devices). The absorbance of the reaction mixture was measured at 340 nm for complex I or 550 nm for complex IV.



Determination of Adenosine Triphosphate Levels

Adenosine triphosphate levels were measured using a firefly luciferase-based ATP assay kit (Beyotime, Cat#: S0026) according to the instructions of the manufacturer. Briefly, hippocampal tissues were lysed in ice-cold lysis buffer, homogenized with a Dounce homogenizer on ice, and centrifuged at 12,000g for 5 min at 4°C. Twenty microliters of samples or standards were added to each well containing 100 μl of working solutions. Luciferase levels were measured using a SpectraMax i3x microplate reader (Molecular Devices).



Determination of Mitochondrial Membrane Potential

Mitochondrial membrane potential (MMP) levels were measured using a commercially available kit (Beyotime, C2006). Briefly, a 5,5′,6,6′-tetrachloro-1,1′,3,3′ tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) probe was incubated with purified mitochondria prepared from hippocampal tissues. Fluorescence for each sample was measured using SpectraMax i3x (Molecular Devices) at an excitation/emission wavelength of 485/590 nm.



Determination of Reactive Oxygen Species

Reactive oxygen species (ROS) levels were measured using a commercially available kit (GENMED, Cat#: GMS10016.4). Briefly, cold GENMED diluent was quickly added to freshly dissected hippocampal tissues, followed by homogenization in a Dounce homogenizer on ice. The protein concentrations were determined using a BCA protein assay kit (Thermo Scientific, Cat #: P0010S). The working solution containing DCFHDA (100 μl) was added to each sample in a 96-well plate. Fluorescence was measured using a SpectraMax i3x microplate reader (Molecular Devices) at an excitation/emission wavelength of 490/520 nm.

Cells were incubated with an in situ DCFHDA probe at 37°C for 20 min according to the instructions of the manufacturer. ROS fluorescence signals were captured with a CCD camera mounted onto a U-CB5S microscope system (Olympus). Relative fluorescence intensities were calculated using ImageJ (NIH).



Open Field Test

An open field task was conducted to evaluate anxiety behavior and general locomotor activity. Mice were subjected to the open field task on day 6 post-surgery. Each mouse was gently placed at the center of a black chamber (45 cm × 45 cm × 40 cm) for 5 min, and exploratory behavior was recorded using a video tracking system (Smart 3.0 software, Panlab, Spain). Locomotor activity was determined by the total distance traveled, and anxiety behavior was determined by the time spent in the center and edge of the chamber. The arena was cleaned with 75% alcohol before and after each test to avoid olfactory cues.



Novel Object Recognition Test

The novel object recognition test was conducted as described previously, with minor modifications (Lueptow, 2017; Zhang et al., 2021). Before the test, mice were allowed to explore the test chamber (with a dimension of 45 cm × 45 cm × 40 cm; RWD Life Science) for 5 min/day for 2 days. This habituation session occurred at day 5 and day 6 after the operations. On day 7 after the operation, two identical objects (A + A) were presented to mice, followed by exploration for 10 min (training session). Four hours after the training session, mice were presented with two objects, one familiar object (A) and one novel object (B), in the same position for 10 min (test session). The exploring time for each object was recorded. Data were analyzed using Smart 3.0 software (Panlab, Spain). The cognition index was defined as the ratio of time spent exploring the novel object to the total time spent exploring both objects.



Fear Conditioning Test

The fear conditioning test was used to assess contextual memory as described previously (Hu et al., 2018). Briefly, animals were trained to associate a conditional stimulus (tone) with an aversive, unconditional stimulus (foot shock). The behavioral test was conducted using a conditioning chamber (Soft maze Information Technology). Mice were placed in a test chamber and allowed to explore for 100 s and then presented with an auditory cue (75–80 dB, 5 kHz) for 20 s (conditional stimulus). A foot shock (0.75 mA) (unconditional stimulus) was administered overlapping with the conditional stimulus for 2 s. Auditory cues and foot shock were given to mice with the same paradigm after a 100 s break. The context test was conducted 24 h after the training session, during which no tones or foot shocks were provided to mice. Freezing behavior was recorded for both the training and test sessions, and freezing time was analyzed.



Cell Culture, Transfection, and Treatment

HT22 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (HyClone), supplemented with 10% fetal bovine serum (FBS) (Biological Industries) and 1% penicillin–streptomycin (Beyotime) in a 5% CO2 incubator (Thermo Fisher Scientific) at 37°C. Plasmid transfection was performed when cells were approximately 70–80% confluent using Lipofectamine 2000 (Invitrogen). HT22 cells were treated with IL-1β for 48 h at a concentration of 10 ng/ml (MedChemExpress, HY-P7073). Cells were collected at the end of the treatment, and RNA or protein was extracted for further analysis. All experiments were repeated at least three times.



Measurement of the Blood–Brain-Barrier Permeability

Evans blue (EB) (2%) in saline solution was injected through the caudal vein of mice (4 ml/kg). The amount of EB in the brain was measured according to the previously published work (Uyama et al., 1988). One hour after the injection, mice were perfused with PBS, and the brain tissue was homogenized in 50% trichloroacetic acid solution. Brain homogenates were then subjected to centrifugation at 10,000 rpm for 20 min at 4°C, and the supernatant was diluted in absolute ethanol. External standards of EB solution range from 1.95 to 125 ng/ml, and prepared samples were added to 96-well plates; fluorescence signals were detected with a CLARIOstar microplate reader (excitation: 620 nm, emission: 680 nm) (BMG LABTECH, Germany).



Immunofluorescence Staining

Immunofluorescence staining was performed as described previously (Li et al., 2021). Cells were seeded on coverslips, washed 3 times with PBS, and fixed in 4% PFA for 15 min. Cells were permeabilized with PBS containing 0.2% Triton X-100 (PBST), followed by blocking with 2% BSA in PBST for 30 min. After blocking, cells were incubated with primary antibodies overnight at 4°C, followed by incubation with an Alexa-conjugated secondary antibody (Invitrogen). Fluorescence signals were captured with a CCD camera mounted onto a U-CB5S microscope system (Olympus). The following antibodies were used for immunofluorescence staining: monoclonal rabbit anti-Ndufs6 (1:200, Abcam, Cat#: ab195808), monoclonal mouse anti-PGC-1α (1:200, Proteintech, Cat#: 66369-1-Ig), and monoclonal rabbit anti-NRF-1 (1:200, Abcam, Cat#: ab175932).



Statistical Analysis

All quantified data represent an average of at least triplicate samples. Statistical significance was determined by independent samples (unpaired) Student’s t-test (two-tailed) or one-way analysis of variance (ANOVA) in SPSS26.0 or GraphPad Prism 7.0. P < 0.05 was considered significant (indicated by an asterisk in the figures); P < 0.01 and P < 0.001 were indicated by two asterisks and three asterisks, respectively, in the figures.




RESULTS


Perioperative Neurocognitive Disorder Mouse Model Establishment

Previous studies have shown that trauma-induced memory decline lasts longer in older mice than in younger mice (Eckenhoff et al., 2020); however, aged mice with an impaired blood–brain barrier (BBB) may also bring possible confounding factors from the circulation (Yang et al., 2017; Ni et al., 2018). Therefore, we selected middle-aged (aged 7–8 months) C57BL/6 male mice to conduct tibial fracture operations and to create a PND mouse model (Ackert-Bicknell et al., 2015; Wang et al., 2018). We first evaluated this PND mouse model by assessing their cognitive behaviors.

At 7 days after surgery, mice were subjected to novel object recognition (NOR) task for contextual memory assessment. The control and surgery mice showed no significant changes during the training session. Four hours after the training session, mice that underwent surgery exhibited significantly decreased time spent on exploring the novel object compared with the control mice that did not undergo surgery (Figure 1A), suggesting that contextual memory was impaired in the surgically treated mice. Consistently, the fear conditioning (FC) task also showed that the freezing time was significantly lower in surgery mice than in control mice, supporting fear-related contextual memory decline in PND mice (Figure 1B). Cognitive impairment of these mice with tibial fracture operation suggests that this PND model is successfully established. The open field test was carried out to evaluate the locomotor activity and anxiety behavior of mice. We found that control and PND mice exhibited similar locomotor activities and anxiety behavior (Supplementary Figures 1A,B).
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FIGURE 1. Evaluation of cognition and neuroinflammation in mice after tibial surgery. (A) Contextual memory was evaluated by the novel object recognition (NOR) task. The recognition index was calculated for control and surgery mice at the training phase and 4 h after the training (n = 12 per group). (B) Contextual memory was evaluated by the fear conditioning task. Freezing time was recorded, and the ratio of freezing time to the total testing time was calculated (n = 12 per group). (C–E) Wild-type (WT) mice were subjected to tibial surgery, and hippocampal tissues were collected at 6 h or 1 day post-surgery. Levels of IL-6 (C) and IL-1β (D) in the hippocampus were determined by an ELISA-based approach (n = 6–9 per group). Levels of IL-1β in the hippocampus were also determined by immunoblotting and densiometric analysis (E) (n = 4 per group). In this and subsequent figures, h represents hours and d represents days. *P < 0.05 by independent samples Student’s t-test; n.s. not significant; error bars denote the standard error of mean (SEM).


A previous study demonstrated that surgery and anesthesia together induce significant reductions in BBB permeability in mice (Yang et al., 2017); therefore, we examined the permeability of the BBB in our PND model mice. We found that the surgery mice (surgery and anesthesia) showed higher BBB permeability than the control mice (anesthesia only), whereas the control mice exhibited similar BBB permeability as those mice that were subjected to neither anesthesia nor surgery treatment (naïve) (Supplementary Figure 1C). Interleukin-6 (IL-6) is a well-known cytokine that indicates the inflammatory status (Hu et al., 2018). In this study, we observed an increase in IL-6 in the hippocampus of PND mice at 1 day after tibial fracture, but not at an earlier time point (6 h after the operation) (Figure 1C). In addition to IL-6, we also detected a significant increase in IL-1β levels (Figures 1D,E), which is also considered an indicator of inflammation (Cibelli et al., 2010). These observed changes in IL-6 and IL-1β levels also support the successful establishment of this PND mouse model.



Transcriptome Analysis of Hippocampal Tissues of Perioperative Neurocognitive Disorder Model Mice

To investigate the impact of surgical trauma on postoperative cognition, we next conducted transcriptome analyses of the hippocampus isolated from control and PND mice. We detected a total of 1,597 differentially expressed genes (DEGs) in PND mice, among which 1,135 (71%) DEGs were significantly upregulated (fold change ≥ 1.5, PND vs. control) and 462 (29%) DEGs were significantly downregulated (fold change ≤ 0.67, PND vs. control) (Figure 2A).
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FIGURE 2. Transcriptome profiles of hippocampal tissues from control mice and mice at 1 day after surgery. (A) Pie chart demonstrating the total number of differentially expressed genes (DEGs) (fold-change cutoff = 1.5) and the number of significantly up- and downregulated genes (surgery vs. control). (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis for significantly downregulated genes in (A). (C–E) Biological process (C), molecular function (D), and cellular component (E) from Gene Ontology (GO) analysis for significantly downregulated genes in (A). (F) DEGs in the surgery vs. control groups were visualized in a heatmap. Oxidative phosphorylation-related genes are indicated on the right side of this heatmap.


We next conducted a KEGG pathway analysis to explore the potential pathway that is involved in the defective cognitive function of PND mice. These significantly downregulated DEGs in the KEGG pathway analysis exhibited enriched functional annotation related to oxidative phosphorylation and neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease (Figure 2B). Furthermore, we performed GO analyses on these significantly downregulated DEGs. The top terms from the biological process (BP) in the ontology were strongly related to mitochondrial functions, such as ATP metabolic process, oxidative phosphorylation, and mitochondrial respiratory chain complex assembly (Figure 2C). Similarly, terms from the molecular function (MF) in the ontology also showed a strong enrichment for mitochondria-related activities, such as oxidoreductase activity, cytochrome-c oxidase activity, and electron transfer activity (Figure 2D); and terms from the cellular component (CC) displayed a strong enrichment for mitochondrial structural components, such as inner mitochondrial membrane protein complex, mitochondrial protein complex, mitochondrial membrane, and respiratory chain complex (Figure 2E). A total of 1,597 DEGs were visualized in a heatmap, with mitochondrial respiratory complex-related genes labeled (Figure 2F). These findings suggest that operation-induced decreases in genes in PND mice are mostly related to mitochondrial respiratory functions.



Perioperative Neurocognitive Disorder Mice Show Decreased Transcript Levels of Genes Encoding Respiratory Complex Subunits

The differential expression pattern of significantly downregulated genes enriched in the top two terms from KEGG analysis was specifically visualized in heatmaps. Genes enriched in the “oxidative phosphorylation” term (n = 20) were mostly mitochondrial complex components (Figure 3A). Similarly, genes enriched in the “Alzheimer’s disease” term (n = 22) were predominantly mitochondrial complex components (Figure 3B), wherein 17 genes were found both in the “oxidative phosphorylation” term and in the “Alzheimer’s disease” term. This is not to our surprise, as mitochondrial dysfunction is extensively documented during Alzheimer’s disease progression (Swerdlow, 2018). Of note, 20 genes that were enriched in the “oxidative phosphorylation” term were related to NADH-dependent respiratory chain activity. Specifically, eight genes, namely, Ndufa1, Ndufa2, Ndufa6, Ndufs6, Ndufs7, Ndufb8, Ndufb9, and Ndufb10, encode subunits of complex I; two genes, namely, Uqcr10 and Uqcr11, encode subunits of complex III; six genes, namely, Cox4i1, Cox5a, Cox6a1, Cox7c, Cox8a, and Cox11, encode subunits of complex IV; and four genes, namely, Atp5d, Atp5e, Atp5k, and Atp6v1f, encode subunits of complex V. We next verified the expression of these 20 DEGs (Figure 3A) by a qPCR-based approach. Consistent with the RNA-Seq data, these genes were all significantly decreased in the hippocampus of PND mice, compared with the control mice (Figure 3C). Taken together, our findings suggest that PND mice show reduced mitochondrial complex levels in their hippocampus.
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FIGURE 3. Differential expression of oxidative phosphorylation-related genes was visualized in heatmaps and validated by Quantitative PCR (qPCR). (A,B) Genes enriched in the “oxidative phosphorylation” (A) and “Alzheimer’s disease” (B) terms from Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis are visualized in heatmaps. (C) Levels of oxidative phosphorylation-related genes in respiratory chain complexes in control vs. surgery mice were determined by qPCR-based analysis. β-actin was included as an internal control. Data are presented as fold changes in the surgery over controls (n = 8 per group). *P < 0.05; **P < 0.01; ***P < 0.001 by independent samples Student’s t-test; error bars denote the SEM.




Downregulation of the Transcription Factors Nuclear Respiratory Factor-1 and Peroxisome Proliferator-Activated Receptor-γ Coactivator-1α Is Responsible for the Reductions in Respiratory Complex Subunits

Recalling that transcript changes in respiratory complex components occurred at 1 day after surgery, we next assessed the protein levels of selected respiratory chain complex components, such as Atp5d and Atp5k from complex V; Cox5a from complex IV; and Ndufs6, Ndufb8, and Ndufb10 from complex I. Intriguingly, we did not observe significant changes in these respiratory complexes in the hippocampus of mice at 1 day after surgery (Figure 4A). However, we indeed observed significantly decreased protein levels of Atp5d, Atp5k, Cox5a, Ndufs6, Ndufb8, and Ndufb10 in the hippocampal tissues of PND mice at 3 days after surgery, compared with the control mice (Figure 4B). Densiometric analyses also support these notions (Figures 4A,B). Recalling that the levels of IL-1β were significantly increased at 1 day post-surgery, transcript, but not protein, changes in respiratory complex components were observed in the hippocampus of PND mice. These findings suggest that surgery-induced changes in respiratory complex levels are associated with IL-1β levels.
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FIGURE 4. Respiratory complex levels and respiratory function are decreased in the Perioperative neurocognitive disorder (PND) mouse brain by downregulating both peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) and Nuclear respiratory factor-1 (NRF-1) levels. (A,B) Protein levels of Atp5d and Atp5k (complex V); Cox5a (complex IV); and Ndufs6, Ndufb8, and Ndufb10 (complex I) were determined in hippocampal tissues collected from control and surgery mice (1 day post-surgery) (n = 4) (A) or from control and surgery mice (3 days post-surgery) (n = 5) (B), by immunoblotting and densiometric analysis. (C) Levels of PGC-1α and NRF-1 in the hippocampal tissues of control and surgery mice (1 day post-surgery) were determined by immunoblotting and densiometric analysis (n = 6). β-actin was included as an input control. (D,E) Hippocampal tissues were isolated from control or surgery mice (1 day or 3 days post-surgery). Enzymatic activities of NADH dehydrogenase (complex I) (D) and cytochrome C oxidase (complex IV) (E) were assessed by an ELISA-based approach (n = 8 per group). (F–H) Hippocampal tissues were isolated from control or surgery mice (1 day or 3 days post-surgery) (n = 5 per group). (F) Adenosine triphosphate (ATP) levels were assessed by an ELISA-based analysis. (G) Mitochondrial membrane potential (MMP) levels were determined by the JC-1 fluorescence probe-based approach. (H) Relative reactive oxygen species (ROS) levels were determined by the DCFHDA probe-based approach. *P < 0.05; **P < 0.01; ***P < 0.001 by independent samples Student’s t-test; n.s. not significant; error bars denote the SEM.


Peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) is a transcription factor that is strongly involved in the mitochondrial biogenesis process (Wang et al., 2015). We next examined the levels of PGC-1α and found that its levels were significantly decreased in the hippocampus of PND mice, compared with the control mice (Figure 4C). This conclusion was also evident by densiometric analysis (Figure 4C). Nuclear respiratory factor-1 (NRF-1) is another transcription factor that has been shown to be a key regulator of oxidative phosphorylation-related genes (Bouchez and Devin, 2019). We, therefore, examined the levels of NRF-1 and found that its levels were significantly reduced in the hippocampal tissues of PND mice compared with the same brain region of control mice (Figure 4C). Importantly, these surgery-induced changes in PGC-1α and NRF-1 were observed at 1 day post-surgery, indicating that the transcription factors PGC-1α and NRF-1 may participate in the regulation of respiratory complex component levels.



Respiratory Complex Activity and Respiratory Function Are Impaired in Perioperative Neurocognitive Disorder Mice

Given the aforementioned changes in respiratory complex levels, we next examined the function of respiratory complexes by measuring the activities of respiratory enzymes. We found a significant decrease in the activities of both complex I and complex IV in the hippocampal tissues of PND mice at 3 days post-surgery, but not at 1 day post-surgery (Figures 4D,E). We next assessed the levels of ATP, which not only represents the activity of complex V but also reflects the function of the respiratory chain. We consistently observed significantly lower ATP levels in the hippocampus of PND mice at 3 days after surgery than in the same brain region of the control mice, whereas the hippocampus of mice at 1 day after surgery showed no significant difference in ATP levels (Figure 4F). Furthermore, we also evaluated the MMP and found that MMP levels were significantly reduced in the hippocampus of mice at 3 days after surgery, but not in the hippocampus of mice at 1 day after surgery (Figure 4G). Notably, the levels of ROS were significantly increased in the hippocampus of mice at 3 days after surgery, whereas no significant changes were detected in the hippocampus of mice at 1 day after surgery (Figure 4H). These findings suggest that altered respiratory complex levels lead to mitochondrial dysfunction in the hippocampus of PND mice in a time-dependent manner.



Interleukin-1β Induces Reductions in Respiratory Chain Complex Components by Downregulating Peroxisome Proliferator-Activated Receptor-γ Coactivator-1α and Nuclear Respiratory Factor-1 in vitro

To further investigate whether surgery-induced mitochondrial dysfunction is reproducible in vitro, we next treated HT22 cells with interleukin-1β (IL-1β), a potent proinflammatory cytokine, to mimic the inflammation induced by surgery in vivo. We first assessed the levels of respiratory chain complexes such as Atp5d, Atp5k, Cox5a, and Ndufs6. We observed that both the transcript and protein levels of these respiratory complex components were significantly decreased in the presence of IL-1β (Figures 5A,B). Immunostaining results also supported these conclusions (Figure 5C). Consequently, the activities of both complex I and complex IV were significantly decreased in the presence of IL-1β (Figure 5D). Adenosine triphosphate production was significantly decreased (Figure 5E), whereas the levels of ROS were significantly increased in HT22 cells treated with IL-1β (Figure 5F). Importantly, we also demonstrated that both the transcript and protein levels of NRF-1 and PGC-1α were significantly downregulated in the IL-1β-treated HT22 cells (Figures 6A,B). Consistently, the immunostaining results also supported these notions (Figures 6C,D). To investigate whether these IL-1β-induced changes were indeed mediated via PGC-1α, we overexpressed PGC-1α in HT22 cells prior to IL-1β treatment and observed that PGC-1α significantly restored the IL-1β-induced reduction in the levels of mitochondrial complex subunits (Figure 6E). Taken together, in vivo and in vitro, we demonstrated that PND-induced neuroinflammation results in reductions in respiratory complex components and impaired mitochondrial respiratory functions.
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FIGURE 5. HT22 cells treated with interleukin-1β (IL-1β) show reduced respiratory complex levels and decreased mitochondrial respiratory function. (A–F) HT22 cells were treated with IL-1β for 48 h. Levels of selected respiratory chain components were assessed by Quantitative PCR (qPCR) (n = 8 per group) (A) and by immunoblotting and densiometric analysis (B) (n = 4 per group). (C) Representative immunofluorescence images of Ndufs6 (green) and DAPI (blue) in control and IL-1β-treated HT22 cells. Scale bar: 20 μm. Relative immunofluorescence intensity was plotted in IL-1β-treated HT22 cells over control HT22 cells (n = 3 per group). (D) The enzymatic activities of complex I and complex IV were determined by an ELISA-based approach (n = 6 per group). (E) Adenosine triphosphate (ATP) levels were determined in HT22 cells by an ELISA-based analysis. Relative ATP levels were plotted in IL-1β-treated HT22 cells over control HT22 cells (n = 8 per group). (F) Representative images of reactive oxygen species (ROS) (green) in HT22 cells treated with or without IL-1β using a DCFHDA fluorescence probe. Scale bar: 50 μm. Relative immunofluorescence intensity was plotted in IL-1β-treated HT22 cells over control HT22 cells (n = 3 per group). *P < 0.05; **P < 0.01; ***P < 0.001 by independent samples Student’s t-test; error bars denote the SEM.
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FIGURE 6. IL-1β induces reductions in peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) and Nuclear respiratory factor-1 (NRF-1) levels in HT22 cells. (A,B) Levels of PGC-1α and NRF-1 were determined by quantitative PCR (qPCR) (A) (n = 4) and by immunoblotting and densiometric analysis (B) in control and IL-1β-treated HT22 cells (n = 4 per group). β-actin was included as an input control. (C) Representative images of PGC-1α (green) and DAPI (blue) in control HT22 cells and HT22 cells treated with IL-1β. Scale bar: 20 μm. The relative immunofluorescence intensity of PGC-1α was plotted in IL-1β-treated HT22 cells over control HT22 cells (n = 3 per group). (D) Representative images of NRF-1 (green) and DAPI (blue) in control HT22 cells and HT22 cells treated with IL-1β. Scale bar: 20 μm. Relative immunofluorescence intensity of NRF-1 in IL-1β-treated HT22 cells over control HT22 cells (n = 3 per group). (E) HT22 cells were transfected with control plasmid (control vector) or PGC-1α overexpression plasmid (PGC-1α OE) prior to IL-1β treatment. Levels of PGC-1α, Ndufs6, and Cox5a in HT22 cells with (control vector and PGC-1α OE) or without (control) IL-1β treatment were determined by immunoblotting and densiometric analysis (n = 3). β-actin was included as an input control. *P < 0.05; **P < 0.01; ***P < 0.001 by independent samples Student’s t-test or one-way ANOVA; error bars denote the SEM.





DISCUSSION

In this study, we investigated PND using a mouse model of orthopedic surgery, which produces neuroinflammation (Terrando et al., 2011; Xiong et al., 2018) and is, therefore, regarded as a common etiology for PND (Saxena et al., 2019; Yang et al., 2020). We conducted open reduction and intramedullary nailing in mice, which is a more common surgical procedure than splenectomy models in the clinic and is a well-recognized mouse model in the field (Eckenhoff et al., 2020). Wang et al. (2020) demonstrated that sevoflurane anesthesia-induced PND leads to dysfunction in mitochondria and oxidative stress-related signaling pathways in the hippocampus of aged rats. Our model closely mimics clinical practice, as no clinical practice involves anesthesia without further surgical procedures. In this study, we illustrated that the transcript levels of mitochondrial respiratory chain subunits appeared to decrease as early as 1 day post-surgery, whereas the protein levels exhibited a strong decrease at 3 days post-surgery. Neuroinflammation is a widely accepted mechanism of PND. In this study, we also identified a significant increase in the inflammatory factors IL-6 and IL-1β in the hippocampus of PND mice, confirming that neuroinflammation indeed contributes to PND. In addition to neuroinflammation, we also defined another etiology of PND: a decline in mitochondrial function contributes substantially to PND. These two mechanisms do not seem to conflict with each other.

The hippocampus is highly involved in cognitive function in rodents and humans (Bird and Burgess, 2008; Li et al., 2021); therefore, we focused on this brain region for further transcriptome sequencing. We observed significantly reduced transcript levels of multiple respiratory complex genes in the hippocampus of surgical mice at 1 day post-surgery. These results are not supported by the previous report, wherein no mitochondrial function-related changes were observed in the mice subjected to the same surgical procedure (Xiang et al., 2019). This inconsistency likely comes from the age difference, as aging is considered a major risk factor for PND. Xiang et al. used 12-week-old (relatively young) mice in their study (Xiang et al., 2019), whereas we used approximately 8-month-old (relatively old) mice. In addition to the age issue, the timing of tissue collection also matters, as we collected hippocampal tissues at 1 day post-surgery, whereas Xiang et al. performed tissue collection at 6 h post-surgery.

This surgical procedure that induced a decrease in the mRNA levels of the respiratory complexes is not accompanied by any decrease in the protein levels of the same respiratory complexes but by increased protein levels of IL-6 and IL-1β. The protein changes in these respiratory complexes appear at a later time point (3 days post-surgery). These findings demonstrate that these two identified mechanisms of PND occur in a sequential manner, as inflammation occurs preceding mitochondrial dysfunction. In support of these findings, mitochondrial functions, assessed by ATP and ROS production, remained unaltered in the hippocampus of PND mice at 1 day post-surgery, and a significant reduction in mitochondrial function was observed in the same brain region of PND mice at 3 days post-surgery. This further supports that changes in mitochondrial function coincide with changes in respiratory chain complexes.

The expression of mitochondrial respiratory chain complexes is reportedly controlled by nuclear respiratory factors (NRFs) such as NRF-1 and NRF-2. In particular, NRF-1 is known to be involved in the transcription of genes encoding subunits of mitochondrial respiratory chain complexes (Bouchez and Devin, 2019). Nuclear respiratory factor-1 depletion leads to early mouse embryonic lethality caused by severe mitochondrial DNA depletion (Diman et al., 2016). In this study, we observed that NRF-1 levels were significantly decreased in the hippocampus of surgical mice at 1 day post-surgery, supporting that level changes in respiratory complexes are due to changes in NRF-1. The PGC-1 family, consisting of PGC-1α, PGC-1β, and PRC, plays a central role in governing the transcriptional control of mitochondrial biogenesis and respiratory function (Scarpulla, 2011). Among them, PGC-1α is a “master regulator” in mitochondrial biogenesis by inducing the transcription of NRF (Tran et al., 2011; Wang et al., 2015). In this study, we observed that PGC-1α levels were significantly reduced in the hippocampus of surgical mice at 1 day post-surgery.

Importantly, PGC-1α levels were substantially downregulated in response to the inflammatory response (Tran et al., 2011; Rius-Perez et al., 2020). For example, IL-6 levels in the muscles are negatively correlated with PGC-1α levels (Handschin et al., 2007). The inflammatory-induced PGC-1α decrease is likely due to the activation of the NF-κB pathway (Eisele and Handschin, 2014). It has been reported that improved mitochondrial function by elamipretide (SS-31) could improve PND in a mouse/rat model (Wu et al., 2017; Zhao et al., 2019; Zuo et al., 2020), suggesting that mitochondrial function is highly related to PND. In this study, we clearly demonstrate that PND-induced mitochondrial dysfunction occurs due to decreased respiratory complex levels resulting from increased proinflammatory cytokines and decreased transcription factors PGC-1α and NRF-1. ROS mainly come from the mitochondrial respiratory chain, and there is strong evidence showing that mitochondrial ROS production plays a critical role in damaging CCs and initiating cell death (Di Meo et al., 2016). Reactive oxygen species may induce neuronal apoptosis and lead to cognitive deficits (Berg et al., 2011). Oxidative stress is a byproduct of surgery and anesthesia (Skvarc et al., 2018). In this study, surgical mice at 3 days post-surgery showed a substantial increase in ROS production in the hippocampus. Meanwhile, the MMP was also decreased. These findings suggest that mitochondrial dysfunction-induced ROS production contributes to PND.

The HT22 cell line is derived from mouse hippocampal neurons and is widely used to simulate primary hippocampal neurons (Reddy et al., 2018). The inflammatory cytokine IL-1β was used to induce inflammation in vitro. Our in vitro findings support the conclusion obtained from in vivo animal models. Taken together, PND-induced neuroinflammation suppresses the levels of the nuclear mitochondrial transcription factors PGC-1α and NRF-1, consequently reducing the levels of respiratory complexes and ultimately reducing mitochondrial functions. Therefore, we propose a novel mechanism for PND involving mitochondrial dysfunction and potentially provide a novel therapeutic target for the prevention and treatment of PND.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The name of the repository and accession number can be found below: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?, accession number: GSE178995.



ETHICS STATEMENT

The animal study was reviewed and approved by Animal Studies Committee at University of Science and Technology.



AUTHOR CONTRIBUTIONS

KH, JZ, XC, and QL conceived and designed the study and wrote the manuscript. KH, DL, XW, and WZ performed the in vivo experiments and analyzed the data. KH, XM, and XW performed the in vitro experiments. SW and WZ conducted the data analysis. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by grants from the National Natural Science Foundation of China (82125009, 31871082, 32121002, 91849101, 82071185, 92149303, and 32100794), the National Key R&D Program of China (2020YFA0509300 and 2021YFA0804900), Anhui Province Postdoctoral Science Foundation (2019B301), the Strategic Priority Research Program of the Chinese Academy of Sciences (XDB39000000), the CAS Project for Young Scientists in Basic Research (YSBR-013), the Key Research Program of Frontier Sciences of the Chinese Academy of Sciences (QYZDB-SSW-SMC035), the Anhui Provincial Natural Science Foundation (2008085QC117), the China Postdoctoral Science Foundation (2019M662178), and the Fundamental Research Funds for the Central Universities (WK9110000082, YD2070002011, and WK2070000168). None of these sponsors had any role in the study design, the collection, analysis, and interpretation of data, the writing of the report, or the decision of manuscript submission.



ACKNOWLEDGMENTS

We thank Weizu Li in the Department of Pharmacology at Anhui Medical University for reading and discussing this manuscript. We also thank Jun Hu in the Department of Anesthesia at Tongling People’s Hospital for assisting with the PND mouse model establishment.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2022.772066/full#supplementary-material

Supplementary Figure 1 | Control and surgery (6 days post-surgery) mice were subjected to the open field test (n = 12 per group). (A) Total distance traveled and the time spent in the central zone of the arena were recorded. (C) Brain–blood-barrier permeability was determined in naïve (no treatment), control (anesthesia only), and surgery (1 day post-surgery) mice by an Evans blue injection-based approach (n = 6 per group). ***P < 0.001 by independent samples Student’s t-test; n.s. not significant; error bars denote the SEM.


ABBREVIATIONS

PND, perioperative neurocognitive disorders; POCD, postoperative cognitive dysfunction; POD, postoperative delirium; CSF, cerebrospinal fluid; NADH, nicotinamide adenine dinucleotide; ATP, adenosine triphosphate; MMP, mitochondrial membrane potential; DCFHDA, 2′,7′-dichlorofluorescein diacetate; ROS, reactive oxygen species; FC, fear conditioning; DMEM, Dulbecco’s Modified Eagle Medium; FBS, fetal bovine serum; NOR, novel object recognition; IL-6, interleukin-6; IL-1β, interleukin-1β; DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, gene ontology; BP, biological process; MF, molecular function; CC, cellular component; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator-1α; NRF-1, nuclear respiratory factor-1.
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Sevoflurane anesthesia induces cognitive impairment, which may lead to perioperative neurocognitive disorders (PND). However, the factors and molecular mechanism underlying this impairment remains unclear. Adult hippocampal neurogenesis (AHN) in the subgranular zone of the hippocampus has been implicated in cognitive processes. Nonetheless, the direct role of AHN in sevoflurane-induced cognitive impairment has never been demonstrated. In this study, we explored the age and the concentration factors and the role of AHN inhibition in sevoflurane-induced cognitive impairment in sevoflurane inhalation model mice. We found that 3% sevoflurane exposure induced significant cognitive impairment and inhibition of AHN in aged mice but not adult mice. Expression of BDNF/TrkB and NT-3/TrkC was also decreased by 3% sevoflurane exposure in aged mice. Hippocampal brain-derived neurotrophic factor (BDNF) or Neurotrophin-3 (NT-3) microinjection could partially improve the sevoflurane-induced cognitive impairment and AHN inhibition, respectively. These results demonstrate that the cognitive impairment caused by sevoflurane inhalation is related to patient age and sevoflurane concentration. In conclusion, the molecular mechanism of cognitive impairment in the elderly is related to the inhibition of AHN through the BDNF/TrkB and NT-3/TrkC pathways. Thus, sevoflurane inhalation anesthesia may be safe for adult patients, but caution should be exercised when administering it to the elderly.

Keywords: aging, sevoflurane, cognitive impairment, brain-derived neurotrophic factor, neurotrophin-3, adult hippocampal neurogenesis (AHN)


INTRODUCTION

Nowadays, more and more elderly patients need surgical treatments. Sevoflurane is a commonly anesthetics for elderly patients which has many advantages such as easy-control, analgesia and muscle relaxation (Zhang Y. et al., 2018). However, sevoflurane tends to induce perioperative neurocognitive disorders (PND) which refer to the slight damage caused to higher cerebral cortical functions such as memory, concentration, and information processing capabilities that occur during the perioperative period (Bedford, 1955; Zhang Y. et al., 2018). PND prolongs the length of hospital stay and increases the cost of inpatient and out-of-hospital care. It affects the prognosis of patients and increases the postoperative mortality rate (Monk et al., 2008).

By now, reports on the effect of sevoflurane on cognition are conflicting (Monk et al., 2008; Herling et al., 2017; Tian et al., 2018; Yang and Yuan, 2018; Zhang H. et al., 2018; Zhang Y. et al., 2018). The different studies showed that many factors could influence the research conclusions above, such as different inhalation concentrations, times of exposure, periods of exposure, and brain backgrounds (Bedford, 1955; Monk et al., 2008; Herling et al., 2017; Tian et al., 2018; Yang and Yuan, 2018; Zhang H. et al., 2018; Zhang Y. et al., 2018). Clinical observation has showed that sevoflurane inhalation anesthesia could increase the incidence of PND in elderly patients (Zhang Y. et al., 2018). The basic studies have demonstrated that sevoflurane-induced cognitive impairment in young rats was dependent on the rats’ age and inhalation of 1.5% sevoflurane had no effect on cognition in adult rats but inhalation of both 2 and 3% sevoflurane produced significant cognitive impairment in aged rats (Shen et al., 2013; Tian et al., 2018; Yang and Yuan, 2018; Li et al., 2019).

Adult hippocampal neurogenesis (AHN) plays a key role in the recovery of learning and memory abilities after injury which occurs in the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) (Goncalves et al., 2016; Sailor et al., 2017). SGZ contains neural stem cells (NSCs) which differentiate into neural progenitor cells (NPCs) (Goncalves et al., 2016; Sailor et al., 2017). NPCs expressing doublecortin (DCX) differentiate into mature neurons, which are integrated into the granular layer (GL) of the DG. Therefore, DCX has been used as a marker for the analysis of AHN (Klein et al., 2020; Zhang et al., 2020). AHN is associated with the function of learning and memory of hippocampus (Wang W. X. et al., 2018); thus, inhibition of AHN could lead to cognitive impairment (Wang W. X. et al., 2018).

Brain-derived neurotrophic factor (BDNF) plays an important role in regulating AHN, which mainly affects the proliferation and differentiation of neurons in the hippocampus (Leal et al., 2017). BDNF specifically binds to tyrosine receptor kinase B (TrkB) in neural cells (Trzaska et al., 2009). Neurotrophin-3 (NT-3) exerts trophic effects on NPCs and premature neurons, which can promote neuronal differentiation, neurite outgrowth, synapse formation, and plasticity during AHN (Huang and Reichardt, 2003). NT-3 binds to tropomyosin receptor kinase C (TrkC), a neurotrophic factor receptor tyrosine kinase, and activates its tyrosine kinase function to drive the intracellular signal cascade to undergo the functions mentioned above (Shimazu et al., 2006).

Therefore, we have hypothesized that the effect of sevoflurane on cognitive function may be mainly influenced by sevoflurane concentration and patient age. In the present study, we have tested this hypothesis by identifying the different effects of sevoflurane concentration (1.5 vs. 3.0%) on cognitive impairment in different age groups (8 vs. 18-month-old) of mice. We assessed the effects of different sevoflurane concentrations on the numbers of DCX cells and 5-Bromodeoxyuridine (BrdU), proliferating cell marker, cells in the hippocampi of mice with different ages to explore the potential mechanism (Arvidsson et al., 2002; Thored et al., 2009). In view of the importance of the two neurotrophic factors above play in AHN, we assessed the effects of different sevoflurane concentrations on the levels of BDNF/TrkB and NT-3/TrkC in the hippocampi of mice with different ages. We also set an experiment of hippocampal BDNF/NT-3 microinjection to explore the potential mechanism. Through a series of in vivo studies, we demonstrated that sevoflurane-induced cognitive impairment in aged mice depended on the inhibition of AHN in the SGZ through the BDNF/TrkB and NT-3/TrkC pathways.



MATERIALS AND METHODS


Ethical Approval

The use of mice in this study was approved by the Institutional Animal Care and Use Committee at Shandong Provincial Hospital (Jinan, China) (Ethical approval number: NSFC: No. 2019-167). All experiments were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and ARRIVE guidelines. Only male mice were used to exclude the effect of estrogen on the cognitive test data and biochemical data. The mice were housed in a 12-h:12-h light: dark cycle (light from 08:00 to 20:00) and the room temperature (RT) was maintained at 23 ± 1°C.



Mice Anesthesia

Eight-month-old (adult) or eighteen-month-old (aged) C57BL/6 mice were randomly divided into control (CON group), 1.5% sevoflurane-inhaled (1.5% Sevo group), and 3% sevoflurane-inhaled (3.0% Sevo group). We placed mice in 1.5% Sevo group and 3.0% Sevo group in a plastic container and made them exposed to 1.5 or 3% Sevoflurane continuously for 3 h daily over 3 consecutive days (Shen et al., 2013). Sixty percent oxygen were used as a carrier, with a total gas flow of 2 L min–1. During exposure, we used a hot water bag on the bottom of the container with temperature maintained between 30 and 35°C to prevent low-body-temperature. Spontaneous respiratory frequency and skin color of ear and tail of mice were observed by an investigator every 10 min to judge apnea or hypoxia. Specifically, 8- and 18-month-old mice had a quick arterial blood sampling at the end of anesthesia to measure blood gas. A single sample was analyzed immediately after blood collection by using a blood gas analyzer. We analyzed pH, arterial carbon dioxide tension (PaCO2), arterial oxygen tension (PaO2), and blood glucose levels of arterial blood samples (Tables 1, 2).


TABLE 1. Arterial blood analysis of aged mice.

[image: Table 1]

TABLE 2. Arterial blood analysis of adult mice.
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Behavioral Studies


Morris Water Maze Test

Timeline of the MWM experimental procedure is placed in Figure 1A. In an opaque pool with a height of 60 cm and a diameter of 150 cm, there are 4 quadrants centered on the origin, northeast (NE), northwest (NW), southeast (SE), and southwest (SW). The pool was covered with a black curtain and was located in an isolated room. Each quadrant boundary (N, E, W, S) has a specific mark. Put a transparent platform (10 cm in diameter) in the center of SW quadrant. The water level is 1 cm higher than the platform. Water was kept at 20°C and opacified with bleaching powder. A video camera connected to a computer running tracking software was suspended above the pool and captured mice’s movements for analysis. Each mouse was put into the water from the boundary of 4 quadrants, and was counted for 60 s. Finding the platform (which can stay on the platform for more than 2 s) was recorded as the end of the experiment. If the platform cannot be found after 60 s, the experimenter would guide the mouse to the platform and stay on it for 15 s. Each mouse was tested in Morris water maze (MWM) four times (once per quadrant) per day for 5 days. Average escape latency time was measured to evaluate learning ability. The test is performed on the 6th day. At the end of the reference training, the platform was removed from the pool and each mouse was placed in the opposite quadrant (N and E). Each mouse was allowed to swim for 60 s. We calculated time spent in the zone that previously contained the platform and frequency of crossing the former location of the platform. Specifically, after every trial, each mouse was placed in a warm holding cage for at least 1–2 min to dry before being returned to its regular cage (Vorhees and Williams, 2006).


[image: image]

FIGURE 1. Exposure to 3% sevoflurane induces cognitive impairment in aged mice. (A) Timeline of the MWM and Y-Maze Test experimental procedure. (B) Representative tracks and (C) Escape latency of the MWM during training days. The platform is located in circle region. (D) The percentage of time in targeted zone in testing day. (E) Times of target crossing. (F) Alternation triplet of Y-maze. Values are the mean ± S.E.M. *p < 0.05, **p < 0.01, compared with the CON group. #p < 0.05, ##p < 0.01 compared with the 1.5% Sevo group (n = 7/group). D, days of experimental procedure; MWM, Morris Water Maze Test; CON, control group; 1.5% Sevo, 1.5% sevoflurane group; 3.0% Sevo, 3.0% sevoflurane group.




Y-Maze Test

Timeline of the Y-maze experimental procedure is placed in Figure 1A. Working memory and exploratory activity were measured using a Y-maze apparatus which consists three arms and a central area with arm length: 40 cm, arm bottom width: 3 cm, arm upper width: 13 cm, height of wall: 15 cm. Each mouse was placed in the central area to explore freely for 3 min. One alternation is defined as the mouse enters three different arms three times consecutively. The number of total entries into the arms and alterations were recorded. Working memory was calculated as number of correct alterations/number of total new arm entries, as described in a previous paper (Kraeuter et al., 2019; Yoshizaki et al., 2020).




Bromodeoxyuridine Injections and Immunofluorescence

For BrdU injections, we followed the methods as previously mentioned. BrdU is a marker for proliferating cells that incorporates DNA in S-phase of mitosis (Arvidsson et al., 2002; Thored et al., 2009). BrdU (Sigma, America) was dissolved in normal saline (10 mg mL–1). On the first day of sevoflurane exposure, the mice started to be injected with BrdU intraperitoneally at a dosage of 100 mg/kg. BrdU injection was twice a day and lasted for 7 days (Zhang et al., 2020). One day after the last time of BrdU injection, those mice were anesthetized by intraperitoneal injection of pentobarbital to obtain brain tissue for immunofluorescence. Then we open each mouse’s thoracic cavity to expose heart. Right atrial appendage is cut with ophthalmic scissors, and physiological saline is infused through left ventricle. Later, left ventricle of each mouse was perfused with 4% paraformaldehyde. After transcardial perfusion, cranial cavity was opened to take out the whole brain which was put in paraformaldehyde for fixation overnight, cryoprotected in 20% sucrose, and then cut coronally in 9 μm thick sections on powdered dry ice. Sections were incubated in 1 M HCl at 65°C for 10 min and at room temperature for 20 min. Then, sections were blocked in 3% BSA and 0.1% Triton X-100 for 30 min at room temperature and incubated with primary antibody (mouse anti-BrdU, 1:200, rabbit anti-DCX, 1:200) in 1% BSA at 4°C over night. The sections were incubated with secondary antibody (Abcam goat anti-rabbit IgG, 1:1,000, Abcam goat anti-mouse IgG, 1:1,000) at room temperature for 1 h. We detected fluorescence with a fully automatic fluorescence microscope (OLYMPUS BX53M). All assessments were performed by an observer blind to the treatment conditions. The number of immunoreactive cells was counted in DG at 40 × magnification using an epifluorescence microscope in coronal sections. Representative immunofluorescence image of BrdU+DCX+ cell in hippocampal DG of aged mice exposed to 3% sevoflurane at 40 × magnification was shown in Supplementary Figure 1 as an example. All cells were counted in DG, both ipsi- and contralaterally. Six hippocampal slices per mouse were used to estimate the cells in the hippocampus. The image (1,600*1,200 pixels) of DCX+ cells, BrdU+ cells and BrdU+DCX+ cells was obtained at 20 × magnification (Arvidsson et al., 2002; Thored et al., 2009).



Western Blot Analysis

Mice were anesthetized by intraperitoneal injection of pentobarbital for hippocampal tissue collection at the same day as immunofluorescence brain tissue collection. Then we open each mouse’s thoracic cavity to expose heart. Right atrial appendage is cut with ophthalmic scissors, and physiological saline is infused through left ventricle. Then cranial cavity was opened to take out the whole brain. We lift the cortex to expose the hippocampus under a stereo microscope. We separate hippocampal tissue and stored the tissue at −80°C for western blot. Protein was extracted by using RIPA lysis buffer. A protein analysis kit (BCA) was used to measure the protein content of each hippocampal tissue. We performed electrophoresis on a polyacrylamide SDS gel loaded with an average amount of 30 μg protein in each lane, and transfer the protein to PVDF membrane. The membrane was blocked with 5% skim milk in Tris buffered saline (TBST) for 1 h, and incubated with anti-BDNF (1:2,000), anti-TrkB (1:2,000), anti- NT-3 (1:2,000), anti-TrkC (1:2,000) primary antibodies at 4°C overnight. After rinsing, we probe the membrane with the corresponding secondary antibodies for 2 h at room temperature. An enhanced chemiluminescence detection system is used to detect the immune response bands. GAPDH and actin antibody is used to normalize the loading and transfer of samples. The intensity of the band was quantified by using the ImageJ optical density method.



Hippocampal Microinjections

Twenty four hours after sevoflurane exposure, the mice were anesthetized using pentobarbital and we found the location of the hippocampal dentate gyrus on the surface of the skull by brain stereotaxic device. The location of the hippocampal dentate gyrus is according to the stereotaxic coordinates of mouse brains: AP–2.3 mm; ML ± 1.8 mm; DV-2 mm (Xiong et al., 2017). Tightly fitted screws were used to drill two skull screw holes. Micro syringes were used to deliver drugs. Mice received bilateral microinjection of BDNF (0.1 μg/side), NT-3 (0.025 μg/side) or saline (0.9%) into the dentate gyrus of hippocampus. A total volume of 1.0 μl was infused into each side over 15 min, and the injection syringe was left in place for an additional 5 min to allow for diffusion (Shirayama et al., 2002).



Statistical Analysis

The results were expressed as mean ± S.E.M. The statistical tests were conducted using the computerized statistical package SPSS 25.0 (SPSS Inc., Chicago, IL, United States) and GraphPad Prism Software version 8.0 (GraphPad Software, Inc., San Diego, CA, United States). Interaction between time and group factors in a two-way ANOVA with repeated measurements was used to analyze the difference of learning curves (based on escape latency) of different groups in the MWM. Age and sevoflurane are two factors that affect cognitive function and AHN. We used two-way ANOVA to analyze the difference of other aspects of behavioral tests and the numbers of DCX+ cells, BrdU+ cells and BrdU+DCX+ cells among groups in aged and adult mice. One-way ANOVA was used to evaluate differences in the quantities of corresponding proteins in hippocampal tissue in aged or adult mice. For BDNF&NT-3 microinjection, we use one-way ANOVA to evaluate differences in the numbers of DCX+ cells, BrdU+ cells and BrdU+DCX+ cells among groups in aged mice. We used LSD-t-test for post-hoc comparison. The LSD-t-test is suitable for comparison between one or several pairs of sample means with special significance in the profession. Each experiment was performed at least three times. A value of p < 0.05 was considered statistically significant.




RESULTS


Exposure to 3% Sevoflurane Induced Cognitive Impairment in Aged Mice but Not Adult Mice

To explore the effects of different doses of sevoflurane on cognitive function in mice of different ages, we established an animal model in which aged or adult mice were exposed to 1.5 or 3.0% sevoflurane for 3 h daily for 3 days. This animal model covered the low versus high concentration of anesthesia and allowed us to observe sevoflurane-induced neurotoxicity in brains of different ages.

The MWM Test, which is a method to assess spatial or place learning and memory, has been proven to be a robust and reliable test strongly correlated with hippocampal synaptic plasticity (Vorhees and Williams, 2006). Cognitive function was tested using MWM in aged mice (18-month-old) exposed to 1.5 or 3% sevoflurane for 3 h daily for 3 days. The escape latency is an index to test the learning ability, which refers to the time that each mouse spent to reach the platform during training. A statistical analysis between adult and aged mice was done to evaluate whether age impacts on sevoflurane-induced cognitive impairment. The results showed that both age and sevoflurane concentration are factors which could affects cognitive function (Table 3). The LSD-t-test multiple comparison showed that the escape latency increased significantly in aged mice exposed to 3% sevoflurane on experimental days 24–27 compared with that in mice of the 1.5% Sevo (ΔSD = 9.26, n = 7/group, p = 0.001) or CON group (ΔSD = 12.39, n = 7/group, p = 0.001) (Figures 1B,C). The LSD-t-test multiple comparison showed that the time spent in targeted zone was significantly decreased in aged mice in the 3% Sevo group (20.9 ± 2.27) compared with that in aged mice in 1.5% Sevo (28.6 ± 1.90, ΔSD = −7.66, n = 7/group, p = 0.013) or CON (33.2 ± 2.00, ΔSD = −12.32, n = 7/group, p = 0.001) group (Figure 1D). The times of target-crossing was significantly decreased in aged mice in the 3% Sevo group (1.1 ± 0.23) compared with that in aged mice in 1.5% Sevo (2.7 ± 0.30, ΔSD = −14.76, n = 7/group, p = 0.001) or CON (2.9 ± 0.50, ΔSD = −18.09, n = 7/group, p = 0.001) group (Figure 1E). There is no significant difference in swimming speed in MWM test in aged (F = 1.58, n = 7/group, p = 0.219) and adult (F = 0.170, n = 7/group, p = 0.844) mice (Supplementary Table 1). Additionally, spatial reference memory, which is hippocampus-dependent, can be tested by placing the test mice into a Y-maze with one arm closed off during training (Kraeuter et al., 2019; Yoshizaki et al., 2020). The ratio of alternation triplet of Y-maze decreased in the 3% Sevo group (10.19 ± 3.44) compared with that in aged mice in 1.5% Sevo (24.95 ± 2.52, ΔSD = −14.76, n = 7/group, p = 0.001) or CON (28.29 ± 1.02, ΔSD = −18.09, n = 7/group, p = 0.001) group (Figure 1F). There was no significant difference in the MWM and Y-maze tests between mice in the CON and 1.5% Sevo groups.


TABLE 3. Two-way ANOVA analysis of cognitive function in adult and aged mice.
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To further dissect the role of age in sevoflurane-induced cognitive impairment, adult mice (8-month-old) were exposed to 1.5 or 3% sevoflurane for 3 h daily for 3 days and cognitive function was tested using MWM and Y-maze. There was no significant difference in escape latency (Figures 2A,B), time spent in targeted zone (Figure 2C), times of target-crossing (Figure 2D) of MWM, or ratios of alternation triplet (Figure 2E) of the Y-maze.
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FIGURE 2. Exposure to 1.5 or 3% sevoflurane does not induce cognitive impairment in adult mice. (A) Representative tracks and (B) escape latency of the MWM during training days. The platform is located in circle region. (C) The percentage of time in targeted zone in testing day. (D) Times of target crossing. (E) Alternation triplet of Y-maze. Values are the mean ± S.E.M (n = 7/group). D, days of experimental procedure; MWM, Morris Water Maze Test; CON, control group; 1.5% Sevo, 1.5% sevoflurane group; 3.0% Sevo, 3.0% sevoflurane group.




Exposure to 3% Sevoflurane Induced Inhibition of Adult Hippocampal Neurogenesis in Aged Mice

To evaluate whether the cognitive impairment caused by 3% sevoflurane was related to AHN in aged mice, immunofluorescence of BrdU and DCX was performed, which are markers of newborn neural cells and NPCs, respectively (Figure 3A). Representative images of the effects of sevoflurane inhalation in newborn neural cells (BrdU+) and NPCs (DCX+) are shown in Figures 3B,D, 4A,C. A statistical analysis between adult and aged mice was done to evaluate whether age impacts on sevoflurane-induced inhibition of AHN by using two-way ANOVA. The results showed that both age and sevoflurane concentration are factors which could affects AHN (Table 4). The LSD-t-test multiple comparison showed that compared with the CON (55,743 ± 1,905, ΔSD = −8,252.3, n = 8/group, p = 0.006) and 1.5% Sevo (56,334 ± 1,141, ΔSD = −8844.0, n = 8/group, p = 0.003) groups, the 3% Sevo group (47,490 ± 2,119) showed significantly decreased number of DCX+ cells in aged mice (Figure 3C). The 3% Sevo group (3,886 ± 188) showed significantly decreased number of BrdU+ cells compared with the CON (5,225 ± 240, ΔSD = −4,598.6, n = 8/group, p = 0.001) and 1.5% Sevo (5,584 ± 314, ΔSD = −5,494.2, n = 8/group, p = 0.001) groups in aged mice (Figure 3E). To evaluate the effects of sevoflurane on neuronal commitment of proliferating NSCs, BrdU+DCX+ was used to detect newborn NPCs. Representative images of sevoflurane effects in BrdU+DCX+ cells are shown in Figures 3F, 4E. According to the results, 3% sevoflurane (2,257 ± 126) exposure significantly decreased the number of BrdU+DCX+ cells compared with the CON (3,417 ± 120, ΔSD = −2,899.1, n = 8/group, p = 0.001) and 1.5% Sevo (3,522 ± 138, ΔSD = −3,162.8, n = 8/group, p = 0.001) groups in aged mice (Figure 3G), suggesting that 3% sevoflurane exposure inhibited the proliferation of newborn NPCs. There was no significant difference in cell numbers between the mice in the control and 1.5% sevoflurane groups.
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FIGURE 3. The inhibition of DCX+ cells, BrdU+ cells, and BrdU+DCX+ cells is induced by 3% sevoflurane in the hippocampi of aged mice. (A) Timeline of the immunofluorescence experimental procedure. (B) Representative immunofluorescence images of DCX+ cells in aged mice. (C) Quantitative analysis of DCX+ cells in aged mice. (D) Representative immunofluorescence images of BrdU+ cells in aged mice. (E) Quantitative analysis of BrdU+ cells in aged mice. (F) Representative immunofluorescence images of BrdU+DCX+ cells in aged mice. (G) Quantitative analysis of BrdU+DCX+ cells in aged mice. Values are the mean ± S.E.M. **p < 0.01 compared with the CON group. ##p < 0.01 compared with the 1.5% Sevo group (n = 8/group). D, days of experimental procedure; BrdU, 5-Bromodeoxyuridine; DCX, doublecortin; CON, control group; 1.5% Sevo, 1.5% sevoflurane group; 3.0% Sevo, 3.0% sevoflurane group.



[image: image]

FIGURE 4. Sevoflurane exposure does not induce the inhibition of DCX+, BrdU+ and BrdU+DCX+ cells in the hippocampi of adult mice. (A) Representative immunofluorescence images of DCX+ cells in adult mice. (B) Quantitative analysis of DCX+ cells in adult mice. (C) Representative immunofluorescence images of BrdU+ cells in adult mice. (D) Quantitative analysis of BrdU+ cells in adult mice. (E) Representative immunofluorescence images of BrdU+DCX+ cells in adult mice. (F) Quantitative analysis of BrdU+DCX+ cells in adult mice. Values are the mean ± S.E.M (n = 8/group). BrdU, 5-Bromodeoxyuridine; DCX, doublecortin; CON, control group; 1.5% Sevo, 1.5% sevoflurane group; 3.0% Sevo, 3.0% sevoflurane group.



TABLE 4. Two-way ANOVA analysis of AHN in adult and aged mice.
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To determine whether cognitive impairment and the inhibition of AHN occur simultaneously, AHN was also evaluated in adult mice. Results are given in the Figure 4. There were no significant differences in the number of BrdU+, DCX+, or BrdU+DCX+ cells among the three groups of adult mice (Figures 4B,D,F), indicating that sevoflurane exposure did not lead to AHN inhibition in adult mice.



Sevoflurane (3%) Exposure in Aged Mice Induced Downregulation of Hippocampal Neurotrophic Factors Brain-Derived Neurotrophic Factor/Tyrosine Receptor Kinase B and Neurotrophin-3/Tropomyosin Receptor Kinase C

Neurotrophic factors and their corresponding receptors, particularly BDNF/TrkB and NT-3/TrkC, are associated with cognitive impairment and AHN (Rossi et al., 2006; Shimazu et al., 2006). In order to explore the potential mechanisms of sevoflurane-induced cognitive impairment and AHN inhibition, we evaluated the effects of sevoflurane exposure on the expression levels of BDNF/TrkB and NT-3/TrkC in the hippocampal tissues of aged mice. The hippocampal tissues were harvested and subjected to western blot analysis to determine the levels of BDNF/TrkB and NT-3/TrkC (Figure 5A). Representative western blots are shown in Figures 5B,E. The results showed that 3% sevoflurane exposure significantly decreased the levels of BDNF (F = 5.46, n = 9/group, p = 0.011)/TrkB (F = 13.5, n = 9/group, p = 0.001) and NT-3 (F = 4.74, n = 9/group, p = 0.018)/TrkC (F = 5.05, n = 9/group, p = 0.015) in aged hippocampal tissues (Figures 5C,D,F,G). There were no significant differences in BDNF/TrkB or NT-3/TrkC levels between the aged mice of the 1.5% Sevo and CON groups.
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FIGURE 5. Sevoflurane exposure induces the reduction of BDNF/TrkB and NT-3/TrkC in the hippocampi of aged mice. (A) Timeline of the western blot experimental procedure. (B) Representative WB images of BDNF and TrkB expression in aged mice. Quantitative analysis of BDNF (C) and TrkB (D). GAPDH was used as an internal standard. (E) Representative WB images of NT-3 and TrkC expression in aged mice. Quantitative analysis of NT-3 (F) and TrkC (G). β-actin was used as an internal standard. Values are the mean ± S.E.M. *p < 0.05, **p < 0.01 compared with the CON group. #p < 0.05, ##p < 0.01 compared with the 1.5% Sevo group (n = 9/group). D, days of experimental procedure; BDNF, brain-derived neurotrophic factor; TrkB, tyrosine receptor kinase B; NT-3, Neurotrophin-3; TrkC, tyrosine receptor kinase C; CON, control group; 1.5% Sevo, 1.5% sevoflurane group; 3.0% Sevo, 3.0% sevoflurane group.


To evaluate the relationship between sevoflurane-induced neurotrophin inhibition and age, adult mice were subjected to sevoflurane exposure. Sevoflurane exposure did not decrease the levels of BDNF (F = 0.587, n = 9/group, p = 0.564)/TrkB (F = 0.586, n = 9/group, p = 0.564) (Figures 6B,C) or NT-3 (F = 0.225, n = 9/group, p = 0.800)/TrkC (F = 0.385, n = 9/group, p = 0.685) (Figures 6E,F) in the hippocampal tissues of adult mice. Taken together, these results suggest that in aged mice, 3% sevoflurane exposure decreases neurotrophic factor levels in the hippocampal tissues, possibly leading to AHN inhibition and cognitive impairment.
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FIGURE 6. Sevoflurane exposure does not induce the reduction of BDNF/TrkB and NT-3/TrkC in the hippocampi of adult mice. (A) Representative WB images of BDNF and TrkB expression in adult mice. Quantitative analysis of BDNF (B) and TrkB (C). GAPDH was used as an internal standard. (D) Representative WB images of NT-3 and TrkC expression in adult mice. Quantitative analysis of NT-3 (E) and TrkC (F). β-actin was used as an internal standard. Values are the mean ± S.E.M (n = 9/group). BDNF, brain-derived neurotrophic factor; TrkB, tyrosine receptor kinase B; NT-3, Neurotrophin-3; TrkC, tyrosine receptor kinase C; CON, control group; 1.5% Sevo, 1.5% sevoflurane group; 3.0% Sevo, 3.0% sevoflurane group.




The Cognitive Impairment and the Inhibition of Adult Hippocampal Neurogenesis Caused by Sevoflurane Are Related to Brain-Derived Neurotrophic Factor/Tyrosine Receptor Kinase B and Neurotrophin-3/Tropomyosin Receptor Kinase C Pathways

BDNF and NT-3 have been reported to improve cell proliferation and differentiation in AHN (Huang and Reichardt, 2003; Shimazu et al., 2006; Frielingsdorf et al., 2007). We wondered whether BDNF/NT-3 could attenuate the cognitive impairment and AHN inhibition mediated by 3% sevoflurane in aged mice. The mice were given bilateral microinjections of BDNF or NT-3 into the hippocampus 24 h after sevoflurane exposure (Figures 7, 8). The representative images of newborn neural cells (BrdU+) (CON group 5,196 ± 236, 3.0% Sevo group 3,401 ± 195), NPCs (DCX+) (CON group 55,922 ± 1,891, 3.0% Sevo group 47,218 ± 2,006), and newborn NPCs (BrdU+DCX+) (CON group 3,453 ± 108, 3.0% Sevo group 2,301 ± 138) are shown in Figures 7B–D, 8A–C. Statistical analysis of AHN and cognitive function was shown in Supplementary Tables 2, 3. The results showed that hippocampal microinjection of BDNF and NT-3 significantly increased the number of DCX+ (BDNF group 52,106 ± 1,482, NT-3 group 52,225 ± 390), BrdU+ (BDNF group 4,132 ± 305, NT-3 group 4,242 ± 152), and BrdU+DCX+ (BDNF group 2,835 ± 203, NT-3 group 2,775 ± 101) cells, which were decreased in aged mice exposed to 3% sevoflurane (Figures 7B–D, 8A–C and Supplementary Table 2). The cognitive function tested by MWM and Y-Maze which is inhibited by 3% sevoflurane is also improved by hippocampal BDNF & NT-3 microinjection (Figures 7E–H, 8D–G and Supplementary Table 3). It is worth noting that the numbers of DCX+, BrdU+, and BrdU+DCX+ cells in the BDNF/NT-3 group were not as many as those in the CON group, which indicates that BDNF and NT-3 are both associated with AHN inhibition caused by sevoflurane (Figures 7B–D, 8A–C). These results suggest that the cognitive impairment and the inhibition of AHN caused by sevoflurane is related to the BDNF/TrkB and NT-3/TrkC pathways.
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FIGURE 7. Cognitive impairment and inhibition of AHN induced by 3% sevoflurane in aged mice could be partially prevented by BDNF. (A) Timeline of hippocampal microinjection procedure. (B) Representative immunofluorescence images and quantitative analysis of DCX+ cells in aged mice. (C) Representative immunofluorescence images and quantitative analysis of BrdU+ cells in aged mice. (D) Representative immunofluorescence images and quantitative analysis of BrdU+DCX+ cells in aged mice. (E) Escape latency of the MWM during training days. (F) The percentage of time in targeted zone in testing day. (G) Times of target crossing. (H) Alternation triplet of Y-maze. Values are the mean ± S.E.M. *p < 0.05, **p < 0.01 compared with the CON group. #p < 0.05, ##p < 0.01 compared with the BDNF group (n = 8/group for immunofluorescence and n = 7/group for behavioral test). D, days of experimental procedure; MWM, Morris Water Maze Test; BrdU, 5-Bromodeoxyuridine; DCX, doublecortin; BDNF, brain-derived neurotrophic factor; TrkB, tyrosine receptor kinase B; NT-3, Neurotrophin-3; TrkC, tyrosine receptor kinase C; CON, control group; 1.5% Sevo, 1.5% sevoflurane group; 3.0% Sevo, 3.0% sevoflurane group.
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FIGURE 8. Cognitive impairment and inhibition of AHN induced by 3% sevoflurane in aged mice could be partially prevented by NT-3. (A) Representative immunofluorescence images and quantitative analysis of DCX+ cells in aged mice. (B) Representative immunofluorescence images and quantitative analysis of BrdU+ cells in aged mice. (C) Representative immunofluorescence images and quantitative analysis of BrdU+DCX+ cells in aged mice. (D) Escape latency of the MWM during training days. (E) The percentage of time in targeted zone in testing day. (F) Times of target crossing. (G) Alternation triplet of Y-maze. Values are the mean ± S.E.M. *p < 0.05, **p < 0.01 compared with the CON group. #p < 0.05, ##p < 0.01 compared with the NT-3 group (n = 8/group for immunofluorescence and n = 7/group for behavioral test). MWM, Morris Water Maze Test; BrdU, 5-Bromodeoxyuridine; DCX, doublecortin; BDNF, brain-derived neurotrophic factor; TrkB, tyrosine receptor kinase B; NT-3, Neurotrophin-3; TrkC, tyrosine receptor kinase C; CON, control group; 1.5% Sevo, 1.5% sevoflurane group; 3.0% Sevo, 3.0% sevoflurane group.





DISCUSSION

Sevoflurane is one of the most commonly used anesthetics in clinical practice. In this study, aged mice that were given 1.5% sevoflurane inhalation and adult mice exposed to sevoflurane did not suffer cognitive impairment. However, exposure of aged mice to 3% sevoflurane led to significant cognitive impairment, which may be due to the inhibition of AHN probably through the BDNF/TrkB and NT-3/TrkC pathways. These findings suggest that in clinical settings, sevoflurane inhalation anesthesia may be safe for adult patients, while caution should be used for the elderly.

Previous studies have proved that sevoflurane has adverse effects on developing brain such as fetal mice, newborn mice or young mice (Fang et al., 2012; Shen et al., 2013; Wang et al., 2019; Jia et al., 2020). It has been confirmed that sevoflurane exposure of developing brain tend to suffer cognitive impairment in adulthood such as learning and memory deficiency (Shen et al., 2013; Yu et al., 2020). Clinical study has shown that the proportion of elderly patients receiving sevoflurane anesthesia has increased significantly and sevoflurane anesthesia in elderly patients tend to cause cognitive dysfunction (Zhang Y. et al., 2018). However, the mechanism is unclear. Previous studies show that the effect of sevoflurane on cognitive function of elderly animals is controversial (Callaway et al., 2012; Liu et al., 2015; Hu et al., 2016; Yang and Yuan, 2018). Due to the complexity of clinical anesthesia and the difference between clinical anesthesia and basic research, we adopted the sevoflurane exposure method referring to Shen et al. (2013) and Luo et al. (2021) study in order to control the experimental factors.

Sevoflurane has side effects on respiration and circulation, which could lead to an acid-base imbalance or hypoxemia. Both acid-base imbalance and hypoxemia could induce brain injury which directly causes cognitive impairment (Vlisides and Xie, 2012; Zhang et al., 2019). Therefore, we conducted arterial blood gas analysis to confirm that sevoflurane exposure did not induce hypoxemia or acid-base imbalance. Results indicated that there were no significant differences in the blood gas parameters among groups in aged mice and adult mice, suggesting that sevoflurane exposure under our experimental conditions did not induce hypoxemia or significant acid-base imbalance (Tables 1, 2). Thus, the behavioral changes observed after sevoflurane exposure are likely not due to respiratory or cardiovascular complications.

MWM is a classical behavior test that is used to evaluate spatial reference memory (escape latency) and spatial learning memory (times spent in target zone and target crossing times), and has proven to be a robust and reliable test strongly correlated with hippocampal synaptic plasticity (Vorhees and Williams, 2006). The Y maze can detect the animal’s ability to distinguish spatial position and orientation, spatial working memory (short-term memory), and fragmented memory (Kraeuter et al., 2019; Yoshizaki et al., 2020). We used two behavioral tests to evaluate the different aspects of cognitive functions that may be affected by sevoflurane, and as we mentioned below, sevoflurane could cause cognitive impairment in many aspects. Through MWM and Y maze tests, we found that 3% sevoflurane exposure in aged mice caused cognitive impairment of spatial memory and spatial exploration. However, 1.5% sevoflurane exposure did not have any effect. The effects of sevoflurane exposure on cognition are age-dependent and concentration-dependent. According to our results and previous studies, sevoflurane tends to induce cognitive impairment in developing brain and aged brain (Fang et al., 2012; Zhang et al., 2013; Xu et al., 2018; Wang et al., 2019). At the same time, sevoflurane does not have a harmful effect on the cognitive function of the adult brain and it may have a beneficial effect under certain conditions (Liu et al., 2015; Xu et al., 2018). Developing brain and aged brain are fragile brains which are more susceptible to external harmful stimuli than adult brain (Y. Zhao et al., 2016; Gong et al., 2020; Yu et al., 2020). The mechanisms are related to neurogenesis, autophagy, Tau protein deposition, neuroinflammation, neuronal excitability, etc. (Fang et al., 2012; Zhang et al., 2013; Zhao et al., 2016; Xu et al., 2018; Wang et al., 2019; Gong et al., 2020; Yu et al., 2020). The effect of sevoflurane on cognition is also related to the dose. There is no effect or beneficial effect at low dose and cognitive impairment is induced at high dose (Fang et al., 2012; Zhang et al., 2013; Chen et al., 2018; Wang et al., 2019; Qin et al., 2020). Thus, only high sevoflurane concentration could induce cognitive impairment in aged mice. These findings indicate that sevoflurane exposure may have different cognitive effects on different brain ages, and only certain sevoflurane concentrations can induce cognitive impairment in mice of specific ages. These findings support the following clinical observation: Sevoflurane inhalation anesthesia at higher concentrations in aged patients undergoing surgery is likely to increase the risk of cognitive impairment during the perioperative period (Liu et al., 2013; Zhang Y. et al., 2018).

AHN is the growth of NSCs into NPCs, which finally turn into mature neurons throughout life. AHN plays an important role in various cognitive processes (Zhao et al., 2008; Goncalves et al., 2016). The SGZ of the hippocampal DG is one of the main germinal zones of adult rodents (Gage, 2000; Li and Pleasure, 2010). BrdU is used as a proliferating cell marker to detect AHN (Arvidsson et al., 2002; Thored et al., 2009). During AHN, NSCs produce NPCs that differentiate into neurons that functionally integrate into the GL in the SGZ of the hippocampal DG (Kempermann et al., 2015; Berg et al., 2018). DCX is the cell marker referring to NPCs (Klein et al., 2020; Zhang et al., 2020). Owing to their expression patterns, BrdU and DCX have become two widely used markers for the analysis of AHN (Brown et al., 2003; Couillard-Despres et al., 2005). The existence of AHN can be observed not only in adult/aged humans with normal cognitive function, but also in patients with mild cognitive impairment and Alzheimer’s disease (Moreno-Jiménez et al., 2019; Tobin et al., 2019). Kuhn et al. (1996) first quantified age-related decline in AHN in old rats through BrdU labeling and IHC analysis. It has been reported that sevoflurane has a dual effect on neurogenesis in young mice (Chen et al., 2015, 2018; Jia et al., 2020). However, there is lack of research to evaluate the effect of sevoflurane on AHN in adult or aged subjects. It has been proved that aging is a negative factor of AHN and aged brain lack of AHN is more likely to suffer cognitive impairment (Zhao et al., 2008). According to our experimental results, it can also be proved that AHN in aged mice is weaker than that in adult mice (Supplementary Table 2). Control groups in aged and adult mice were set up respectively, to analyze the effect of different doses of sevoflurane in different ages of mice. Our immunofluorescence results showed that sevoflurane has an inhibitory effect on the proliferation of NPCs of SGZ in the hippocampal DG. This phenomenon was not observed in adult mice, and aged mice exposed to 1.5% sevoflurane. These results indicate that sevoflurane has a dual effect on cognitive function and AHN depending on its dose and the age of exposed subjects, and cognitive impairment caused by sevoflurane may be related to the inhibition of AHN in the aged hippocampus.

Studies have reported that there is a correlation between AHN and cognition and the decline of AHN is one of the possible mechanisms of neurodegenerative disease (Li and Pleasure, 2010; Goncalves et al., 2016; Moreno-Jiménez et al., 2019; Tobin et al., 2019). However, the specific relationship between the decline of AHN and cognitive dysfunction (like AD) is still an open question (Li Puma et al., 2020). Jia et al. (2021) reported that the inhibition of neurogenesis was associated with cognitive impairment 4 weeks after sevoflurane exposure which is the same time point as we focus on. We focused on the cognitive decline diagnosed up to 30 days after surgery which is defined as “delayed neurocognitive recovery” and first observed that the cognitive impairment in aged mice 4 weeks after exposed to sevoflurane may be related to AHN inhibition (Evered et al., 2018).

Our results showed that sevoflurane exposure could induce AHN inhibition in aged mice, but not in adult mice. The mechanism may be related to neurotrophic factors. The expression of neurotrophic factors is related to AHN (Goncalves et al., 2016). Both BDNF and NT-3 belong to neurotrophic factors that play an important role in regulating hippocampal neurogenesis and cognitive function (Huang and Reichardt, 2003; Duman and Monteggia, 2006; Shimazu et al., 2006; Frielingsdorf et al., 2007; Zhao et al., 2008; Trzaska et al., 2009; Leal et al., 2017). In our study, 3% sevoflurane inhibited AHN and the expression of BDNF/NT-3 in the aged hippocampus simultaneously. Previous study has confirmed that the cognitive impairment induced by sevoflurane and the decrease of BDNF expression occur in parallel, and over-expression of BDNF could be prevented it (Xu and Qian, 2020). However, our study found that the way of BDNF regulating sevoflurane-induced cognitive impairment is AHN. It is well known that activities in the hippocampus can stimulate the transcription and translation of BDNF genes and BDNF regulates the development of neural cells and synaptic transmission (Zhao et al., 2008). Duman and Monteggia (2006) showed that changes in neurogenesis in the SGZ correlated with the expression of BDNF. Our findings provide more evidence for the interaction between AHN and BDNF/TrkB pathway. NT-3 exerts trophic effects on premature neurons, which include fate specification of neural cells, neurite outgrowth, synapse formation, and plasticity (Huang and Reichardt, 2003). There are studies showing that the spatial memory of NT-3 gene-mutant mice is significantly reduced and that NT-3 gene deficiency have a smaller number of newly differentiated neurons in the DG of the hippocampus (Shimazu et al., 2006; Frielingsdorf et al., 2007). Studies have showed that sevoflurane could cause downregulation of neurotrophic factors in developing brain (Tang et al., 2020; Zhao et al., 2021). As is mentioned above, like the developing brain, the aged brain is fragile brain which is more susceptible to external harmful factors compared with adult brain (Wang Z. et al., 2018; Xu et al., 2018; Yang and Yuan, 2018; Gong et al., 2020). Therefore, sevoflurane induces AHN inhibition and BDNF/NT-3 downregulation in aged mice while it has no effect on AHN and BDNF/NT-3 expression in adult mice. More importantly, we reported that the NT-3/TrkC pathway also played a role in the cognitive impairment and AHN inhibition induced by sevoflurane in aged mice for the first time. Our findings added new insight into the mechanism underpinning cognitive impairment in the elder subjected to sevoflurane anesthetic.

As explained above, AHN is a consistent process in the SGZ of the hippocampus, which consists of quiescence, proliferation/activation, fate specification, and mutation. DCX+ cells represent neural cells that undergo proliferation/activation, fate specification, and morphogenesis/differentiation during the process of AHN (Zhao et al., 2008; Goncalves et al., 2016). BDNF and NT-3 are two neurotrophic factors that mainly affect different stages of the AHN process. NT-3 mainly stimulates fate specification, while BDNF mainly stimulates morphogenesis/differentiation (Huang and Reichardt, 2003; Shimazu et al., 2006; Frielingsdorf et al., 2007; Zhao et al., 2008; Goncalves et al., 2016). Hence, microinjection of one of the two neurotrophic factors could not completely prevent the cognitive impairment and inhibition of AHN caused by sevoflurane, which also indicates that DCX+ cells may be target cells of both BDNF and NT-3 and cognitive impairment does not only depend on the number of DCX+ cells. In summary, the potential mechanism of sevoflurane-induced cognitive impairment is associated with the inhibition of AHN in SGZ which may involve the BDNF/TrkB and NT-3/TrkC pathways.

This study has several limitations. Firstly, we did not study the effects of anesthesia on other aspects of cognitive dysfunction. We focused on learning and memory functions and spatial exploration functions, which are the main aspects of cognitive dysfunction. Secondly, we only evaluated the effects of anesthesia in 18- and 8-month-old mice. It is unclear whether cognitive impairment and AHN inhibition caused by sevoflurane also occur in mice of other ages. Therefore, future research will include evaluating the effects of different concentrations of sevoflurane in mice of different ages (14, 16, and 20 months) to test the hypothesis that the elderly brain is more susceptible to sevoflurane neurotoxicity. Thirdly, there are some other factors affecting cognitive function such as neuronal viability and the survival of NPCs which are related to the pathogenesis of neurodegenerative diseases (Agostinho et al., 2010; Lopes and Agostinho, 2011; Zhang et al., 2020). Experiments will be set up to clear the specific influence of sevoflurane on neuronal viability and the survival of NPCs in aged mice. Finally, current data indicate that exposure to high concentrations of sevoflurane in aged mice may cause cognitive impairment and AHN inhibition, which may be related to the BDNF/TrkB and NT-3/TrkC pathways. AHN is a complicated process in the hippocampus and the relationship between the decline of AHN and cognitive dysfunction in AD or PND is still an open question (Fang et al., 2012; Li Puma et al., 2020). Thus, the specific stage and the accurate mechanism of AHN inhibited by sevoflurane remains to be determined.

In summary, we found that the sevoflurane-induced cognitive impairment is influenced by the concentration of sevoflurane and patient age. Taken together, these findings support the conclusion that inhibition of AHN at least partially lead to cognitive impairment caused by sevoflurane, which is probably attributed to the downregulation of BDNF/TrkB and NT-3/TrkC pathways. These findings should prompt further research to investigate anesthetic neurotoxicity in the fragile brains of elderly patients. Finally, it should provide safer anesthesia care and better postoperative results for elderly patients who may be vulnerable to brain injury.
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Anxiety disorders are the most common psychiatric diseases, and perioperative factors often increase the incidence of anxiety. However, the mechanism and treatment for perioperative anxiety, especially anesthesia/surgery-induced postoperative anxiety, are largely unknown. Sirtuin 3 (SIRT3) which located in the mitochondria is the NAD-dependent deacetylase protein. SIRT3 mediated oxidative stress is associated with several neuropsychiatric diseases. In addition, hyperpolarization-activated cyclic nucleotide-gated 1 (HCN1) channel is also reported involved in anxiety symptoms. The purpose was to assess the role of SIRT3 on postoperative anxiety like behavior in C57/BL6 mice. We found that SIRT3 level reduced and HCN1 expression level increased in mice medial prefrontal cortex (mPFC) as well as anxiety like behavior postoperatively. In interventional research, SIRT3 adeno-associated virus vector or control vector was injected into the mPFC brain region. Enzyme-linked immunosorbent assay, immunofluorescence staining, and western blotting were employed to detect oxidative stress reactions and HCN1 channel activity. SIRT3 overexpression attenuated postoperative anxiety in mice. Superoxide dismutase 2 (SOD2) acetylation levels, SOD2 oxidative stress activity, mitochondrial membrane potential levels, and HCN1 channels were also inhibited by SIRT3 overexpression. Furthermore, the HCN1 channel inhibitor ZD7288 significantly protected against anesthesia/surgery-induced anxiety, but without SIRT3/ac-SOD2 expression or oxidative stress changes. Our results suggest that SIRT3 may achieve antianxiety effects through regulation of SOD2 acetylation-mediated oxidative stress and HCN1 channels in the mPFC, further strengthening the therapeutic potential of targeting SIRT3 for anesthesia/surgery-induced anxiety-like behavior.

Keywords: anxiety, anesthesia/surgery, SIRT3, SOD2, HCN1


INTRODUCTION

Anxiety is a state of restlessness and worry (1). The perioperative period is usually associated with increased anxiety in patients (2). Compared to preoperative anxiety, postoperative anxiety has not received much attention, even though researchers have suggested that postoperative anxiety may lead to adverse outcomes (3). Furthermore, the mechanism and treatment of anxiety are unclear (4–8). Medical therapy with the most widely used antianxiety sedatives (benzodiazepines) may not be suitable for postoperative anxiety because of side effects such as respiratory depression and delirium (9). Therefore, ruling out the mechanism of anxiety triggered by anesthesia/surgery is important for identifying new therapeutic targets.

Hyperpolarization-activated cyclic nucleotide-gated (HCN) ion channels, including HCN1–4 channels, may modulate the excitability of neurons (10). Several studies have pointed out that inhibited HCN1 channels exhibit anxiolytic effects (11–13). For example, in the hippocampus, HCN1 channel activity appears to induce anxiety (14). Moreover, in the prefrontal cortex, the HCN1 expression is predominantly among HCN1-4 (10). In the mouse brain, the medial prefrontal cortex (mPFC) is a critical region for anxiety emotions (15). HCN channels are involved in spontaneous electrical activity in the heart and brain (16). The normal activity of HCN channels is affected under stress conditions. In sick sinus syndrome, HCN4 expression is maintained by mitochondrial thioredoxin 2 through oxidative stress (17). Cyclic adenosine monophosphate (cAMP) regulates HCN channel opening by binding to the cyclic nucleotide-binding domain (16). HCN channels are sensitive to changes in the energy availability (18). cAMP is mainly generated by adenosine 5′-triphosphate (ATP) through the catalytic transformation of adenylate cyclase III (19), suggesting that mitochondria is essential to HCN1 channels. Previous studies have found that ZD7288 can reduce oxygen consumption and protect mitochondrial ATP production in H9C2 cells, indicating that HCN1 channel activity is related to mitochondrial membrane potential (MMP) (20).

Sirtuin 3 (SIRT3) is a nicotinamide adenine dinucleotide (NAD)-dependent deacetylase that is chiefly distributed in mitochondria-rich organs and tissues, such as the brain and neurons, and regulates mitochondrial protein function through acetylation (21–24). SIRT3 plays a key role in regulating mitochondrial dysfunction. In a Ti ion damage osteoblast cell model, the expression levels of SIRT3 were decreased, and SIRT3 overexpression reduced superoxide dismutase 2 (SOD2) acetylation, increased SOD2 activity, and inhibited mitochondria-generated reactive oxygen species (ROS) production and cell viability (25). In a previous study, a synthesized rhamnoside derivative (PL171), as a SIRT3 agonist, suppressed MMP reduction and damage due to mitochondrial oxygen consumption stimulated by amyloid beta (Aβ)42 (26). In another study in PC12 cells, Aβ1−40 decreased cell viability, SIRT3 activity, and MMP levels and increased ROS production, while Codonopsis pilosula polysaccharides partially recovered ATP by increasing SIRT3 expression levels (27). However, there are limited data on the impact of SIRT3 on anesthesia/surgery-induced anxiety-like behavior of mice. Therefore, the relationship of SIRT3 on SOD2 acetylation, MMP reduction, and related HCN1 channel dysfunction in postoperative anxiety-like behavior and its underlying neuroprotective mechanism were studied in this research work.



MATERIALS AND METHODS


Animals and Materials

The experimentations were performed at Xuzhou Medical University and permitted according to the local Animal Care and Use Committee. C57BL/6J mice (male, age: 3–4 months, body weight: 25–30 g) were bought from Nanjing University Model Animal Research Center. The mice were administrated with standard light/dark 12 h cycle and the house temperature around 22–25°C.



Anesthesia/Surgery Treatment

We performed tibial fracture surgery in the mice under isoflurane anesthesia to mimic a clinical operation, as shown in a previous study (28). A construct was packaged into an adeno-associated virus (AAV)2/8 chimeric virus, pAAV-mNeonGreen, to overexpress SIRT3 protein. We also set a pAAV-mNeonGreen vector without SIRT3 as the control AAV vector. These viral construct procedures were performed by OBiO Technology. ZD7288 (1 μL/mL) was dissolved in H2O and microinjected (0.5 μL/side) into the mPFC of mice bilaterally. ZD7288 (4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride) was obtained from Sigma-Aldrich (Z3777, Sigma, USA). The mice were given 3.0% isoflurane during the induction period and followed by 1.5% isoflurane in maintenance period. The detailed procedures are described in our previous study (29). The mice were returned to their cage after they recovered from anesthesia/surgery. All mice received 2% lidocaine at the local incision site to relieve postoperative pain.



Viral Microinjection

Viruses (titers >1.0 × 1012, 0.2 μL/side) were injected into the bilateral mPFC regions of the brain through stereotactic brain surgery according to the mouse brain atlas (anteroposterior +1.94 mm, lateral ± 0.30 mm, dorsoventral −2.50 mm). Virus injections were administered 4 weeks before the operation day. The location of viruse transfection were verified by immunofluorescence staining.



Behavioral Tests

The open-field test (OFT) and elevated plus-maze (EPM) test were used to evaluate the anxiety level of the mice. In the OFT, the mice were placed on a white plastic open-field apparatus, with a size of 50 cm × 50 cm and divided into a grid of 8 × 8 squares. In the test session, the movement of the mice was recorded for 5 min. For anxiety assessment, the time each animal spent in the inner 6 × 6 cm square was evaluated. The percentage of time spent in the center of the box was used to measure the anxiety level of the mice and the duration of 5 min were selected according to some pervious reports (30–32). In EPM test, the mice were first placed in the experimental room for 1 day for habituation, followed by placing them in the middle of the maze. The percentage of time spent in the open arms was recorded and analyzed for anxiety level. Ethanol (75%) was used to clean the maze after each quiz and prevent olfactory cues.



Western Blot Analysis

Western blotting was performed as described previously (33). The primary antibodies we used were as follows: HCN1 (1:2000, ab229340, Abcam, UK), SIRT3 (1:1000, 5490, Cell Signaling Technologies, USA), SOD2 (1:1000, 13141, Cell Signaling Technology, USA), ac-SOD2 (acetyl K68) (1:1000, ab137037, Abcam, UK). We used the ECL detection system (Beyotime Institute of Biotechnology, China) and ImageJ software for protein quantification.



Immunofluorescence Analysis of HCN1

Immunofluorescence staining was used to study HCN1 channel activation. The heart perfusion was carried out with 0.9% saline in the mice,followed by 4% paraformaldehyde, in 0.1 M phosphate buffer (pH7.4). Then, as reported in our prior study, the brain tissues were removed quickly and postfixed in 4% paraformaldehyde overnight. Next step, it was cryoprotected in 30% sucrose. Frozen sections were performed then (VT1000S, Leica Microsystems). The coronal sections of the brain were cut consecutively at a thickness of 30 μm when the corpus callosum forceps was initially exposed and then the 10th sections were taken and stored in PBS. According to the Paxinos and Franklin's the Mouse Brain in Stereotaxic Coordinates, the positions of the coronal sections of the mPFC were approximately 1.65–1.75 mm anterior to the bregma. Goat serum (10%) was blocked for 1 h, then HCN1 antibody (1:100, ab84816, Abcam, UK) was incubated overnight at 4 °C. The secondary antibody was goat anti-mouse Alexa 594 (1:500, ab150080, Abcam), incubating for 2 h at room temperature in the dark. The fluorescence intensity was imaged with confocal microscope and used for analyzed (Zeiss, LSM880, Germany). 6 mice per group were used. The fluorescence intensity analysis methods were the same as those used in a previous study (29).



SOD2 Activity Evaluation

Spectrophotometric assay kits were used to ascertain SOD2 activity (Elabscience, Wuhan, China).



Determination of MMP

MMP was detected using JC-1 dye (Beyotime, Shanghai, China), as described previously (33). The samples were then incubated at 37 °C in a quainter. We used the Varioskan LUX microplate reader to determine the red (590 nm) and green (525 nm) fluorescence intensities.



Statistical Analysis

GraphPad Prism 6.0 (GraphPad Software, Inc.) was used for statistical analyses. Data are shown as mean ± standard error of mean. Differences among the four groups were analyzed using one-way analysis of variance. Statistical significance was set at p < 0.05.




RESULTS


SIRT3 Overexpression Protected Against Anesthesia/Surgery-Induced Anxiety-Like Behavior

Previous studies have shown that anesthesia/surgery can induce adverse emotions (34, 35). To investigate whether anxiety-like behavior can be induced postoperatively, we employed the standard OFT and EPM test to trace the mice's movement among the four groups at different time points. In the OFT, the percentage of time that was spent in internal region in A/S + VEH group was significant decreased in comparison with C + VEH group at day 1 and day 3 postoperatively (p < 0.05, Figures 1A,B). Next, the percentage of time that was spent in EPM's open arm was also significant declined in A/S + VEH than C + VEH group at day 1 and day 3 after operation (**p < 0.01, *p < 0.05, Figures 1C,D). The outcomes illustrated that anesthesia plus surgery might cause anxiety-like behavior in mice at post-operative period. Moreover, SIRT3 overexpression protected against the decreased percentage of time that was spent in OFT's interior region and the percentage of time that was spent in EPM's open arm in A/S + SIRT3 in comparison with group A/S + VEH at day 1/3 postoperatively. (# p < 0.05, Figures 1A–D). SIRT3 attenuated anesthesia/surgery induced anxiety emotion in mice was indicated by these data.


[image: Figure 1]
FIGURE 1. Effect of SIRT3 effect on anxiety-like behavior induced by anesthesia/surgery. (A,B) The percent time spent in inner area and movement trace of the OFT among the 4 groups. (C,D) The percent time in open arm and movement trace of the EPM among the 4 groups (n = 10 per group, *p < 0.05; **p < 0.01). Data are presented as the means ± SEM.




SIRT3 Overexpression Meliorated Anesthesia/Surgery Induced SOD2 Acetylation in Mice mPFC

To reveal the function of SIRT3 in postoperatively anxiety, AVV-SIRT3-mNeonGreen was microinjected into the mPFC area, and AVV-mNeonGreen alone was used as control (Figures 2A,B). SIRT3 was raised in group C + SIRT3 but diminished in A/S + VEH in comparison with C + VEH group, while overexpress SIRT3 saved the diminished SIRT3 in group A/S + SIRT3 in comparison with group A/S + VEH (#p < 0.05, *p < 0.05, **p < 0.01, Figures 2C,F). Then, to demonstrate the substrate acetylation level of SIRT3, the ac-SOD2 K68 in mPFC was measured repeatedly among groups. As shown in Figures 2D,G, the ac-SOD2 K68 expression was increased significantly in A/S + VEH in comparison with C + VEH group, while the ac-SOD2 K68 was significantly diminished in A/S + SIRT3 in comparison with A/S + VEH group (#p < 0.05, **p < 0.01). Meanwhile, we evaluated SOD2 K68 level in mPFC among groups at the same time point. There was not significantly difference of SOD2 level among 4 groups neither at day 1 or day 3 postoperatively (Figures 2E,H). These results suggested that SIRT3/ac-SOD2 signal pathway in mPFC was involved in anesthesia plus surgery caused anxiety-like behavior.


[image: Figure 2]
FIGURE 2. Effect of SIRT3 overexpression on SOD2/Ac-SOD2 levels. (A) Location of AAV-SIRT3 or AAV-VEH microinjection in the mPFC of mice. (B) AAV-SIRT3 vector expression in mice mPFC region is shown on fluorescence images. (C-H) SIRT3, Ac-SOD2, and SOD2 expression among the four groups on days 1 and 3 is shown by western blotting and quantification (n = 6 per group, *p < 0.05; **p < 0.01; #p < 0.05; ##p < 0.01). Data are presented as the means ± SEM.




SIRT3 Overexpression Attenuated Anesthesia/Surgery Related Oxidative Stress Reaction in Mice mPFC

Evidence shows that SIRT3 plays an important role in mitochondrial function and that oxidative stress response is associated with surgical trauma (29, 33). Thus, we examined the effects of SIRT3 overexpression on MMP levels and SOD2 activity induced by anesthesia/surgery in the mPFC region of mice. Anesthesia/surgery induced decreased SOD2 activity and MMP in A/S + VEH in comparison with C + VEH group in mice mPFC region on day 1 and 3 postoperatively. Meanwhile, SIRT3 overexpression attenuated the decreased SOD2 activity and MMP level in A/S + SIRT3 in comparison with A/S + VEH group (#p < 0.05, *p < 0.05, **p < 0.01, Figures 3A–D). These consequences pointed out that mitochondrial oxidative stress reaction induced by anesthesia/surgery in mice mPFC was meliorated in the SIRT3 dependent way.


[image: Figure 3]
FIGURE 3. Effect of SIRT3 overexpression on mitochondrial oxidative levels. (A–D) Analysis of SOD2 and MMP in the mPFC region among the four groups (n = 6 per group, *p < 0.05; **p < 0.01; #p < 0.05). Data are presented as the means ± SEM.




HCN1 Channel Was Involved in the Neuroprotective Effect of SIRT3 Overexpression on Anxiety-Like Behavior Induced by Anesthesia/Surgery

Several studies have reported that the HCN1 channel is related to anxiety in different disease models (11, 12, 14, 16, 36), but no studies have evaluated HCN1 channels in anesthesia/surgery-induced anxiety-like behavior and the dependence of HCN1 channel on SIRT3. Western blot showed that the HCN1 channel expression increased in group A/S + VEH in comparison with C + VEH group significantly, the HCN1 rise was meliorated by SIRT3 overexpression in A/S + SIRT3 in comparison with A/S + VEH group (#p < 0.05, **p < 0.01, Figures 4A,B). Meanwhile, the immunofluorescence staining of HCN1 demonstrated that anesthesia/surgery induced HCN1 channel activated in A/S + VEH than in C + VEH group in the mPFC at day 1 and day 3 postoperatively. Additionally, HCN1 channel activation was inhibited by SIRT3 overexpression in group A/S + SIRT3 than A/S + VEH (##p < 0.01, #p < 0.05, **p < 0.01, Figures 4C,D). Next, we analyzed the percentage of HCN1+ cell to DAPI as well. Anesthesia/surgery induced the number of cells that expressed HCN1 in A/S + VEH than in C + VEH group in the mPFC at day 1 and day 3 postoperatively. Accordingly, the percentage of HCN1+ cell was inhibited by SIRT3 overexpression in A/S + SIRT3 than A/S + VEH group (#p < 0.05, *p < 0.05, Figures 4E,F). These consequences released that HCN1 channel might be involved in surgery trauma in SIRT3 dependent manner.


[image: Figure 4]
FIGURE 4. Effect of SIRT3 overexpression on the HCN1 channel. (A,B) Representative western blots and quantification of HCN1 levels in mPFC area. (C–F) Representative images and quantification of HCN1 fluorescence in mPFC area (n = 6 per group, *p < 0.05; **p < 0.01; #p < 0.05; ##p < 0.01). Data are presented as the means ± SEM.




ZD7288 Inhibited Anesthesia/Surgery-Induced HCN1 Channel Activation in Mice mPFC

Recent studies have indicated that HCN1 channel activity induces anxiety in the hippocampus (14, 37). Indeed, blocking the HCN1 channel by ZD7288 has anxiolytic effects (13). Therefore, the HCN1 channel blocker ZD7288 was microinjected and HCN1 expression was measured by western blot and immunofluorescence staining. As shown in Figures 5A,B, HCN1 expression was significantly increased in group A/S + VEH day 1 and 3 after anesthesia/surgery (#p < 0.05, **p < 0.01, Figures 5A,B). Additionally, the HCN1 expression was decreased by ZD7288 significantly in A/S + ZD7288 group than in group A/S + VEH postoperatively. Meanwhile, the immunofluorescence staining of HCN1 demonstrated that anesthesia/surgery induced HCN1 channel activated in A/S + VEH than in C + VEH group in the mPFC at day 1 and day 3 postoperatively. In Addition, HCN1 channel activation was inhibited in group A/S + ZD7288 (##p < 0.01, #p < 0.05, **p < 0.01, Figures 5C,D). We also found that anesthesia/surgery induced the increase of the percentage of HCN1+ cell in A/S + VEH than in C + VEH group in the mPFC at day 1 and day 3 postoperatively. Accordingly, the percentage of HCN1+ cell was inhibited in A/S + ZD7288 group than A/S + VEH group (##p < 0.01, #p < 0.05, **p < 0.01, Figures 5E,F). These consequences released that HCN1 channel activation in mice mPFC might be blocked by ZD7288 after anesthesia/surgery.


[image: Figure 5]
FIGURE 5. Effect of ZD7288 on the HCN1 channel. (A,B) Representative western blots and quantification of HCN1 levels in mPFC area. (C–F) Representative images and quantification of HCN1 fluorescence in mPFC area (n = 6 per group, *p < 0.05; **p < 0.01; #p < 0.05; ##p < 0.01). Data are presented as the means ± SEM.




Inhibition of the HCN1 Channel Did Not Affect Anesthesia/Surgery-Induced SIRT3 Decrease and SOD2 Acetylation in Mice mPFC

To clarify the upstream/downstream relationship between HCN1 and SIRT3/SOD2, SIRT3 expression was measured after ZD7288 and anesthesia/surgery interactive treatment. As we can see in Figures 6A,D, the SIRT3 expression was decreased in A/S + VEH than in C + VEH group, but not significantly changed in group A/S +ZD7288 (**p < 0.01, Figures 6A,D). Next, the ac-SOD2 level was meaningfully raised in A/S + VEH than in C + VEH group at day 1 and 3 postoperatively (**p < 0.01, Figures 6B,E), but not meaningfully changed in A/S +ZD7288 group than in A/S + VEH group. Lastly, the SOD2 level was still not significantly changed among 4 groups day 1 and 3 after anesthesia/surgery (Figures 6C,F). These results suggested that the HCN1 blocker ZD7288 did not prevent anesthesia/surgery-induced SIRT3 decrease and activated SOD2 acetylation in mice mPFC after surgery; hence, HCN1 might be the downstream target in the SIRT3/ac-SOD2 signaling pathway.


[image: Figure 6]
FIGURE 6. Effect of the HCN1 inhibitor ZD7288 on SIRT3, SOD2, and Ac-SOD2 levels. (A–F) SIRT3, Ac-SOD2, and SOD2 expression among the four groups on days 1 and 3 are shown by western blotting and quantification (n = 6 per group, **p < 0.01). Data are presented as the means ± SEM.




Inhibition of the HCN1 Channel Did Not Affect Mitochondrial Oxidative Stress Reaction Induced by Anesthesia/Surgery in Mice mPFC

To observe the interaction between HCN1 and SIRT3-related pathways, the mitochondrial oxidative stress response was measured after ZD7288 treatment. Anesthesia/surgery induced decreased SOD2 and MMP level in A/S + VEH in comparison with C + VEH group in mice mPFC region on day 1 and 3 postoperatively. However, HCN1 blocker ZD7288 did not attenuate the decreased SOD2 and MMP level in A/S + ZD7288 in comparison with A/S + VEH group (**p < 0.01, *p < 0.05, Figures 7A–D). These data indicated that inhibition of HCN1 channel activation did not affect SIRT3-related mitochondrial oxidative stress reaction induced by anesthesia/surgery in mice mPFC, also supporting that HCN1 might be the downstream target of the SIRT3/ac-SOD2 signaling pathway.


[image: Figure 7]
FIGURE 7. Effect of HCN1 inhibitor on mitochondrial oxidative levels. (A–D) Analysis of SOD2 and MMP in the mPFC region among the four groups (n = 6 per group, *p < 0.05; **p < 0.01). Data are presented as the means ± SEM.




Inhibition of the HCN1 Channel Attenuated Anesthesia/Surgery-Induced Anxiety-Like Behavior in Mice

To demonstrate the role of the HCN1 channel in anxiety emotion after surgery, the OFT and EPM test were used for behavioral testing. In the OFT, the percentage of time in interior region in group A/S + VEH was significantly lower (**p < 0.01, Figures 8A,B). Moreover, the HCN1 blocker protected against the decreased percentage of time that was spent in OFT's interior region in group A/S + ZD7288. (## p < 0.01, Figures 8A,B). Next, the percentage of time that was spent in EPM's open arm was also significant diminished in A/S + VEH (**p < 0.01, Figures 8C,D). In addition, HCN1 blocker protected against the diminished percentage of time that was spent in EPM's open arm in group A/S + ZD7288 (# p < 0.05, Figures 8C,D). These consequences showed that HCN1 blocker ZD7288 attenuated anesthesia/surgery induced anxiety emotion in mice.


[image: Figure 8]
FIGURE 8. Effect of the HCN1 inhibitor on anxiety-like behavior induced by anesthesia/surgery. (A,B) The percent time spent in inner area and movement trace of the OFT among the 4 groups. (C,D) The percent time in open arm and movement trace of the EPM among the 4 groups (n = 10 per group, *p < 0.05; **p < 0.01; #p < 0.05; ##p < 0.01). Data are presented as the means ± SEM.





DISCUSSION

This study was conducted to examine the effects of SIRT3 on anxiety-like behavior induced by anesthesia/surgery in mice and assess the role of HCN1 channels. We found that SIRT3 attenuated postoperative anxiety by regulating SOD2 acetylation and mitochondria-mediated oxidative stress. The protective effects of SIRT3 on anxiety-like behavior appeared to be related to HCN1 channel function.

Anxiety disorders occur worldwide. In 2019, Lancet Psychiatry published an important epidemiological survey by Chinese mental health organizations, which showed that anxiety disorder is currently the most prevalent mental disorder in China (38). The prevalence ranking of mental disorders (including some neurological diseases) from 30 European countries also showed that anxiety disorder was the most common mental disorder, and its prevalence was much higher than that of insomnia, posttraumatic stress disorder (PTSD), Alzheimer's disease, and depression (39). However, patients with anxiety often complain of physical symptoms, such as pain or sleep disturbances, and the rate of missed diagnosis or misdiagnosis is high. Perioperative factors often aggravate anxiety, and most perioperative patients experience anxiety. However, perioperative anxiety, especially postoperative anxiety, has not received enough attention.

Postoperative anxiety, as a perioperative neuropsychiatric symptom, may lead to delayed discharge, chronic postoperative pain, increased delirium, and cognitive impairment and may affect the quality of life and long-term prognosis of patients (40, 41). According to a previous study, the incidence of postoperative anxiety ranges from 4.1% to 79.6%; it seriously affects the postoperative recovery of patients and the time to return to work and is related to postoperative analgesic abuse, chronic pain, and pathological behavior (42). A previous meta-analysis showed that postoperative anxiety might last for >1 year in patients undergoing cardiac surgery and that perioperative anxiety was significantly associated with late postoperative mortality (43). Postoperative anxiety was also associated with the incidence of postoperative atrial fibrillation in patients undergoing coronary artery bypass grafting (44). In a meta-analysis of 27 clinical studies related to postoperative intensive care unit (ICU) anxiety status in 2880 patients, the incidence of anxiety disorders at 2–3 months, 6 months, and 12–14 months after enrolment was 32%, 40%, and 34%, respectively. Anxiety increases the incidence of post-ICU delirium, depression, and PSTD and reduces the quality of life of patients (45). The commonly used acute antianxiety drugs are benzodiazepines, which may aggravate the side effects, such as delirium, and are limited as postoperative antianxiety drugs (9). Venlafaxine, recommended as a first-line anxiolytic, which needs approximately a week to take effect, may not be suitable for the postoperative period (46). Therefore, exploring the mechanism of postoperative anxiety and finding effective and safe agents is of great clinical significance and social value.

The relationship between anxiety and pain has been debated. Preoperative administration of midazolam can reduce postoperative pain scores and the occurrence of postoperative anxiety (47). In a previous study, the dosage of postoperative patient-controlled analgesia pump for patients with anxiety was significantly increased with a decrease in mechanical pain threshold (48). Unmanaged pain can aggravate anxiety, but some studies have found no correlation between anxiety and postoperative pain (49). In the incision pain model, the mechanical pain threshold was reduced 24 h after surgery and gradually returned to normal, but anxiety-like behavior persisted for 5 days after surgery (34), suggesting that the negative emotional anxiety associated with postoperative pain might have a more serious and lasting impact than pain itself. In our study, we also treated the mice with 2% lidocaine cream to relieve postoperative pain, although we could not completely rule out the effect of postoperative pain, we found anxiety symptoms in mice at least 3 days after anesthesia/surgery.

SIRT3, an NAD-dependent deacetylase, is mainly distributed in mitochondria-rich tissues and organs and regulates mitochondrial protein function through acetylation (21). SIRT3 is associated with anxiety in mice with Alzheimer's disease (50). Synaptic electrical activity and neurotransmitter transmission depend on mitochondrial energy supply. Increased SIRT3 expression in hippocampal neurons enhances the release of excitatory neurotransmitters (51). In a spinal cord ischemia model, MMP loss and neuronal apoptosis were protected by ZL006 by stimulating SOD2 deacetylation and mitochondrial enzyme activities in a SIRT3-dependent manner (52). Melatonin relieves contrast-induced acute kidney injury by activating SIRT3 and diminishing ac-SOD2 K68, thus exerting an antioxidative effect (53). Here, we showed that SIRT3 attenuated anesthesia/surgery-induced anxiety-like behavior in mice mPFC via the ac-SOD2 K68-mediated mitochondrial oxidative stress pathway.

Antianxiety behavior associated with the brain-derived neurotrophic factor-mammalian target of rapamycin signaling pathway was revealed by knockdown of HCN1 channels in the hippocampal dorsal CA1 region, suggesting that HCN1 protein might be a target for anxiety disorder treatment (14). In withdrawal anxiety of ethanol dependence disorder, HCN1 expression was increased with changes in the synaptic ultrastructure (11). Ketamine affects HCN1 expression in the prefrontal cortex to alleviate PTSD-associated anxiety symptoms (12). In mice with chronic stress, the HCN1 channel in the basolateral amygdaloid nucleus has been shown to be an important part of the pathophysiology of anxiety and a potential target for new therapies for anxiety (54). In our study, the HCN1 inhibitor ZD7288 could prevent anesthesia/surgery-induced anxiety-like behavior, indicating the key role of the HCN1 channel. However, ZD7288 did not affect SIRT3/ac-SOD2 expression. Additionally, SIRT3 overexpression decreased HCN1 expression, suggesting that the HCN1 channel might be the downstream target of the SIRT3/ac-SOD2 pathway. Our results revealed that SIRT3 might have an important regulatory function in the HCN1 channel through the SOD2 acetylation-mediated mitochondrial pathway in a mouse model of postoperative anxiety.

Our current research has several limitations. First, we only evaluated the mPFC region in our study; thus, we could not rule out the effect of other brain regions in anesthesia/surgery-induced anxiety symptoms. Second, in this study, a separate anesthesia control group was not included because patients undergoing surgery will receive all these steps, and several factors may play a role in the clinical management of such cases. The role of other perioperative factors associated with the SIRT3 and HCN1 channels in the mPFC in postoperative anxiety behavior should be explored in the future studies. Third, the electrophysiological mechanism of the HCN1 ion channel in anesthesia/surgery-induced anxiety behavior was not explored, which should be studied in further studies. Fourth, HCN1 channels have been established to be predominantly localized in neurons in the mouse cortex and rat hippocampus (55, 56). In the transient ischemia model, HCN1 was transiently and markedly increased at 6 h but barely detected at 4 days in the CA1 pyramidal neurons after transient global cerebral ischemia (tgCI), however, HCN1 was expressed in pericytes and astrocytes in the ischemic CA1 subfield 4 days after tgCI. Therefore, HCN1 channel might be a common feature of reactive astrocytes at later stages after ischemic brain injury and these channels might play an important role in the regeneration of ischemic tissue. In hence, we cannot totally rule out the HCN1 channel in glial cell, we may perform the study of HCN1 channel in specific cell type and different time point in the further.



CONCLUSIONS

This study suggest that SIRT3 may ameliorate anesthesia/surgery-induced anxiety-like behavior by preventing SOD2 acetylation-mediated mitochondrial oxidative stress and HCN1 channel dysfunction in the mPFC of mice. SIRT3 may be an expected target for the treatment and diagnosis of postoperative anxiety disorders.
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Objective: The brain compensation mechanism in postoperative delirium (POD) has not been reported. We uncovered the mechanism by exploring the association between POD and glioma grades, and the relationship between preoperative brain structural and functional compensation with POD in patients with frontal glioma.

Methods: A total of 335 adult patients with glioma were included. The multivariable analysis examined the association between tumor grade and POD. Then, 20 patients with left frontal lobe glioma who had presurgical structural and functional MRI data and Montreal Cognitive Assessment (MoCA) in this cohort were analyzed. We measured the gray matter volume (GMV) and functional connectivity (FC) in patients with (n = 8) and without (n = 12) POD and healthy controls (HCs, n = 29) to detect the correlation between the structural and functional alteration and POD.

Results: The incidence of POD was 37.3%. Multivariable regression revealed that high-grade glioma had approximately six times the odds of POD. Neuroimaging data showed that compared with HC, the patients with left frontal lobe glioma showed significantly increased GMV of the right dorsal lateral prefrontal cortex (DLPFC) in the non-POD group and decreased GMV of right DLPFC in the POD group, and the POD group exhibited significantly decreased FC of right DLPFC, and the non-POD group showed the increasing tendency. Partial correlation analysis showed that GMV in contralesional DLPFC were positively correlated with preoperative neurocognition, and the GMV and FC in contralesional DLPFC were negatively correlated with POD.

Conclusions: Our findings suggested that insufficient compensation for injured brain regions involving cognition might be more vulnerable to suffering from POD.

Keywords: postoperative delirium, brain cognitive compensation, frontal lobe glioma, structural and functional MRI, conceptual model


INTRODUCTION

Postoperative delirium (POD) is a common surgical complication, with an incidence ranging from 11 to 51% (Rudolph and Marcantonio, 2011; Inouye et al., 2014). Although the delirium episodes are usually transient, it is associated with permanent adverse sequelae, including worsen long-term cognition and increased mortality (Rudolph and Marcantonio, 2011; Inouye et al., 2014; Huang et al., 2021). So far, the neural mechanism of POD remains obscure. Recent neuroimaging studies found that some brain structure or ultrastructure damage might be the neural substrates of vulnerability to POD (Cavallari et al., 2016, 2017; Racine et al., 2017). Therefore, in a multicentre observational study, van den Boogaard et al. (2012) found that the admission category of neurosurgery was an independent risk factor for the development of delirium. Several studies reported that the incidence of POD following neurosurgical procedures varied between 4 and 44% (Chen et al., 2014; Matano et al., 2017; Budėnas et al., 2018; Flanigan et al., 2018; Schubert et al., 2018; Tanaka et al., 2018; Wang et al., 2018; He et al., 2019; Morshed et al., 2019; Zipser et al., 2019). Our previous work has observed a unique phenomenon that in neurosurgical patients, the risk of POD was increased by approximately three-fold in those with malignant brain tumors (Wang et al., 2020). It seems that patients with faster lesion momentum are associated with greater POD risk. Probably because greater brain reorganization may occur when neuronal damage happens at a slower rate, while faster brain injury may leave little time for compensation and result in poor neurocognitive function (NCF) reserve (Noll et al., 2015; Klein, 2016; Wefel et al., 2016). We speculated that the growth kinetics and aggressiveness of brain tumors may regulate the development of POD through impacting brain compensation. Glioma comprises the vast majority of primary malignant brain tumors (Schwartzbaum et al., 2006). The glioma with different tumor grades would produce varying degrees of brain reorganization (Yuan B. et al., 2020). Therefore, glioma could be viewed as a model, which “knockout” the brain region involving certain function and also induce corresponding compensation. To preliminarily investigate the possible phenomenon of compensation mechanism that has not yet been reported in the occurrence of POD, we firstly performed a nested clinical data analysis of our previous prospective cohort study (Wang et al., 2020) to characterize the relationship between POD and tumor grades in patients with glioma. In addition, several important hub nodes involving the development of POD, such as the posterior cingulate cortex (PCC) and the prefrontal dorsolateral cortex (DLPFC), are located in the frontal lobe (Oh et al., 2019). Therefore, we then used multimodal MRI techniques to further verify the association between the brain’s structural or functional compensation and POD through the model of frontal lobe glioma. Here, frontal lobe glioma could be viewed as a model which “knocked out” the brain region associated development of POD and also induce corresponding compensation of cognitive function. We hypothesized that in patients with frontal lobe glioma, the structural and functional compensation induced by frontal lobe lesion might, to some extent, help the vulnerable brain resist perioperative stress and prevent POD. This is an indication that insufficient brain compensation might be the important pathological base of POD.



MATERIALS AND METHODS

This study was carried out in accordance with the latest version of the Declaration of Helsinki and the study procedures were approved by the institutional review board of Beijing Tiantan Hospital, Capital Medical University, Beijing, China (KY 2017-018-02). Written informed consent was obtained from all patients in this study.


Study Design and Population

This was a nested analysis of a prospective cohort study of adult patients after elective intracranial surgery enrolled in the neurosurgical intensive care unit (ICU) (ClinicalTrials.gov NCT 03087838) of a university-affiliated, tertiary hospital in Beijing, China between March 2017 and February 2018 (Wang et al., 2020).

This study enrolled patients aged 18 and older, scheduled for elective intracranial surgery and with a centrally reviewed diagnosis of malignant glioma. The exclusion criteria were non-Chinese speakers, transsphenoidal surgery, cerebrospinal fluid (CSF) shunt and drainage surgery, pre-operative coma, pre-operative cognitive dysfunction due to PD or dementia, history of psychosis, could not be assessed for delirium, or unlikely to survive 24 h. Detailed information on perioperative clinical care is described in the Supplementary Material.



Outcomes

The primary outcome was the occurrence of POD. The POD was assessed by two trained investigators twice a day using the confusion Assessment of the Method for the ICU (CAM-ICU) (Ely et al., 2001; Wang et al., 2013) during the first 72 h after ICU admission. First, the sedation status was determined by the Richmond Agitation-Sedation Scale (RASS), where a RASS score of at least −3 is necessary before the CAM-ICU can be continued to perform. CAM-ICU is positive when there is an “an acute onset of change or fluctuating mental status” and “inattention”, plus either “disorganized thinking” or “altered level of consciousness”. The presence of POD was defined as any positive CAM-ICU assessment.



Exposure Variable – Tumor Grade

The primary exposure variable studied was a tumor grade. Specialist neuropathologists in our hospital made the histopathological diagnoses. Specifically, glioma graded for grades I to IV based on morphology, malignant behavior, and molecular parameters as defined in the 2016 WHO classification of tumors of the central nervous system (Louis et al., 2016). Grades I or II gliomas are defined as low-grade glioma and Grade III or IV are defined as high-grade (Louis et al., 2016). These data were collected retrospectively from the electronic medical record.



Covariate Data

To adjust for confounding variables, potentially associated with the exposure variables of study outcomes, the following factors were included as covariates in our study: preoperative and intraoperative characteristics, such as patient demography, comorbidity, medical history, American Society of Anesthesiologists (ASA) physical status, anesthetic technique, use of midazolam as premedication, intraoperative use of opioids, intraoperative use of dexmedetomidine, intraoperative transfusion, episode of hypotension, and duration of operation were chosen from evidence-based and consensus-based risk factors for POD (Aldecoa et al., 2017). As very few neurosurgery-specific risk factors of POD in neurosurgical patients were reported, we collected the following brain tumor-specific factors, for example, tumor location, the limbic system involved, cortex involved, bihemispheric involved, largest tumor dimension, and extent of resection.



Brain Imaging and Image Processing


Image Acquisition

Preoperative neuroimaging data obtained from subjects who performed preoperative high-resolution T1-weighed MRI and rest-state functional MRI (fMRI) (rs-fMRI) in the same type of MRI scanner (Philips Ingenia Elition, Amsterdam, Netherlands) were analyzed. Previous studies have reported that the frontal lobe might be one of the important brain regions involved in POD (Oh et al., 2019), therefore, we chose the patients with glioma in the frontal lobe as the subject of our further research. However, in our studies, there were very few patients with glioma in the right frontal lobe who completed comprehensive required imaging examinations. To avoid the effect of tumor location, only the patients with glioma in the left frontal lobe were included and analyzed. For all subjects, T1-weighted images were acquired with the following parameters: axial magnetization prepared rapid gradient echo (MPRAGE) sequence; repetition time (TR) = 1,900 msec; echo time (TE) = 3 msec; flip angle (FA) = 8°, inversion time (TI) = 900 msec; field of view (FOV) = 256 × 256 mm; matrix size = 256 × 192; voxel size = 1 × 1 × 1 mm3; and scanning time = 7 min 47 s. The rs-fMRI images were acquired using the following parameters: TR = 2,000 msec; TE = 30 msec; FA = 90°, FOV = 192 × 192 mm; matrix size = 64 × 64; thickness = 3 mm; slice number = 33; and scanning time = 8 min. All subjects were instructed to relax, keep their eyes close, and not think about anything. The healthy control (HC) group consisted of 29 age-, sex-, and education-matched healthy volunteers who were examined in the same scanner as the patients.



Data Preprocessing

Structural image processing was conducted using Statistical Parametric Mapping 12 (SPM 12) and Computational Anatomy toolbox 12 (CAT 12) running in the MATLAB environment (MathWorks Inc., CA, United States). The procedure started at manual reorientation to the anterior commissure with SPM12. Then, using the CAT 12, 3D T1-weighted images were segmented into GM, white matter (WM), and CSF. Next, non-brain tissue was removed by an automated brain extraction procedure with segmentation. The extracted GM images were normalized to the Montreal Neurological Institute-152 (MNI-152) standard space with the voxel size as 1.5 mm and, then, smoothed with an 8-mm full width at half-maximum (FWHM) Gaussian Kernel. The generated smoothened GM images were subjected to the following statistical analyses.

The rs-fMRI data were preprocessed using SPM12 and the Data Processing & Analysis of Brain Imaging toolbox (DPABI). The preprocessing steps mainly included a standard pipeline, including removing the first 10 scans, slice-timing correction, realignment, unwarping, spatial normalization, regressing out nuisance covariates, filtering 0.01−0.1 Hz temporal bandpass, and scrubbing. Then, regions showing significant differences in GM volumes between patient groups were selected as seeds to calculate functional connectivity (FC). Pearson’s correlation coefficients were computed between the mean time series of seeds for the rest of the whole brain (based on BN246 parcellation). To improve the normality, the correlation coefficients were transformed into Fisher’s z scores and the results were displayed as a connectivity matrix for each participant.




Assessment of Preoperative Cognitive Function

The patients included in the neuroimaging study needed to assess the preoperative cognitive function by administration of the Montreal Cognitive Assessment (MoCA). The MoCA total score was obtained by summing up seven subscale scores, including visual-spatial abilities, name objects, attention, language, abstraction, delayed recall, and orientation. The MoCA is scored out of 30. Patients scoring below 26 were identified as having cognitive impairment.



Statistical Analysis

All clinical data statistical analyses were performed using SAS version 9.3 (SAS Institute, United States). The Kolmogorov-Smirnov test was used to test the normality of all variables. Continuous data were presented as mean ± SD or median and interquartile range; binary data were summarized via frequency and percentage. Comparisons of continuous data were made using a two-tailed independent t-test or a Mann-Whitney U test, and categorical data were compared by a Pearson chi-square or Fisher’s exact test, as appropriate. The baseline patient characteristics, intraoperative characteristics, and brain tumor-specific factors that were significant in the univariable analysis at a threshold of P < 0.05, along with strong confounders of age, sex, and education, were entered into a backward multivariable logistic regression model. Before any multivariable analysis, collinearity among covariates was assessed using the variance inflation factor; variables with a variance inflation factor > 3 were excluded. We then used a multivariable to characterize the risk-adjusted association between the primary exposure of glioma tumor grade and the primary outcome of POD. Odds ratios (ORs) and their 95% CIs were used to assess the independent contributions of significant factors. A P-value of less than 0.05 was considered statistically significant. The Hosmer-Lemeshow test was used to determine the appropriateness of the model.

Our data were obtained from our previous well-design, prospective cohort study, and all of the data were collected according to the protocol, therefore, there was no missing data in the present nested investigation study (Wang et al., 2020). The sample size for this nested cohort study was determined by the number of patients with available POD and tumor grade. However, we had also determined that a sample size of 52 patients would be necessary to detect a difference in POD incidence between patients with high-grade glioma and patients with low-grade glioma using a χ2 test with a type I error of 0.05 and a power of >80%, assuming a low-grade glioma prevalence of approximately 30%, a high-grade glioma prevalence of 70%, and a POD incidence of 10% in the patients with low-grade glioma and 48% in the high-grade patients.

The statistical analysis of the neuroimaging data was calculated in the SPM 12 and the DPABI software. A voxel-wise two-sample t-test was carried out to compare the GM volume (GMV) differences between the patient groups (POD and non-POD groups) in SPM 12. Considering the small sample size, we performed a non-parametric permutation test with age, sex, and total intracranial volumes (TIVs) as covariates and used a threshold-free cluster enhancement family-wise error (TFCE-FWE) corrected two-tailed P < 0.05 at cluster level and cluster size k > 40. We used classification of the Cohen’s d effect size as suggested by Cohen (Bowring et al., 2021), indicating 0.5 as a “medium” effect, 0.8 as “large,” and 1.2 as “very large.” To explore the differences of seed-based FC matrices between the POD and non-POD groups, two-sample t-tests were analyzed by using DPABI and GRETNA software running in the MATLAB environment (MathWorks Inc., CA, United States). Age, sex, and head motion were included as covariates to control the possible influences of these factors on the results. For fMRI data, the significant threshold was set as a less conservative uncorrected thresholds P < 0.01 due to the small sample size. The mean GMV and seed-based FC in brain regions or networks that significantly changed in patient groups were extracted from the HC group and a two-sample t-test was performed with the patient groups to further investigate whether these changes were compensation or not. Partial correlations were applied to confirm the relationship between the brain structural and (or) functional compensation and preoperative cognitive function as well as POD. The significance level was set at a two-sided P < 0.05.




RESULTS

A total of 335 patients with glioma were included in this analysis. The POD was diagnosed in 125 patients (37.3%), of whom 78 (62.4%), 27 (21.6%), and 20 (16%) were classified as hypoactive, hyperactive, and mixed subtypes, respectively.


Impact of Tumor Grade – Univariable and Multivariable Analysis

The univariable comparison of baseline patient characteristics, intraoperative characteristics, and brain tumor-specific factors between the patients with and without POD is shown in Table 1. Compared to patients without POD, POD was more likely to occur in patients with age > 65 years (P < 0.001), lower education level (P < 0.001), ASA III-IV (P < 0.001), history of alcohol abuse (P = 0.04), and history of hypertension and stroke (both P < 0.001). In terms of intraoperative characteristics, patients with POD more frequently used midazolam as premedication (P < 0.001), used fentanyl only for anesthesia maintenance (P = 0.008) and had more often intraoperative transfusion (P < 0.001). In terms of tumor characteristics, patients with POD were more likely to have higher grade glioma (P < 0.001), tumors located in the frontal (P < 0.001), and occipital lobe (P = 0.029), tumors involving the limbic system (P < 0.001), bihemispheric tumor (P < 0.001), and larger tumor (P = 0.013). We observed no collinearity among covariates (variables inflation factors below 3) and thus included all these variables into a multivariable model. Figure 1 shows the adjusted ORs for POD from the final statistical model. Patients with high-grade glioma had approximately six times the odds (OR 5.826, CI 2.501–13.570, P = 0.000) of experiencing POD. In addition, subjects with age > 65 years (OR 6.720, CI 2.450–18.433, P < 0.001), education level < 10 years (OR 2.746, CI 1.364–5.528, P = 0.005), and history with alcohol abuse (OR 2.274, CI 1.097–4.714, P = 0.027) was more likely to develop POD. Preoperative use of midazolam as premedication (OR 7.064, CI 1.772–28.157, P = 0.006) and intraoperative blood transfusion (OR 11.957, CI 3.273–43.673, P < 0.001) remained strongly associated with POD. In the neurosurgery-specific factors, patients with frontal glioma had a seven-fold increase in the odds of POD (OR 7.486, CI 3.280–17.087, P < 0.001), and those with a tumor involving the limbic system also had an increased odd of POD (OR 2.415, CI 1.175–4.964, P = 0.016). The results of the Hosmer-Lemeshow test showed that the model fitted the data well (P = 0.431).


TABLE 1. Univariable logistic regression of preoperative patients’ factors, intraoperative patients characteristics and tumor characteristics.
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FIGURE 1. Adjusted odds ratios (OR) from multivariable logistic regression. OR and [95% CIs] are calculated from the model described in Methods.




Neuroimaging Data Analyses


Demographic Characteristics

As shown in Table 2, the patients in POD group (n = 8) were older (50.25 ± 1.48 vs. 41.76 ± 9.22, P < 0.001) and had lower education level (8.25 ± 4.92 vs. 12.24 ± 1.35, P = 0.070) than HCs (n = 29), while there was no significant difference in age (44.27 ± 11.17 vs. 41.76 ± 9.22, P = 0.526) and education (12 ± 4.90 vs. 12.24 ± 1.35, P = 0.995) between non-POD group and HC subjects. Compared to the HC subjects, neither the non-POD group nor the POD group showed significant differences in total intracranial volume (all P > 0.05). In addition, there was no significant difference in tumor volume between the non-POD group and the POD group (P > 0.05).


TABLE 2. Demographic and clinical characteristic among patient with left frontal lobe glioma and healthy controls.
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Comparison of Gray Matter Volume Between the Postoperative Delirium, Non-postoperative Delirium Patients, and the Healthy Controls

As shown in Figure 2A, compared with the POD group, the non-POD group displayed significantly increased GM volume in brain regions BA6 which is part of DLPFC (P < 0.05, TFCE-FWE corrected and cluster size = 114 voxels, Cohen’s d = 2.95). No significant difference in GM volume was found in other regions. As shown in Figure 2B, compared with the HC group, the patients showed the significantly increased GM volume of the right DLPFC in the non-POD group (P < 0.001, Cohen’s d = 1.42) and decreased GM volume of the right DLPFC in the POD group (P < 0.001, Cohen’s d = −1.95).
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FIGURE 2. Comparisons of gray matter (GM) volume as well as functional connectivity between healthy controls (HCs) and patients with left frontal lobe glioma with and without delirium. (A) Spatial distribution of the GM volume abnormalities between delirium group and no delirium group. The yellow area presents brain region with significantly increased GM density calculated by voxel-based morphology (VBM) analysis (Voxel size = 1.5 mm3, cluster size = 114, Permutation test + TFCE, P < 0.001, Cohen’s d = 2.95). The color bar shows the T value. These samples show enhanced GM volume in the dorsal lateral prefrontal cortex (DLPFC)_R. (B) The comparison of mean GM density in the right DLPFC between HCs, postoperative delirium (POD) group, and non-POD group. Bars show the mean; error bars show the SE. (C) The differences of functional connectivity based on DLPFC_R between the non-POD group and POD group are shown in MNI-152 space with a P-value threshold of 0.01. (D) The comparison of z value of functional connectivity between DLPFC_R and IFG_L _6_2, as well as DLPFC_R and IFG_R _6_2 between HC group, POD group, and non-POD group. *** compared with HC, Mann-Whitney U test, P < 0.01, # compared with non-POD, Mann-Whitney U test, P < 0.01. DLPFC, dorsolateral prefrontal cortex; GM, gray matter; HC, health control; POD, postoperative delirium; R, right; VBM, voxel-based morphometry.




Comparison of Seed-Based Functional Connectivity Between the Postoperative Delirium, Non-postoperative Delirium Patients, and the Healthy Controls

Using the different brain regions between the POD and non-POD groups obtained from voxel-based morphometry (VBM) analysis as seeds, we found that the functional connectivity to the right DLPFC increased in the non-POD group compared with the POD group, and the connective module was shown in Figure 2C. Compared to the POD group, the functional connectivity increased from the right DLPFC to the bilateral inferior frontal sulcus (IFG_L/R_6_2) in the non-POD group (P < 0.01, Cohen’s d = 0.91 and 1.04, respectively). Meanwhile, compared with HCs, the POD group exhibited significantly decreased functional connectivity, and the non-POD showed functional connectivity with increasing tendency but they did not achieve statistical significance (Figure 2D).




Correlation Between Structural and Functional Indices and Postoperative Delirium

The partial correlation analysis after controlling for the effects of age, sex, and education showed a significant correlation between the mean GMV in right DLPFC and POD (r = −0.896, P < 0.0001) (Figure 3A) and a significantly positive correlation between increased GMV in the right DLPFC and preoperative neurocognition measured by MOCA scores (Figure 3B). In addition, we also found that a significant correlation between the FC between the contralateral DLPFC and contralateral inferior frontal gyrus and POD (r = −0.519, P = 0.047), whereas no significant correlation in FCs between the contralateral DLPFC and ipsilateral inferior frontal gyrus (r = −0.299, P = 0.280) (Figures 3C,D).
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FIGURE 3. Correlation analysis between structural and functional alterations in the contralesional DLPFC and POD in patients with left frontal lobe glioma. (A) Partial correlation analysis between mean GM density of right DLPFC and POD (r = –0.896, P < 0.001). (B) Partial correlation analysis between mean GM density of right DLPFC and preoperative montreal cognitive assessment (MOCA) scores (r = 0.690, P = 0.003). (C) Partial correlation analysis between function connectivity from DLPFC_R to IFG_L_6_2 and POD (r = –0.299, P = 0.280). (D) Partial correlation analysis between function connectivity from DLPFC_R to IFG_R_6_2 and POD (r = –0.519, P = 0.047). DLPFC, dorsolateral prefrontal cortex; GM, gray matter; HC, health control; IFG, inferior frontal sulcus; L, left; POD, postoperative delirium; R, right.





DISCUSSION

In our study, we detected that higher grade glioma was independently and strongly associated with POD. Other significant predictors of POD were older age, lower education, alcohol abuse, use of midazolam as premedication, blood transfusion, and glioma located in the frontal lobe and involving the limbic system. Our clinical data suggested that brain lesion momentum might affect the occurrence of POD. We validated primitively in small sample neuroimaging data to explore the underlying mechanism and found that increased GMV and FC in the contralateral DLPFC (even increased than healthy controls) was associated with decreased risk of POD in patients with left frontal glioma. Therefore, we speculated that insufficient brain compensation may be the important pathological base of POD from the model of frontal lobe glioma.

We have first reported the association between the risk of POD and the malignant degree of glioma. Our findings are similar to prior studies reporting NCF deficits in patients with glioma (Noll et al., 2015; Wefel et al., 2016). Noll et al. (2015) found preoperative NCF impairment to be more frequent even after controlling for lesion volume in patients with high-grade glioma in the left temporal lobe. Wefel et al. (2016) found that IDH1-wild type tumors which were more aggressive than IDH1-mutant also resulted in more frequent preoperative NCF impairment. Presumably, slower-growing glioma could allow greater time for migration of focal neurologic functions to nearby or contralateral structures, so patients may have milder NCF deficits (Klein, 2016). Otherwise, patients with fast-growing gliomas have no sufficient time for compensation and may have a serious NCF deficit. The recent neuroimaging studies strengthen the evidence linking cognitive compensation with brain reorganization (Hu et al., 2020; Liu D. et al., 2020; Yuan T. et al., 2020). Hu et al. (2020) showed that reorganization of contralateral GMV was associated with cognition in patients with unilateral temporal glioma. Liu Y. et al. (2020) suggested that contralesional homotopic functional connectivity in patients with unilateral temporal glioma was positively associated with cognitive functional compensation. Previous works demonstrated preoperative cognitive reserve is associated with the risk of POD (Feinkohl et al., 2017; Humeidan et al., 2021). Therefore, our finding supports the contention that insufficient brain compensation for injured brain regions involving cognition might be more vulnerable to experiencing POD.

The neural mechanisms of POD mostly focused on brain structural and functional injury, but rarely on brain compensation (Cavallari et al., 2016, 2017; Shioiri et al., 2016). Several studies suggested that cognitive compensatory mechanisms might involve delaying progression or relieving symptoms of Alzheimer’s disease and depression (Bai et al., 2019; Rajji, 2019). Therefore, we proposed an Impaired Neural Plasticity Theory hypothesis of POD (Figure 4). Specifically, POD is the consequence of brain network breakdown induced by perioperative stressors in individuals with pre-existing deficient brain connectivity and neuroplasticity. Impaired cognitive networks might be the neural pathological basis. However, reorganized networks to compensate for focal disruptions perhaps help the vulnerable brain resist acute insults. The phenomenon that patients with acute brain injury such as stroke, who did not have enough time to compensate, are at high risk of POD might bring us closer to explaining our theory hypothesis (Duceppe et al., 2019; Shaw et al., 2019). Then, we used a small set of neuroimaging data of patients with left frontal glioma to primarily test the association between POD and brain compensation, and found that increased structure and function in the contralateral DLPFC was negatively associated with risk for POD. Glioma invading the unilateral frontal lobe could induce contralesional brain reorganization within the posterior cognitive control network (CCN) (Liu Y. et al., 2020). The DLPFC is one of the important nodes within CCN (Breukelaar et al., 2020), therefore, in our study, increased structure and function in the contralateral DLPFC might be brain compensation induced by frontal lobe glioma. Given that a major function of the DLPFC is associated with execution (Kumar et al., 2017), our results suggested that though the ipsilateral executive control area was disrupted by tumor, the compensation of the contralateral executive control area might help the vulnerable brain become robust to resist stresses and prevent POD.
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FIGURE 4. Conceptual model of relationship between brain damage, brain compensation, and POD. The conceptual model illustrates that premorbid integrity of individual brain regions (yellow intact or broken dots on the left side of brain) and/or brain connectivity (thick or thin blue line), as well as robustness of brain compensation (yellow dots and green line on the right side of brain), may relate to the POD incidence under conditions of heightened stress from surgery. (A) Individuals with intact brain structure and function, such as healthy young people, can accommodate surgical stress, and, thus, do not suffer from POD. (B) Individuals with impaired brain structure and (or) function but robust compensation, such as some chronic brain-injured patients, including brain benign tumor and patients with high education level et al may also be less likely to suffer POD. (C) Individuals with impaired brain structure and (or) function but insufficient compensation, such as relative fast brain-injured patients including brain tumors with low malignancy are prone to have the symptoms of delirium after suffering from a surgical strike. As the stressor resolves, brain compensation may continue to occur, and, thus, long-term cognitive function will be restored or might be less affected. (D) When brain structure and (or) function were impaired but compensation, or decompensation, has not yet been established, such as highly malignant brain tumor, acute stroke, traumatic brain injury, Alzheimer’s disease, etc., individuals with greater vulnerability experience greater POD incidence, duration, and severity.


In addition, we identified another two tumor-specific risk factors – frontal lobe glioma and glioma involving the limbic system. Previous fMRI studies showed an abnormal interaction between the default mode network (DMN) and central executive network (CEN) during an episode of delirium (Oh et al., 2019). The posterior cingulate cortex and DLPFC are the hub nodes of DMN and CEN, respectively, and both of them are located in the frontal lobe (Oh et al., 2019). Therefore, patients with frontal lobe glioma have seven times increased risk of developing POD. The limbic system, such as corpus callosum and hippocampus, could be linked to impairment in integrative, visuospatial, and memory function, which often characterizes the delirium syndrome (Cavallari et al., 2016; Shioiri et al., 2016). The hippocampus is one of the most important brain regions involved in the stress-response system (Kurumaji et al., 2011). Therefore, its damage could make the brain more vulnerable to resist stress. The corpus callosum played an important role in the inter-hemispheric compensation of sensorimotor functioning in the case of unilateral brain damage (Wang et al., 2012). Therefore, lesions involving the limbic system might make corpus callosum connecting fibers mediated compensation become unstable.

In accordance with previous studies, we also found that the use of benzodiazepines is a risk factor of POD (Aldecoa et al., 2017). Several studies suggested that γ-aminobutyric acid-ergic inhibition is related to functional plasticity and behavioral improvement (Jacob, 2019). A randomized controlled trial in patients with eloquent area glioma, who had no major neurologic deficits at baseline, found that midazolam might augment or reveal motor dysfunction through inhibiting brain compensatory networks (Lin et al., 2016). Therefore, disrupting cognitive compensatory networks may be one of the potential mechanisms of POD caused by benzodiazepines.

Some study limitations warrant mention. First, because of limited neuroimaging data, we only analyzed the data of 20 patients with glioma in the left frontal lobe and did not investigate the phenomenon in patients with glioma in the right frontal lobe and more other brain regions. Therefore, whether the contralesional neuroanatomical and function changes are compensation induced by brain tumors or the neural substrates of vulnerability to POD, do not allow conclusions to be drawn. Secondly, our restricted enrolment of patients with glioma may not be generalizable to the entire surgical population. However, POD might be the result of a failed “stress test” for the brain, revealing underlying neurological injury in the presence of a surgical strike (Vlisides and Mashour, 2019). Brain injury and brain compensation always go together. Therefore, insufficient brain compensation may be the universal pathological base of POD.

In summary, we found that higher grade glioma was independently associated with risk of POD and hypothesize that insufficient brain compensation may be the important pathological base of POD. Furthermore, we used multimodal MRI to primarily validate this hypothesis in patients with frontal lobe glioma. Our work should enrich the pathogenesis of POD and provide a more theoretical basis for clinical interventions of POD.
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Factors Control (n = 8) Delirium (n =8) p-value

Age (years) 74+£6.9 75+6.5 0.82
Sex (female:male) 5:3 53 >0.9999
BMI (kg/m?) 2818 +4.55 29.29 +5.02 0.88
Cardiopulmonary Bypass Time (min) 134.8 &+ 58.7 1495+ 34.9 0.38
PROMIS Physical T-Score 4423 +10.34 43.01+8.94 0.70

The data are shown as mean + SD. Statistical significance determined using the
Mann-Whitney t-test with p < 0.05 considered significant.
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circRNA ID Predicted miRNA response elements (MREs)

MRE1 MRE2 MRE3 MRE4 MRE5
circRNA_28795 miR-151-5p miR-669b-5p miR-453 miR-138-5p miR-298-5p
circRNA_44122 miR-7033-5p miR-6914-3p miR-6974-3p miR-7010-3p miR-361-3p
circRNA_22058 miR-196a-5p miR-7048-3p miR-322-5p miR-6964-3p miR-670-3p
circRNA_44559 miR-1903 miR-207 miR-6946-3p miR-6896-3p miR-6976-3p

circRNA_22673 miR-6952-5p miR-6982-5p miR-7092-3p miR-6957-3p miR-6986-5p
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Significantly up/downregulated circRNAs

probelD P-value FDR FC(abs) Regulation circRNA
ASCRP4007024 0013865474 0529357952 2.2450055 up mmu_circRNA_22261
ASCRP4007409 000262982 0529357952 21437073 up mmu_circRNA_27408
ASCRP4003389 0029190777 0529357952 2.0674603 up mmu_circRNA_42249
ASCRP4013349 0.049867064 0529357952 2.0025764 up mmu_circRNA_25474
ASCRP4004614 0034733688 0529357952 1.9985147 up mmu_circRNA_44122
ASCRP4010020 0009783375 0529357952 1.9958363 up mmu_circRNA_32165
ASCRP4003327 0029212904 0529357952 1.9870759 up mmu_circRNA_41895
ASCRP4000668 0024166022 0529357952 1.9686275 up mmu_circRNA_22058
ASCRP4002143 0030499114 0529357952 1.9626064 up mmu_circRNA_39251
ASCRP4006538 0003098226 0529357952 1.9615141 up mmu_circRNA_27407
ASCRP4010600 0048075886 0529357952 2.9162194 down mmu_circRNA_33862
ASCRP4001381 0.038744532 0529357952 2.7699311 down mmu_circRNA_30227
ASCRP4001879 0019740851 0529357952 2.6326581 down mmu_circRNA_38328
ASCRP4001023 0011304438 0529357952 2.5770301 down mmu_circRNA_22673
ASCRP4010800 0034227559 0529357952 2.5008209 down mmu_circRNA_31065
ASCRP4011284 0042021723 0529357952 2.4503752 down mmu_circRNA_34414
ASCRP4009404 002644451 0529357952 2.4333386 down mmu_circRNA_45921
ASCRP4011303 0008882754 0529357952 2.3732211 down mmu_circRNA_44559
ASCRP4002514 0048719463 0529357952 2.200436 down mmu_circRNA_29699
ASCRP4002584 0013002798 0529357952 21034439 down mmu_circRNA_29984
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Gene Primers Sequence (5' to 3')
mmu_circRNA_28795  Forward primer  AAGGAGGATACTAGCAGGTTGGA
Reverse primer  TGTAGTAGTAGAAGCGTGA
TGTATTGG
mmu_circRNA_44122  Forward primer  GACACACAGACAGACCCATACTGT
Reverse primer  CTTCTCTGCTCTGCAAGGTGG
mmu_circRNA_22058  Forward primer  AGGCAGCACTCAATGGACAAG
Reverse primer  ACCAGTCATGTCGTTTTCCTTTAC
mmu_circRNA_44559  Forward primer  CAAAGGTGTTGTGAAGGAAGTC
Reverse primer  TTTCTGTATCACACGTGCGTAA
mmu_circRNA_45921  Forward primer  ATGTGGGAGCGTGGAGATAA
Reverse primer  CATCACGGTCAGCATTCTTG
mmu_circRNA_22678  Forward primer  TCAAGTCCTGCACAAAGACAAC
Reverse primer  GCAAGGCTCCTAAATCAAAGTC
Eqff Forward primer ~ GCCATCTGGGCCAAAGATACC
Reverse primer  GTCTTCGCATGAATAGGCCAAT
Prkach Forward primer  ATGGTTATGGAATACGTCCCTGG
Reverse primer  AATTAAGAGGTTTTCCGGCTTGA
p-actin Forward primer  GTACCACCATGTACCCAGGC
Reverse primer  AACGCAGCTCAGTAACAGTCC
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Genes Primers Sequence (5' to 3')
Hifsa Forward primer CACATGGACTGGGACCAAGACAGG
Reverse primer GTGTAGGCTGCTGGTGTGGAGTGT
Epasi/Hfza  Forward primer TCACTCATCCTTGCGACCAC
Reverse primer CAGGTGGCCGACTTAAGGTT
Akt Forward primer CACAGGTCGCTACTATGC
Reverse primer GAGACAGGTGGAAGAAGAG
Nfe212 Forward primer GCACATCCAGACAGACACCA
Reverse primer GGCTGGGAATATCCAGGGCA
Prkcd Forward primer CCATCTCATCTGTACCTTCC
Reverse primer CCATCCTTGTCCAGCATTA
Sod1 Forward primer TGACTTGGGCAAAGGTGGAA
Reverse primer ACAGTTTAGCAGGACAGCAGA
Scap Forward primer TATCTGGTGGTGGTTATTGG
Reverse primer GCATCTGGAGGAAGAAGTC
Aloh18a1 Forward primer GTCCAGGAAGCCATTGAT
Reverse primer GCAACCACTTAGTAGTTAGC
Glut Forward primer GCTGCCACACCAACTTTAGC
Reverse primer CAATCCGGGGAATGCGGATA
Hmges2 Forward primer AGGAGGCCAATCCATACAACCA
Reverse primer TGGGGAAGGTCTGTATCCOT
lofir Forward primer GAACCGCATCATCATAACG
Reverse primer CACAGCCTTGACATAGACT
Sca2 Forward primer CATCATCGCCAACACCAT
Reverse primer GGCTTGTAATACCTCCTCTG
Spict Forward primer AGAAAGCTACAAGAGGAAGGACA
Reverse primer GGCATAGAAGCTGCAACGTG
Pmaip1 Forward primer CACGATGAGAAGAAGCCCAA
Reverse primer AGTTTCTGCCGTAAATTCACT
Erccd Forward primer AAGACAATCCGCCATTACT
Reverse primer ACGAGCATTCACGAACAT
Map1ic3b Forward primer GTGATTATAGAGCGATACAAGG
Reverse primer GGAGGCATAGACCATGTAC
Caknta Forward primer ACCAGCCACAGGCACCAT
Reverse primer CGGCATACTTTGCTCCTGTGT
Hipk2 Forward primer ACAGACTCACCGTATCCTT
Reverse primer TCCTCTTATCAGCATCTATGG
Mal Forward primer TGTCTGTGTTCTGCTTCC
Reverse primer TCTCATGGTAATGCCTGTAG
Bmprib Forward primer COCAATCGATGGAGCAGTGA
Reverse primer ACGTTCAAGGCTTGGGCTAA
p-actin Forward primer AGAGCTATGAGCTGCCTGA
Reverse primer AATTGAATGTAGTTTCATGGATG
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Variables

Baseline characteristics
Age, years

Male sex (vs female)

BMI, kg/m?

SNPs.

rs11932717A > C
11588064 G > A
1s3733784T > C
152307116 G > A
1s1801394A > G

Data are OR (95% C). p < 0.05 was considered statistically significant.

Univariable OR (95% ClI)

0.99(0.95-1.08)
132 (0.56-3.12)
1.04 (0.90-1.19)

0.17 (0.05-0.48)
032 (0.10-0.84)
205 (0.84-5.54)
331 (1.36-8.95)
350 (1.43-0.45)

p-value

0.445
0518
0618

0.002
0.031
0.130
0.011
0.008

OR, odds ratios; Ci, confidence interval; BMI, body mass index; SNPs, single-

nucleotide polymorphisms.
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SNP

rs11932717

rs1588064

rs3733784

rs2307116

rs1801394

Gene frequency were expressed as number (percentage). p < 0.05 was considered statistically significant.
SNPs, single-nucieotide polymorphism:

Gene

MTRR

MTRR

MTRR

Allele

AA
CC+AC
GG
AA+GA
T
CC+TC
GG
AA+GA
AA
GG+GA

TRR, methionine synthase reductase.

Agitation (+)
n (frequency)

21(0.84)
4(0.16)
20(0.80)
5(0.20)
7(00.28)
18(0.72)
7(00.28)
18(0.72)
70028
18(0.72)

Agitation (-)
n (frequency)

72 (0.48)
79(0.52)
85(0.56)
66(0.44)
67 (0.44)
84/(0.56)
85(0.56)
66 (0.44)
87(058)
64(0.42)

Chi-square

11.350

5.009

2359

6.881

7.660

p-value

<0.001

0.025

0.125

0.009

0.006
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Variable POD (n = 17) Non-POD (n = 17) Crude odds ratio (95% CI) P-values
Age (year) 81.06.0) 79.0(6.0) 1.084 (0.948-1.195) 0291
Gender (female/male) 89 125 0.370 (0.090-1.521) 0.168
Body mass index (kg.m-?) 24.1(2.8) 237(3.8) 1.043 (0.845, 1.288) 0693
Education level (vear) 6.0(0.0,19.0) 90(0.0, 16.0) 1.037 (0.921, 1.167) 0550
Diagnosis (femoral neck/Intertrochanteric fracture) 7110 /11 1.283 (0.321, 5.184) 0724
ASA physical status (I/I) 1A1/5 1A1/5 1.000 (0.202, 3.429) 1.000
Preoperative albumin (g.L~") 20.9 (4.0) 41.3(35) 0.894 (0.726, 1.101) 0293
Preoperative haemoglobin (g.L~") 116.0 (15.0) 118.0(12.0) 0985 (0.935, 1.038) 0571
Preoperative blood glucose (mmol.L~1) 7.8(1.7) 88(25) 0797 (0561, 1.131) 0203
Preoperative serum sodium levels (normal/abnormal) on7 o7 / 1.000
Preoperative MMSE scores 21.0(10.0,29.0) 24,0 (15,30.0) 0935 (0.857, 1.020) 0129
Preoperative exosomal a-syn (pg.mi~") 302 (19.0) 31.3(286) 0.998 (0.970, 1.027) 0885
Time from injury to operation (n) 107.0 (52.1) 95.9 (65.4) 1.008 (0.991, 1.016) 0581
Type of anesthesia (general/spinal) 7110 8/9 0788 (0.203, 8.057) 0730
Duration of anesthesia (min) 99.0 23.0) 98,0 (15.0) 1.003 (0.968, 1.089) 0872
Duration of surgery (mir) 63.0 (23.0) 60.0 (16.0) 1.010 (0.974, 1.046) 0600
Intraoperative blood lass (i) 220,0 (50.0, 1,100.0) 190.0 (20.0, 420.0) 1.008 (0.998, 1.008) 0192
Transfusion amount (m) 1071.0 (298.0) 1,112.0 276.0) 0.999 (0.997, 1.002) 0669
MDAS scores 13706 (5.010) 3.059 (2.772) 1.631 (1.215, 2.189) 0001
Change of exosome a-syn (pg.mi~") 21.0(209) 1.9 20.0) 1.033 (1.001. 1.066) 0047

The categorical variables were expressed as counts. Normal data are given as mean (SD), whereas non-nomal data are expressed as median (IQR). The factors of postoperative
deliium (POD) were assessed using univariate logistic regression analysis. Abbreviations: POD, postoperative deliium; MMSE, mini-mental state examination; I, confidence interval;
ASA, American Society of Anesthesiologists: MDAS, memorial delirium assessment scale; a-syn, a-synuclein.
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B SE Adjusted odds ratio (95% CI) P-Values
Gender (female/male) 1.736 1.007 5.674(0.661, 48.708) 0.114
Preoperative MMSE scores 0154 0.067 0.857 (0.752, 0.978) 0.022
Intraoperative blood lass (i) 0005 0.004 1.005 (0.998, 1.019) 0.175
Change of exosomal a-syn (pg.mi~") 0043 0.020 1.044 (1.008, 1.087) 0.034
Constant 0655 1.361 0630

Abbreviations: POD, postoperative delfirium; MMSE, mini-mental state examination; Cl, confidence interval: a-syn, a-synuciein.
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CHR SNP

rs11932717
rs1588064
153733784
rs2307116
rs1801394

o oo x s

Gene

/
/
MTRR
MTRR
MTRR

Allele

A>C
G>A
T>C
G>A
A>G

Position

175,950,601
115,892,959
7,862,926
7,861,985
7,870,973

p-value

6.50 x 107
768 x 1077
1.92 x 107°
3.02 x 107
302 x 10°°

R?

0.68
0.33
058
0.70
0.70

GWAS, genome-wide association study; SNPs, single-nucleotide polymorphisms; CHR, chromosome; R2, Linkage Disequillbrium Analysis; MTRR, methionine synthase reductase.
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Allpatients ~ Agitation (+)  Agitation ()  p-value

(n=176) (n=25) (n=151)
Sex . . - 0517
Male: n (%) 81(46.02) 13 (52.00) 68 (45.03)
Female:n (%) 95(63.98) 12 (48.00) 83(54.97) .
Age (year) 422411077 40721045 42501084 0447

Height (cm) 16531 £7.81 16588+8.07 165.21+£7.79 0.693
Weight (kg) 6313+ 11.00 64.68+13.12 62.87 &+ 10.63 0.449
BMI (kg/m?) 23.01 £3.06 23.29+3.03 2297 +3.06 0.620

Age, height, weight and BMI were presented as mean + SD. Male and female were
expressed as number (percentage). No significant differences were noted. Independent-
sample t-test (age, weight, height, and body mass index) and Pearson Chi-square tests
(sex). p < 0.05 was considered statisticall significant.

BMI, body mass index.
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Outcomes

POD incidence
POD incidence within cardiac
valve surgery

POD incidence within mixed
cardiac surgery

POD incidence within CABG
POD incidence when
intervention given during
intraoperative period

POD incidence when
intervention given during
perioperative period

POD incidence when
intervention given during
postoperative period

POD incidence diagnosed with
other tools

POD incidence diagnosed with
CAM or CAM-ICU

POCD incidence

POCD incidence within cardiac
valve surgery

POCD incidence within mixed
cardiac surgery

POCD incidence within CABG

POCD incidence when
intervention given during
intraoperative period
POCD incidence when
intervention given during
perioperative period

°P for heterogeneity.
P for difference.

OR

0.59
0.34

0.68

0.45

0.69

0.66

0.48

0.44

0.64

0.47
0.66

0.10

0.33

0.44

0.50

95% ClI

0.43,0.82
0.08, 1.45

0.47,0.98

0.26,0.79

0.21,2.29

0.36, 1.22

0.34,0.67

0.22,0.89

0.47,0.87

0.22,1.08
0.27,1.58

0.01,0.82

0.08, 1.35

0.15,1.26

017, 1.47

Meta-analysis

P

0.019
0.121

0.037

0.864

0.068

0.0156

0.984

0.020

0.253

0.125
0.152

Cannot be caloulated due
to insufficient information

Cannot be calculated due
to insufficient information

0.066

Cannot be caloulated due
to insufficient information

44
526

444

629

619

52.7

21.4

445
47

58.3

PH

0.001
0.146

0.039

0.005

0.538

0.184

<0.001

0.023

0.001

0.060
0.348

1A%

1.7
48

136

59

26.4

121

8.1

11.0

123

132
17.8

ICA%

17.0
312

16.1

14.3
25.0

14.9

18.0

153

185

272
2r

259

D%

17.6
7157

72

8225

49.56

63.27
67.2

259

Required IS

4,673
235

22,465

406

22,465

26,983

364

12,316

2,111

705
1979

1,042

TSA

Reach IS

No
No

No

Yes

No

Cross TSMB

Yes
Yes

No

No

No

No

No

Yes

No
No

No

Cross FB

No
Yes

No

Yes

Yes

No

Yes

No

No

No
No

No

Evidence

FE
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AE

FE

FE

AE

FE

AE

FE

AE
AE

AE

AE

AE

AE

TSA, tral sequential analyses; OR, odds ratio; lIA, incidence in intervention am; ICA, incidence in control am; D2, diversity; IS, information size; TSMSB, tral sequential monitoring boundery; FB, futiity boundary; POD, postoperative
deliium; CABG, coronary artery bypass surgery; FE, firn evidence; AE, absent evidence; GAM, confusion assessment method; CAM-ICU, GAM in the ICU; POCD, postoperative cognitive dysfunction.
Error a and 1- were defined as 5 and 80%, respectively, in each model; A and ICA were calculated from the average incidence in the intervention group and the control group separately; D? was autogenerated by the TSA software.
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References Age/meanage (yr) ~ Sample size Type of surgery Control Time and duration ~ Dosage POD/POCD  Incidence of

of intervention or assessment  POD/POCD
control methods
Turan et al. (10) 18-85 DEX:63+ 11 794 Mixed cardiac surgery NS Start before the DEX: started with 0.1 RASS DEX:67/398
NS:62 & 12 surgical incision until  ug-kg="h~", and increased to NS:46/396
24hafter the infusion 0.2 ug-kg™"-h~" at the end of
began bypass, then increased to 0.4
ug-kg="-h~" postoperatively
Corbett et al. (15) >18 DEX:63.6 + 10.1 89 CABG Propofol DEX: start after DEX: 1 pgkg~" loading dose  Modified Hewitt  DEX:1/43
PRO:62.4 + 10.7 bypass and continued _ intravenously administered over ~ questionnaire  PRO:1/46
forupto 1 15 min, followed by a 0.4
h postextubation pg-kg~"-h~" intravenous
PRO: discontinued  infusion
before extubation PRO: 5-75 pgkg™! min~!
Shehabietal. (16) 260 DEX:71.5 (66-76) 299 Mixed cardiac surgery  Morphine Start within 1h of DEX: 0.1-0.7 pgkg-"-h~" CAM-ICU DEX:13/152
MOR:71.0 (65-75) admission to the ICU ~ MOR: 10-70 pg-kg~"-mi~" MOR:22/147

until removal of chest
drain, when ready to
discharge from ICU

Eremenko and >18 DEX:56.3 55 Mixed cardiac surgery  Propofol Startafter ICUarrival ~ DEX: 0.2-0.7 ugkg™"-h~" RASS DEX:2/28

Chemova (17) PRO59.3 continued for a PRO: 03-2 mgrkg-1-h-1 PRO:7/27
maximum period of
24h

Park et al. (18) >18 and <90 142 Mixed cardiac surgery  Remifentanil Start immediately after DEX: 0.5 pgkg~" loading dose; GAM-ICU DEX:6/67

DEX:51.09 £ 16.10 1CU arrival until maintenance dose: 0.2 to 0.8 REM:17/75
REM:54.35 % 13.97 discharged from ICU  pg-kg~"-h~"
Priye et al. (19) >18 DEX45.1 £ 14.7 64 Mixed cardiac surgery NS Startafteramivalon  DEX: 0.4 ugkg™"-h"" RASS DEX:1/32
NS:41.4 % 11.9 ICU and last for 12h NS:5/32
Djaiani et al. (20) 260 DEX:72.7 £6.4 183 Mixed cardiac surgery  Propofol Uponadmissionto  DEX: 0.4 ugkg~" loading dose  CAM-ICU DEX:16/91
PRO72.4 £ 62 1CU until for intravenously administered over PRO:20/92
extubation 10-20min, followed by a
0.2-07 pgkg"-h~"
intravenous infusion
PRO: 25-50 pgkg ™" min™"
Lietal. (21) >18 DEX:53 (48-63) 61 Mixed cardiac surgery  Propofol OnarivalintheICU  DEX: 0.2-1.5 pg-kg="h=" RASS DEX:0/29
PRO:S5 (48-62) until extubation PRO: 5-50 pg-kg~"-min~"' PRO:2/32
Azeem et al. (22) 260 DEX:65.3+ 4.8 60 Mixed cardiac surgery  Morphine+ Onarivalinthe ICU  DEX: 0.4-0.7 ug-kg™"h~" RASS DEX:1/30
MOR+MID:66.7 & 5.6 Midazolam until extubation MOR: 10-50 ugkg™"-h~" MOR-+MID:2/30
MID: 0.05-0.2 mgkg~"
repeated as needed
Likhvantsev et al. (23)  >45 DEX:62.6 £6.7 169 Mixed cardiac surgery NS Startat anesthesa  DEX: in the surgery: 0.7 CAM-ICU DEX:6/84
NS:62.4 & 7.2 (16); cardiac valve induction and ugkg™"-h~", in the ICU: 0.4-1.4 NS:16/85
surgery (58); CABG (95) continued in the ICU ~ ugkg~"-h~"
until the beginning of
ventilation weaning
Maldonado et al. (24) 18-90 DEX56+ 16 90 Cardiac valve surgery  Propofol Midazolam  After successful DEX: 0.4 pgkg~" loading dose; DSM-IV-TR DEX:1/30
PRO:58 18 MID:60 weaning fom CPB maintenance dose: 0.2-0.7 PRO:15/30
+16 DEX: continued fora  pgkg~"-h~" MID:15/30
maximum periodof  PRO: 20-50 pg-kg™ " min~"
24hPROandMID:  MID: 0.5-2 mg-h-!
discontinued
before extubation
Lietal. (25) >60 DEX:66.4 = 5.4 285 Mixed cardiac surgery NS Start once the 0.6 pg-kg™" loading dose; CAM and DEX:7/142
NS:67.5 % 5.3 intravenous access  maintenance dose: 0.4 CAM-ICU NS:11/143
was established for  pgkg™"-h" after surgery: 0.1
10min untilend of MV pgkg="-h~"
Shu et al. (26) 45-75 DEXAT.7 £87 60 Gardiac valve surgery NS Start form routine DEX: 1.0 ugkg~" loading dose; POCD: MMSE
NS:46.8 4 7.4 anesthesia induction  maintenance dose: 0.5 POD: DRS
untilthe end of surgery pgkg™'-h™"
NS:12/30

Gong et al. (27) DEX:42.3 % 1.6 80 Mixed cardiac surgery NS Start after induction of 1 pg-kg™" during the first MMSE and DEX:1/40

NS:42.4 1.5 anesthesia untilthe  10min, followed by the dose of ~ MoCA NS:10/40
end of surgery 0.2 pgrkg!

Kang et al. (28) 45-65 DEX:54.9 £ 86 97 Gardiac valve surgery  Isoflurane Start from 0.6 pg-kg" loading dose for  Antisaccadic eye DEX:11/50

1S0:56.5 + 6.9 cardiopulmonary 15 min; maintenance dose: 0.2 movement test  1SO:7/47
bypass until the end of pg-kg=!-h~"
surgery
Sheikh et al. (29) <60 DEX:33.6 60 Mixed cardiac surgery  Propofol Start after induction of DEX: 1 ugkg~" loading dose;  According to the  DEX:1/30
+ 11.82 PRO:35.56 anesthesia until skin ~ maintenance dose: 0.2-0.6  pre-defined PRO:7/30
+£954 closure ngkg"h-" definition
PRO: 0.25-1 mg-kg~"-h~"
Massoumi etal. (30)  40-80 DEX:61.80 88 CABG NS Start upon admission  DEX: 1 pgrkg™" loading dose;  CAM-ICU DEX:4/44
+7.90NS:613 £ 8.90 to ICU until for maintenance dose: 0.2-0.7 NS:9/44
extubation ng-kg='h-1

Shiet al. (31) 260 DEX747£72 164 Mixed cardiac surgery  Propofol Start after anesthesia  DEX: 0.4-0.6 pg-kg="-h=" CAM-ICU DEX:33/84

PRO:74.2 £ 7.7 induction until the end  PRO: 50-80 mg-kg™"-h~" PRO:21/80
of surgery

Shokriand Ali (32)  60-70 DEX:63.75 286 CABG Clonidine Startafter ICU arrival ~ DEX: 0.7-1.4 pgkg="h~"! CAM-ICU DEX:12/144

+329CLO:64.38 DEX: continued fora ~ CLO: 0.5 pg-kg™" loading dose; CLO23/142
+£481 maximum period of  maintenance dose: 1-2

72 h CLO: continued  pgkg™"-h~"

throughout MV

Subramaniametal.  >60 DEX:66.5 120 Mixed cardiac surgery  Propofol Start during chest DEX: 0.5-1 ugkg~" loading ~ CAM and DEX:10/59

@3) PRO:70.5 closure was continued ~ dose; maintenance dose: 0.1to CAM-ICU PRO:13/61
forup to 6h 1.4 pgkgh!
postoperatively or until  PRO: 20-100 ug-kg™"-min~"
extubation

Zhou et al. (34) >60 and <80 76 Cardiac valve surgery NS DEX: start from DEX: 0.4 pgkg"h~" MoCA DEX:6/38

DEX:69.8 + 5.1 induction to 2h before NS:12/38
NS:70.0 % 4.9 extubation
Gao et al. (35) 66-70 DEX:69.5 £ 5.1 60 CABG NS Startat 15min before  DEX: 1 ugkg™" loading dose; ~ MMSE DEX:10/30
NS:70.4 % 4.2 incision until the end  maintenance dose: 0.3-0.5 NS:30/30
of the operation nrg-kg="-h-!

Balkanay etal. (35)  >1860.5 %86 88 CABG NS StartafterICUarrival ~ 0.04-0.50 pg-kg="h~" Notreported ~ DEX:0/60
and continued for a NS:1/28
maximum period of
24h

Lietal. (37) 51-78 DEX:64.1 140 Mixed cardiac surgery ~ PRO Start from anesthesia  DEX: 1 ugkg~" loading dose;  ICDSC DEX:8/72

+13.1 PRO:62.4 induction to maintenance dose: 0.2-0.8 PRO:11/68
£119 discharged from ICU pgkg™"-h"

PRO: 0.5 mgkg™" loading
dose; maintenance dose: 0.5-1

mgkg™"h~"

Data presented as mean < SD or median (interquartiee range); CABG, coronary artery bypass grafting; GAM, Confusion Assessment Method; CAM-ICU, GAM for intensive care unit; CPB, cardiopulmonary bypass; CLO, clonidine;
DEX, dexmedetomidine; DRS, Deliium Rating Scale; DSM-IV-TR, Diagnostic and Statistical Manual of Mental Disorders; ICDSC, Intensive Care Delium Screening Checkist; 1SO, isoflurane; MID, midazolam; MMSE, Mini Mental State
Examination; MoCA, Montreal Cognitive Assessment; MOR, morphine; MV, mechenical ventiation; NS, normal saline; POCD, postoperative cognitive dysfunction; POD, postoperative deliium; PRO, propofol; RASS, Richmond Agitation
Sedation Scale; REM, remifentanil.
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Sequence (5 to 3')

GCCGCTGTCTGTTCCATTC
GCATCAATGTCTGGCTTGTTGAA
GGGGAAAAGATCACGCATACC
CAAAACGAACCCTCCTGTAGTC
TGTTGCCGGGGTCATATCCTA
AGCATCGGGTAGTCGCCATA
ATGTGGTTCGAGATTCTCCCT
TGGTACTGAACACGAGCAACT
ATTGGCAAGAGAGCCATTTCTAC
CACGCCGATCAGCGTAAGT
TTGCGTGAGATTCGCGTTCA
ATTCGCGGATCAGAATGGGC
GTTCATCAGAGTGTAGCCACTG
CAGGCCGAAGGTCATAGGC
TGCTTCAGGCGCGTACATAC
CACTTGCTTGACGTTGGCA
ATCCCTTCGCGCCTGTACT
GTGCTCGTAGATCGCGTCT
GGTGAAACAAGGACGGGATA
GGAAAAACCGCATAACGTGT
GGCTGTATTCCCCTCCATCG
CCAGTTGGTAACAATGCCATGT
AATGCTGACGTTCATGCCAG
ACTGTCCAGCTTCAAACGGT
CAGGCTGGACTCAGCTACATC
CCGAAGTCTTCTCAGCGTTC
CGGTTCAGGTCTCTCCACTC
CCGCCAGTTCTCTCTCAATC
GACACGGTGACTGGTTTCCT
CGAACCATCTCTGCGATGTA
TGCCAAGAACCGAACCTACT
TGGCACAGTTCTGCTGGTAG
ATGTCTGTCCTGACGCCACT
CAGGCAGAAGACAACACACG
GAGTATCCGGAGGTTCACGA
TAAAGAAAGGTGCGGCAAAC
AAGGCCCTCACCTACTTCGT
TTCACATGAGGGTTGTGGAA
TGCTGAGCAGGTTTCTAGGC
CCTTCTTAAACTTGCCGTTGA
GCCCGGTTTGAAGAACATAA
GCACCATTCTGGAACCTTGT
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Sequence (5’ to 3')

CTCCAGGGTCTCCCTAGTCC
TGAGACCAGTTCCACTGCTG
GTGACARTATTAGCGAGTGGG
GGGTAGTTCGGCATTGC
AAACTACAGCGGGTGGAACC
ATTTGAGGCATGACGGACCTATAT
ACGCCATATAAGGAGCAGGA
TATTGGAACAGCAGCAGTGG
TGAACATAGCCAGGGTCACA
GAAGGCGACGAGTAAACAGC
AAATCCGTCTGTGGAAGGTG
GCGGTAGAAAAGCCAATGAG
TGTGAATGATAAGCTGGAGTTGC
GGTGGTAATGGTCCTCACTTTG
GAATTTGAGCAGCCCAGGTTG
AAGAAGAGCCTTCCTGTGCC
GGTAGAAAGCCTGGGAGTGT
TTCTTGATGGGGAGCACAGT
AGAGCTATGAGCTGCCTGA
AATTGAATGTAGTTTCATGGATG
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Analysis method HR

Cox proportional hazards model regression analysis (n = 408)

Model 1 (univarible analysis)* 1.763
Model 2 (preoperative patient- related covariates adjusted)’ 2.039
Model 3 (surgery-related covariates adjusted)* 1.775
Model 4 (postoperative patient- related covariates adjusted)® 2.061
Model 5 (fully adjusted)!! 1.047
Propensity score analysis (multivarible analysis)

PS matching (n = 192)¢ 2.19
IPTW (n = 362)* 2.551

DM, diabetes mellitus; OS, overall survival; HR, hazard ratio; CI, confidence interval; PS, propensity score; IPTW, inverse probability of treatment weighting.

*Model 1 was a univariate crude model.

95% ClI

1.319-2.356
1.475-2.818
1.310-2.406
1.5620-2.792
1.397-2.713

1.3564-3.540
1.769-3.679

P value

<0.001
<0.001
<0.001
<0.001
<0.001

0.001
<0.001

TModel 2 included age, female sex, BMI, ASA physical status, hypertension, previous ischemic stroke, myocardial infarction, peripheral vascular disease, chronic kidney
disease, preoperative B blockers, preoperative aspirin, preoperative Hb, preoperative ALB, preoperative TBIL, preoperative PT, preoperative NLR, preoperative PLR.
*Model 3 included emergency surgery, surgery type, malignant tumor, duration of surgery, estimated blood loss, preoperative MAR blood products depot, colloids

infusion, crystalloids infusion, NSAIDs, morphine equivalents, ICU admission after surgery.

S Model 4 included stroke severity, stroke laterality, stroke location, large hemispheric infarction, and thrombolysis.
' Model 5 included all the confounders. Univariate and multivariable results are displayed in Supplementary Table 4.

9 96 Pairs were matched by propensity score. Univariate and multivariable results are displayed in Supplementary Table 5.
#In IPTW, we excluded the patients whose estimated propensity score was beyond the range (10-90%), thus there were 362 patients remaining. Univariate and

multivariable results are displayed in Supplementary Table 6.
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Characteristic Unadjusted sample (N = 408) PSM adjusted (1:1) (n = 192) IPTW adjusted (n = 362)*

Patients without Patients with SMD Patients Patients with SMD Patients Patients with SMD
DM (n = 295) DM (n = 113) without DM DM (n = 96) without DM DM (n =107)
(n =96) (n = 255)
Age, yearst 64.0 (54.0,70.0)  65.0(59.0,71.0) 0.314 67.0 (59.0, 65.0 (58.0, 0.007 66.0 (58.0, 65.0 (58.0, 0.068
73.0) 70.0) 72.0) 70.0)
Female sex (%)" 133 (45.1) 50 (44.2) 0.017 45 (46.9) 44 (45.8) 0.021 163.5 (44.7) 150.3 (44.2) 0.011
BMI, kg/m?T 24.5(22.5,26.8) 254 (23.0,27.6) 0.296 25.3 (22.8, 25.2 (22.8, 0.065 24.9 (22.8, 251 (22.3, 0.007
27.3) 27.4) 27.2) 27.2)
ASA physical status (%)*
Class | 11 (3.7) 2(1.8) 0.205 2(2.1) 2(2.1) 0.022 7.8(2.1) 7.7(2.3) 0.082
Class Il 199 (67.5) 69 (61.0) 57 (59.4) 58 (60.4) 236.4 (64.6) 206.1 (60.6)
Class Ill 85 (28.8) 42 (37.2) 37 (38.5) 36 (37.5) 121.8 (33.3) 126.2 (37.1)
Hypertension (%) 139 (47.1) 71 (62.8) 0.320 56 (58.9) 57 (59.4) 0.021 205.2 (56.1) 191.9 (56.5) 0.008
Previous ischemic stroke (%)' 74 (25.1) 51 (45.1) 0.430 41 (42.7) 40 (41.7) 0.021  124.9(34.1) 121.6(35.7)  0.033
Myocardial infarction (%)T 17 (5.8) 15 (13.9) 0.258 10(10.4) 13(13.5) 0.096 31.5(8.6) 31.8 (9.3 0.022
Peripheral vascular disease (%)" 57 (19.3) 27 (23.9) 0.111 24 (25.0) 20 (20.8) 0.099 83.6 (22.8) 74.2 (21.8) 0.027
Chronic kidney disease (%) 7 (2.4) 4(3.5) 0.069 221 1(1.0 0.084 8.3(2.2) 6.4 (1.9) 0.025
Preoperative B blockers (%) 34 (11.5) 14 (12.4) 0.027 13 (13.5) 11 (11.5) 0.098 48.6 (13.3) 34.2 (10.0) 0.098
Preoperative aspirin (%) 83 (28.1) 46 (40.7) 0.267 33 (34.4) 37 (38.5) 0.087 121.5(33.2) 127.1 (37.4) 0.090
Preoperative Hb, g/LJr 132.0 (122.0, 132.0 (119.0, 0.100 131.0 (119.0, 132.5 (120.0, 0.089 132.0 (122.0, 131.7 (118.4, 0.092
145.5) 145.0) 141.0) 146.3) 144.7) 142.0)
Preoperative ALB, g/LT 40.5(37.8,42.6)  40.5(38.2,43.00 0.033 40.1 (37.3, 40.5 (38.3, 0.078 40.4 (37.5, 40.5 (37.8, 0.049
42.5) 43.3) 42.6) 43.1)
Preoperative TBIL, wmol/Lt 10.8 (8.10, 14.7) 10.0 (7.2, 13.7) 0.085 10.9(8.0,14.9) 10.1(7.1,13.7) 0.020 10.5(8.0, 14.5) 9.8(7.0,14.2) 0.032
Preoperative PT, st 13.1(11.5,14.5) 13.6(11.4,14.9 0.064 13.2 (11.5, 13.8 (11.4, 0.062 13.1 (1.3, 13.3(11.6, 0.053
14.8) 15.1) 15.0) 14.4)
Preoperative NLRT 2.3(1.7,3.9 2.3(1.7,8.5) 0.079 2.2(1.6,3.8) 22(1.7,3.9 0.036 2.3(1.7,3.8) 2.3(1.7,3.9) 0.020
Preoperative PLRT 132.8 (96.6, 130.2 (99.1, 0.012 125.3 (102.2, 124.6 (94.1, 0.075 129.4 (94.9, 126.1 (94.0, 0.064
174.1) 176.0) 173.6) 168.8) 169.5) 176.0)
Emergency (%)f 34 (11.5) 10(8.8) 0.089 8(8.3) 9(9.4) 0.017 35.6 (9.7) 34.9 (10.3) 0.018
Surgery type (%)"
Spine 29 (9.8) 19 (16.8) 0.499 13(13.5) 16 (16.7) 0.084 47.2 (12.9) 44.0 (12.9) 0.083
Intra-abdominal surgery 41 (13.9) 31 (27.4) 24 (25.0) 25 (26.0) 73.1(20.0) 719 (21.1)
Joint arthroplary 25 (8.5) 9(8.0) 4(4.2) 7(7.3) 33.6 (9.2) 32.9(9.7)
Oral and maxillofacial 13 (4.4) 4 (3.5) 4(4.2) 3(3.1) 13.4 (3.7) 18.9 (5.6)
Urologic 22 (7.5) 10(8.8) 10 (10.4) 9(9.4) 32.8(9.0) 31.4(9.2)
Neurosurgery 112 (38.0) 28 (24.9) 27 (28.1) 25 (26.0) 117.1 (31.9) 98.8 (29.1)
Thoracic or vascular 113.7) 4 (3.5) 3(3.1) 4(4.2) 15.3(4.2) 9.7 (2.9
Other (ENT, etc.) 42 (14.2) 8(7.1) 11 (11.5) 7(7.3) 33.5(9.1) 32.4 (9.5)
Malignant tumor surgery (%) 109 (36.9) 55 (48.7) 0.239 46 (47.9) 45 (46.9) 0.021 156.7 (42.8) 151.9 (44.7) 0.038
Duration of surgery, min® 202.0 (136.0, 190.0 (141.0, 0.144  201.0(149.8, 190.0 (140.0, 0.076  205.0 (139.6, 211.8(143.2, 0.022
296.5) 265.0) 266.9) 266.8) 295.0) 288.6)
Estimated blood loss, mLT 200.0 (50.0, 200.0 (100.0, 0.042 200.0 (80.0, 175.0 (100.0,  0.008 200.0 (68.9, 200.0 (100.0,  0.048
300.0) 300.0) 300.0) 300.0) 400.0) 300.0)
Preoperative MAP, mmHg" 96.7 (90.0, 106.3)  99.3(92.0, 105.7) 0.090 97.7 (92.3, 98.2 (91.3, 0.061 97.7 (921, 97.6 (91.0, 0.075
103.3) 104.5) 106.7) 104.8)
Blood products depot (%)" 58 (19.7) 24 (21.2) 0.039 16 (16.7) 18(18.9) 0.092 70.9 (19.4) 79.2 (23.3) 0.097
Colloids infusion, mi/kg/mint 0.04 (0.03,0.07)  0.05(0.02,0.06) 0.146 0.05 (0.03, 0.05 (0.02, 0.075 0.05 (0.03, 0.05 (0.02, 0.086
0.07) 0.07) 0.07) 0.06)
Crystalloids infusion, mi/kg/minf  0.12 (0.09, 0.16)  0.13(0.10,0.18)  0.144 0.12 (0.09, 0.13 (0.10, 0.091 0.12 (0.10, 0.12 (0.10, 0.090
0.14) 0.16) 0.16) 0.17)
NSAIDs (%)" 223 (75.6) 91 (80.5) 0.120 77 (80.2) 76 (79.2) 0.026  284.9(77.9) 259.7 (76.4)  0.031
Morphine equivalents, mg™+ 135.0 (105.0, 150.0 (120.0, 0.146  150.0 (120.0, 150.0 (120.0, 0.069  145.0(105.0, 150.0 (120.0,  0.093
165.0) 180.0) 165.0) 180.0) 165.0) 180.0)
ICU admission after surgery (%) 144 (48.8) 52 (46.0) 0.129 43 (44.8) 45 (46.9) 0.042 170.6 (46.6) 159.1 (46.8) 0.006
Stroke severity (NIHSS) T 12 (7,18) 13 (5,21) 0.094 12 (8,15) 13 (5,16) 0.020 13.0(6.0,18.0) 13.0(6.0,20.0) 0.059
Stroke laterality (%)"
Left 107 (36.3) 47 (41.6) 0.140 36 (37.5) 37 (38.5) 0.053  125.8(34.4) 133.8(39.3)  0.117
Right 113 (38.3) 36 (31.9) 38 (39.6) 35 (36.5) 143.3(39.2) 124.9 (36.7)
Bilateral 75 (25.4) 30 (26.5) 22 (22.9) 24 (25.0) 96.8 (26.4) 81.7 (24.0)
Stroke location (%) "
Cortical 60 (20.3) 12 (10.6) 0.332 12 (12.5) 10 (10.4) 0.089 52.6 (14.4) 38.3(11.3)  0.096
Subcortical 144 (48.8) 63 (55.8) 57 (59.5) 56 (58.9) 199.2 (54.4) 192.3 (56.5)
Cerebellar 4(1.4) 2(1.8) 1(1.0) 2(2.1) 6.5(1.8) 2(2.1)
Brainstem 1(0.3) 3(2.7) 1(1.0) 0(0.0 3.8(1.0 2 (0.9
Multiple 86 (29.2) 33(29.2) 25 (26.0) 28 (29.2) 103.9 (28.4) 99.0 (29.2)
LHI (%)t 45 (15.3) 12 (10.6) 0.138 9(9.4) 7(7.3) 0.092 50.1(13.7) 41.8(12.3)  0.096
Thrombolysis (%)t 1(0.3) 0(0.0) 0.006 0(0.0) 0(0.0) <0.001 0(0.0) 0(0.0) <0.001
Follow-up, months 50.9 (24.8,89.1)  33.8(17.0,67.8) 0.217 54.6 (29.7, 35.7 (17.8, 0.259 50.6 (27.5, 30.9(17.0, 0.381
94.1) 72.8) 88.0) 72.2)
Midian OS (95% Cl), months 52.8 (47.2,60.2) 34.3(29.4,40.9) 0.318 55.9 (47.2, 36.6 (31.4, 0.352 51.8 (47.0, 31.7 (25.4, 0.452
68.2) 49.6) 59.4) 41.4)

The data are shown as the median (interquartile range), n (%), or mean + SD.

*Proportions and medians are weighted using IPTW.

TVariables included in the propensity score.

*Including those intraoperatively and postoperatively (up to 7 days after surgery). Morphine 30 mg (per 0s) = morphine 10 mg (iv) = sufentanil 10 ug (iv) = fentanyl 100 ng
(iv) = remifentanil 100 wg (iv) = 100 mg tramadol (iv) = tramadol 200 mg (per 0s) = oxycodone 15 mg (per 0s) = dezocine 10 mg (iv) = pethidine 100 mg (iv).

DM, diabetes mellitus; PSM, propensity score matching; IPTW, inverse probability of treatment weighting; SMD, standardized mean difference; BMI, body mass index;
ASA, American Society of Anesthesiologists; Hb, hemoglobin; ALB, albumin; TBIL, total bilirubin; PT, prothrombin time; NLR, neutrophil-lymphocyte ratio; PLR, platelet
to lymphocyte ratio; ENT, ear, nose, and throat; MAR, mean arterial pressure; NSAIDs, non-steroid anti-inflammatory drugs; ICU, intensive care unit; NIHSS, national
institutes of health stroke scale; LHI, large hemispheric infarction; OS, overall survival; Cl, confidence interval.
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Patients without DM, Patients with DM,

Subgroup and Death cases, n and Death cases, n Adjusted HR (35%Cl) P value
Overall 295 (128) 113 (72) i 1.947 (1.397-2.713) <0.001
Age,years
>= 69 139 (74) 62 (46) —_ 2.011 (1.281-3.158) 0.002
<65 156 (54) 51 (26) & 3.001 (1.452-6.201) 0.003

Malignant tumor

Yes 109 (64) 55 (40) S — 2.026 (1.225-3.351) 0.006
No 186 (64) 58 (32) — 2.139 (1.254-3.647) 0.005
LHI

Yes 45 (27) 12(8) —+m— 1.374 (0.738-2.560) 0.126
No 250 (101) 101 (64) —— 1.751 (1.217-2.520)  0.003
HbA,

>= 6.5% 41 (15) 47 (30) = 3.632 (1.694-6.316) 0.007
< 6.5% 199 (83) 52 (31) — 2.078 (1.263-3.418) 0.004

Follow-up,months
>18.5 232 (70) 81 (39) —— 2.272 (1.389-3.717) 0.001
<=18.5 63 (59) 32 (30) m— 0.393 (0.165-1.071) 0.135
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Emergence delirium

Characteristic overall (1 = 104) Yes (n = 50) Non (n = 54) P-value
Age (V) 63,60 +7.21 63.46 + 810 63.91 + 635 0754
Male sex, n (%) 68 (65.4%) 31 (62.00%) 37 (68.51%) 0623
BMI, (kg/m?) 22.46 +3.19 21.83+3.16 23.04+£3.14 0053
ASA physical status, n (%) 0771

[ 38 (36.54%) 19 (31.00%) 19 (35.19%) -

il 66 (63.46%) 31 (62.00%) 35 (64.81%) -
Preoperative MMSE (score) 27.00 (3.0) 27.00 (2.00) 28.00 (3.00) 0435
Duration of education (¥) 9.00 (6.00) 8.00 (5.50) 9.00 (6.00) 0.292
Smoker, n (%) 45 (43.27%) 21 (42.00%) 24 (44.44%) 0958
Preoperative comorbidities, n (%)

Hypertension 38 (36.54%) 20 (40.00%) 18 (33.33%) 0616

Diabetes 20 (19.23%) 9 (18.00%) 1(10.58) 0954
History of myocardial infarct 5 (4.80%) 4(8.00%) 1 (1.90%) 0315
Duration of anesthesia® (mir) 267.26 + 84.24 274,82 + 85.79 260.26 + 82.96 0381
Duration of surgery® (mir) 195.28 + 73.50 200,92 + 76,23 190,06 + 71.49 0454

*Duration of anesthesi: time from anesthesia induction to tracheal extubation; bduration of surgery: time from skin incision to closure; BMI, body mass index; ASA, American Society

of Anesthesiologists; MMSE, Mini-Mental State Examination.
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Variables ED (n = 50) Non-ED (n = 54) P-value

Log IL-6 (pg/rmi) 1.67 £042 1.47 £ 051 0039
Log CHISL1 (pg/m) 481 +047 461 +050 00412
Log S1008 (pg/mi) 2.59 (0.64) 2,00+ 052 0,008
Log Lp-PLA2 (pg/mi) 5.07+0.21 5.04+0.25 0445
Log MIF (pg/m) 3.68+0.38 3.60+0.29 0217
Log ICAM (pg/mi) 5.41+0.30 5.44+0.87 0661
Log VACMA (pg/m) 6.07+0.19 6.04+0.26 0529
Log a-Syn (pg/mi) 2.61+0.11 264+ 0,12 0222
Log BACET (ug/mi) 146047 1.01 £0.144 <0.000*

value < 0.05; IL-6, interleukin 6; CHIL, chitinase 3-like 1; Lp-PLAZ, lipoprotein-assodiated phospholipase-A2; MIF, macrophage migration inkibitory factor; ICAM-1, intercellular
cell adhesion molecule-1: VCAM-1, vascular cell adhesion molecule; a-Syn, alpha-Synuclein: BACET, p-secretase 1.
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Biomarker Optimal Se (%) Sp (%) PPV (%) NPV (%) AUC 95% Cl P-value
cut-off value

IL-6 (pg/ml) 40.05 58.00 66.67 61.70 63.16 0.62 0.561-0.73 0.0412
S1008B (pg/mi) 263.68 64.00 75.93 7111 69.49 0.65 0.564-0.76 0.008*
BACE1 (ng/ml) 12.68 70.00 77.78 74.47 73.68 0.75 0.66-0.85 <0.000*

P value < 0.05; Se, sensitivity; Sp. specificity; PPV, positive predictive value; NPV, negative predictive value AUC, area under the curve; Cl, confidence interval; IL-6, interleukin-6,
BACET, p-secrotase 1.
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Participant enrolled (n=592)

Delirium assessment positive (n=50)

Delirium assessment negative (n=542)

Delirium assessment positive-Cases (n=50 )
+Detected the biomarkers in blood samples (n=50 )

+ Did not detect the biomarkers in blood samples (n=0)

Delirium assessment Negative-Controls(n=54)
+ Detected the biomarkers in blood samples (n=54)

«+ Didnot detect the biomarkers in blood samples (n= 488)

l ) l

Analysed (n=50 )
+ Excluded from analysis (give reasons) (n=0)

Analysed (n=54 )

+ Excluded from analysis (give reasons) (n=0)
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Variable

Preoperative patient factors
Patient characteristics

Age > 65 years (n, %)

Male (n, %)

Education < 10 years (n, %)
ASA physical status

1= (n, %)

=1 (n, %)

History of alcohol abuse (n, %)
History of smoking (n, %)
Relevant co-morbid condition
Hypertension (n, %)

Coronary artery disease (n, %)
Diabetes (n, %)

Stroke (n, %)

History of antiepileptics (n, %)
Intraoperative characteristics
Use of midazolam for premedication (n, %)
Anesthesia technique

TIVA (n, %)

Balanced anesthesia (n, %)

Use of fentanyl only for anesthesia maintain (n, %)

Intraoperative use of dexmedetomidine (n, %)
Intraoperative transfusion (n, %)
Anaesthesia duration > 4 h (n, %)
Tumor characteristics

WHO grading (n, %)

1=

-

Location (n, %)

Frontal lobe

Temporal lobe

Parietal lobe

Occipital lobe

Insular lobe

Other (e.g., Cerebellum, brainstem)
Limbic system involved (n, %)
Bihemispheric tumor (n, %)

Largest tumor dimension > 6 cm (n, %)
Extent of resection (n, %)

Gross-total resection

Subtotal and partial resection

Entire population (n = 335)

53 (15.8%)
177 (62.8%)
164 (49%)

316 (94.3%)
19 (5.7%)
81 (24.2%)

104 (31.0%)

64 (19.1%)
6 (1.8%)

31 (9.3%)
9(2.7%)

60 (17.9%)

26 (7.8%)

92 (27.5%)

243 (72.5)
22 (6.6%)
43 (12.8%)
29 (8.7%)

244 (72.8%)

98 (29.3%)
237 (70.7%)

120 (35.8%)
58 (17.3%)
11 (3.3%)

9 (2.7%)
20 (6.0%)

117 (34.9%)

100 (29.9%)
22 (6.6%)
82 (24.5%)

202 (60.3%)
133 (39.7%)

Delirium (n = 125)

38 (30.4%)
65 (52.0%)
34 (27.2%)

109 (87.2%)
16 (12.8%)
41 (32.8%)
45 (36%)

41 (32.8%)
0 (0%)

16 (12.8%)
9 (7.2%)

23 (18.4%)

21 (16.8%)

40 (32.0%)
85 (68.0%)
14 (11.2%)
18 (14.4%)
25 (20.0%)
89 (71.2%)

10 (8.0%)
115 (92.0%)

67 (53.6%)
20 (16.0%)
3(2.4%)

0 (0%)
11 (8.8%)
24 (19.2%)
57 (45.6%)
16 (12.8%)
40 (32.0%)

72 (57.6%)
53 (42.4%)

No delirium (n = 210)

15 (7.1%)
112 (53.3%)
130 (61.9%)

207 (98.6%)
3 (1.4%)
40 (19.0%)
59 (28.1%)

23 (11.0%)
6 (2.9%)

15 (7.1%)
0 (0%)

37 (17.6%)

5 (2.4%)

52 (24.8%)
158 (75.2%)
8 (3.8%)
25 (11.9%)
4 (1.9%)
155 (73.8%)

88 (41.9%)
122 (68.1%)

53 (25.2%)
38 (18.1%)
8 (3.8%)
9 (4.3%)
9 (4.3%)
93 (44.3%)
43 (20.5%)
6 (2.9%)
42 (20.0%)

130 (61.9%)
80 (38.1%)

P-valuet

<0.001

0.813
<0.001
<0.001

0.004
0.130

<0.001
0.139
0.084
<0.001
0.857

<0.001
0.151

0.008
0.509
<0.001
0.604

<0.001

<0.001
0.624
0.484
0.029
0.092
<0.001
<0.001
<0.001
0.013
0.436

OR (95% Cl)t

5.678 (2.968-10.865)

1.694 (1.418-2.024)

11.128 (2.888-35.520)

2.074 (1.248-3.448)

3.968 (2.240-7.030)

1.078 (1.026-1.132)

8.279 (3.035-22.582)

3.185 (1.296-7.825)

12.875 (4.363-37.995)
0.877 (0.535-1.438)

1.744 (1.516-2.007)

1.653 (1.331-2.054)

3.255 (2.002-5.293)
4.991 (1.898-13.121)
1.882 (1.1356-3.121)

ASA, American Society of Anesthesiologists; Cl, confidence interval; ICU, intensive care unit; OR, odds ratio; WHO, World Health Organization. tP-values are based on
the Wald statistic from univariate logistic regression. ORs are shown when P-values are < 0.05.
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Name Bidirectional primer sequence (5'-3') Annealing
temperature
(°C)
hsa_circRNA_  F: AATGGCCCTGGTAGCTTAGG 59.15
001145 R: CAAATCCCGATGGCCCACTT 60.68
hsa_circRNA_  F: CCTCTACCAGACCTCGCTGA 60
101138 R: GTACAGGGTGATGAGTCGGG 60
hsa_circRNA_  F: CAGCTCTTCCGGACTGTTCA 55
030050 R: CGCTGACCTTCCACTTTTGC 55
hsa_circRNA_  F: GGCAATCCATCCTCGGTGTA 55
061570 R: TCGTGGATGTATCCTTGTCGC 52.38
hsa_circRNA_  F: AGATGTGATCCTCCGGTTGG 55
401117 R: GTGACTTAGCATCCATGCCCT 52.38
hsa_circRNA_  F: AAMCCTAGGAGAAGACCAGGCA 50
005537 R: CCACGGTCCAAACCATTCGG 60
hsa_circRNA_  F: ACCGGACAGAGTTTGATCGAC 52.38
092522 R: GGCATTTGGAGACTCCGCTA 55
hsa_circRNA_  F: ATACTTGCCAAATTGAGGCGG 59.5
012989 R: GCAGCATCAAAACCAGGTC 59.5
hsa_circRNA_  F: CATTCACAGCCAGAGTCGCT 59.5
005458 R: GATGTGCTGTGAGGGAGC 59.5
hsa_circRNA_  F: CATTCACAGCCAGAGTCGCT 59.5
050545 R: TCCAGTTGATTTAGCCCATTC 59.5
Ce-miRNA 39 F: ACACTCCAGCTGGGTCACCGGGTGTAAATC 59.80
R: TGGTGTCGTGGAGTCG 59.73
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Variable Postoperative = No postoperative HC (n = 29)
delirium (n = 8) delirium (n = 12)

Age (years) 50.25 (1.48) 44.27 (11.17) 41.76 (9.22) ***
Sex (M/F) 4/4 5/7 15/14
Education level (years)  8.25 (4.92) 12 (4.90) 12.24 (1.35)
Handedness (R/L) 8/0 12/0 29/0

Total intracranial 1378.54 (88.66) 1442.81 (119.86)  1441.35
volume (cm®) (120.78)
Tumor volume (cm®)  69.34 (54.95) 45.40 (35.78) NA

Data are presented as mean (standard deviation, SD). F, females; HC, healthy
controls; L, left; R, right; M, males; NA, not applicable. **represent P < 0.001
when POD vs. HC.
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General characteristics and cognitive function scores

Age (years)

Male

BMI (kg/m?)

Education

Cardiac function

Hypertension

Diabetes

Baseline Mini-Mental State Examination scores
Baseline Word Memory Test scores

Digit Span Test scores

Brief Visuospatial Memory Test—Revised (BVMT—R) scores
Symbol-Digit Modalities Test scores

BVMT—R Delayed Recall Test score

BVMT—R Discrimination Index score

Trail Making Test scores

Verbal Fluency Test scores

NPOCD (n = 59)

58.7 + 0.88
28 (47.4%)
23.00 £ 0.39
14 (23.7%)

2.78 +0.06
11 (18.6%)
2 (3.4%)
26.91 £ 0.25
10.53 + 0.50
15.76 % 0.51
8.12 £ 055
26.74 + 1.61
2.35+0.26
10.38 + 0.26
68.09 & 4.98
33.21 £ 1.24

POCD (n = 39)

58.19 £ 0.96
17 (43.5%)
23.54 + 0.54
11 (28.2%)
2.82 +£0.08
8 (20.5%)

1 (2.6%)
27.00 £ 0.32
10.79 + 0.49
14.55 + 0.58
8.37 £ 0.54
28.18 £ 1.68
3.02 +£0.36
10.92 + 0.49
74.77 £ 8.42
37.32 £ 1.92

P value

0.7
0.73

0.4
0.62
0.69
0.82
0.82
0.89
0.98
0.61
0.14
0.55
0.43
0.29
0.48
0.06
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CircRNA ID

Upgraduated
hsa_circRNA_001145
hsa_circRNA_101138
hsa_circRNA_030050
hsa_circRNA_061570
hsa_circRNA_401117
Downgraduated
hsa_circRNA_005537
hsa_circRNA_092522
hsa_circRNA_012989
hsa_circRNA_005458
hsa_circRNA_050545

Fold change

380.6
57.11
34.52
25.71
24.89

33.66

22.01
11.62
8.67

8.28

P-value

0.00088
0.00399
0.00692
0.00848
0.00521

0.02375
0.03269
0.01164
0.00703
0.03876

Chromosome

chr20
chr12
chr13
chr21
chr12

chrb
chr22

chri

chr2
chr19

circRNA type

Intronic
Exonic
Exonic
Exonic
Exonic

Exonic
Exonic
Exonic
Exonic
Exonic

Best transcript

ENST00000317619
NM_130466
NM_172373
NM_003024
NM_015394

NM_001790
uc003bhx.3
NM_015017
ENST00000447760
NM_005499

Gene symbol

CPNE1
UBE3B
ELF1
ITSN1
ZNF10

CDC25C
GRAMD4
USP33
AC114755.7
UBA2
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98 patients completed perioperative
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Microarray Analysis

Serum samples from 10 paired patients for
qRT-PCR analysis
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Age Sevo

DCX+ cells F=129.8, p = 0.001 F=3.39,p=0.042
BrdU+- cells F =63.95, p=0.001 F=6.62,p=0.003
BrdU-+DCX+ cells F =90.06, p=0.001 F=5.79,p=0.006

n = 8/group.
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Escape latency* F=278.1, p=0.001 F=13.88, p =0.001
Time spent in targeted zone F =4.546, p = 0.036 F=4.269,p=0.018
Target-crossing F=9.131, p = 0.004 F =8.632,p=0.035
Alternation triplet F =9.418, p = 0.004 F=1.614,p=0.212
n = 7/group.

*Two-way ANOVA with repeated measurements was used to analyze the difference
of learning curves (based on escape latency) of different groups in the MWM. Two-
way ANOVA was used to analyze other aspects of behavior test.
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CON
pH 7.39 &+ 0.01
PaCO2(mmHg) 25.2 +£.0.55
PaOz(mmHg) 100.3 + 4.66

Glucose (mmol-L~") 5.8 £0.27

Mean + S.EM, n = 7/group.

1.5% Sevo

7.38 & 0.01

23.3 £0.59

101.2 £5.23
5.6+0.28

3.0% Sevo

7.42 +0.01
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104.5 £ 4.92
5.2+ 0.26

p-value

0.240
0.272
0.825
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PaCO2(mmHg) 26.3+1.18
PaOz(mmHg) 106.3 +£4.73

Glucose (mmol-L=") 5.2 +0.23

Mean + S.EM, n = 7/group.
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7.42 +0.02
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5.8 +£0.26
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p-value

0.469
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