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TRPV1 Antagonist Prevents Neonatal Sevoflurane-Induced Synaptic Abnormality and Cognitive Impairment in Mice Through Regulating the Src/Cofilin Signaling Pathway
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Long-term neurodevelopmental disorders following neonatal anesthesia have been reported both in young animals and in children. The activation of transient receptor potential vanilloid 1 (TRPV1) channels in hippocampus adversely affects neurodevelopment. The current study explored the underlying mechanism of TRPV1 channels on long-lasting cognitive dysfunction induced by anesthetic exposure to the developing brain. we demonstrated that TRPV1 expression was increased after sevoflurane exposure both in vitro and in vivo. Sevoflurane exposure to hippocampal neurons decreased the synaptic density and the surface GluA1 expression, as well as increased co-localization of internalized AMPAR in early and recycling endosomes. Sevoflurane exposure to newborn mice impaired learning and memory in adulthood, and reduced AMPAR subunit GluA1, 2 and 3 expressions in the crude synaptosomal fractions from mouse hippocampus. The inhibition of TRPV1 reversed the phenotypic changes induced by sevoflurane. Moreover, sevoflurane exposure increased Src phosphorylation at tyrosine 416 site thereby reducing cofilin phosphorylation. TRPV1 blockade reversed these suppressive effects of sevoflurane. Our data suggested that TRPV1 antagonist may protect against synaptic damage and cognitive dysfunction induced by sevoflurane exposure during the brain developing stage.
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INTRODUCTION

General anesthetic agents are essential to be used to provide a safe and comfortable condition so that complex surgical procedures can be performed. However, there has been an increasing concern that prolonged or repetitious anesthetic exposure may cause long-lasting neurotoxicity and cognitive dysfunction, especially in the young animal and in children (Sanders et al., 2013; Wu et al., 2019). Preclinical studies have shown that exposure early developing brain to commonly used anesthetics may cause certain neurofunctional impairments, such as learning and memory deficits, anxiety-like behaviors and emotional reactivities (Vutskits and Xie, 2016; Colon et al., 2017). However, the underlying molecular and cellular mechanisms are still unclear. Recent childhood cohort studies have shown that a single short exposure to general anesthesia for less than 1 h did not alter neurocognitive functions and behavior (Davidson et al., 2016; Sun et al., 2016; Warner et al., 2018; McCann et al., 2019); However, processing speed and fine motor abilities were decreased after repeated anesthetics exposure (Warner et al., 2018). Thus, the underlying mechanisms of neuronal injury and neurologic dysfunction induced by repeated and prolonged anesthetic exposure deserve further study in the young.

Transient receptor potential vanilloid 1 (TRPV1) is a ligand-gated non-specific cation channel prominently expressed in the dorsal root ganglia (DRG) sensory neurons. This receptor is gated by capsaicin, heat, protons and several exogenous molecules (Alter and Gereau, 2008). TRPV1 has been extensively characterized and is known to play a role in the pain and inflammation processing in the sensory neurons (Palazzo et al., 2010, 2012; Wang Y. et al., 2018). TRPV1 also contributes to neurological diseases, including epilepsy, anxiety, depression and learning and memory disorders (Marsch et al., 2007; Edwards, 2014). In the peripheral nervous system (PNS), certain general and local anesthetics activated and sensitized the TRPV1 channel (Cornett et al., 2008; Leffler et al., 2008), suggesting that this channel may contribute to pain modulation and inflammation in the context of surgery. However, in the central nervous system (CNS), few studies have been conducted on the potential impact of TRPV1 in the developing brain under general anesthesia. Hence, we wonder whether TRPV1 affects the cognitive function in neonatal brain development after anesthetic exposure. In the present study, the effects of sevoflurane, a commonly used inhalational agent, on TRPV1-regulated synaptic density and memory changes together with the underlining molecular mechanisms including the Src/Cofilin signaling pathway were investigated in both cultured mouse hippocampal neuronal cells and C57BL/6 mouse neonates.



MATERIALS AND METHODS


Cell Culture and Treatment

Mouse hippocampal neuronal cell line (HT22 cells) was obtained from the Sun Yat-sen University and cultured as described previously (Liu et al., 2019). Briefly, the cells were maintained in DMEM medium, supplemented with 10% fetal bovine serum (GIBCO BRL, Rockville, MD, United States) and 1% antibiotics (penicillin/streptomycin, 100 U/ml, GIBCO, Waltham, MA, United States), in a humidified incubator containing 5% CO2 balanced with air at 37°C. Primary cultures of hippocampal neurons were prepared from the dissociated hippocampus of neonatal mice (<24 h) using a previously described protocol (Liu et al., 2018). The neurons were plated on coverslips coated with Matrigel for at least for 14 days in vitro (DIV) before using. The cultures were maintained in a humidified 5% CO2 atmosphere balanced with air at 37°C. Both HT22 cells or mouse hippocampal neurons were treated with 4% sevoflurane for 6 h as described by Liu et al. (2019). A selective TRPV1 antagonist, SB 366791 (TOCRIS, Bristol, United Kingdom), was administered to the cell culture medium 1 h with its final concentration of 10 μM before the sevoflurane treatment.



Experimental Mice

All experimental procedures on mice were approved by the Animal Research Ethics Committee of the Shenzhen Second People’s Hospital and Sun Yat-sen Memorial Hospital. The experiments were performed in these two institutions. C57BL/6 postnatal day seven litter mice with their mothers were obtained from the Guangdong Provincial Laboratory Animal Centre (Guangzhou, China). A single mother and her litters were housed in a cage under a 12 h light-dark cycle at the room temperature of 23 ± 1°C) and 55% humidity. All mice had free access to food and water. Seven-day-old mice of both genders were used for the experiments.



Grouping and Sevoflurane Exposure

At postnatal day 7 (P7), the litters were randomly divided into four groups (n = 10–14/group): (1) Control group (Ctrl); (2) TRPV1 antagonist treatment (SB 366791) group; (3) sevoflurane exposure group (Sev); (4) SB 366791 combined with sevoflurane group (Sev + SB366791). SB 366791 (TOCRIS, Bristol, United Kingdom) was dissolved in DMSO and diluted with normal saline to the appropriate concentration for administration. SB 366791 (500 μg/kg) was injected intraperitoneally 1 h before sevoflurane treatment. Litters were placed in an acrylic chamber and exposed 60% oxygen (balanced with nitrogen) with or without (controls) 3% sevoflurane for 2 h daily for 3 consecutive days as described in previous studies (Lu et al., 2017). During exposure, all litters were kept warm on a pre-heated plate at 37°C. Mice were returned to the housing cages after the treatment. They were allowed to grow for behavioral tests at postnatal day 65 (P65). Another cohorts after treatments were allowed to grow the similar age of those for behavioral tests and then anesthetized using sodium pentobarbital (65 mg/kg, intraperitoneal injection) and sacrificed to harvest brain tissue for further measurements.



Open Field Test

Mice were placed in the center of a white poly-vinyl chloride apparatus (50 × 50 × 50 cm), and were allowed to continuously locomote for 10 min. The arena was videotaped and analyzed using SMART software (Panlab, Kent, United Kingdom).



Novel Object Recognition Test (NORT)

Mice were habituated in a square chamber (50 × 50 × 50 cm) with white walls and floor for 10 min on the first day and for 5 min on the second day. The box and objects were cleaned before and between the uses. 24 h after the last habituation, the mice were placed in the chamber with two objects and allowed to freely explore for 5 min “sample phase.” Two hours after the initial exploration, the mice were placed back into the same arena with two objects for 5 min “acquisition phase,” during which one of objects was replaced by a novel object. Exploration counts of each object during two phases were counted. The recognition index was calculated as the percentage of counts spent exploring the novel object over the total exploration counts during the acquisition phase.



Fear Conditioning Test

The task was performed using a freeze monitor system (San Diego Instruments; San Diego, CA, United States). Background noise level was 65 dB; overhead lighting was used, and 20% ethanol was used as an odor. Mice were placed into a training chamber and allowed to freely explore for 5 min followed by three tone presentations (CS: 5 kHz, 85 dB for 20 s); each tone, was followed by electrical foot-shocks (US: 0.45 mA for 1 s). The interval between three trials was 120 s. Twenty four hours after the training, the mice were placed in the same chamber for 5 min, and freezing behavior was assessed. Forty eight hours later, the mice were tested for freezing responses to the cue. For the cued test, the conditioning chamber was modified as follows: white-walled triangular chamber was replaced with a Plexiglas box, and 2% aloe vera detergent was used as an odor. A dim lamp was used instead of the overhead lighting. Mice were allowed to explore the new environment for 5 min followed by three tones (85 dB, 20 s).



Immunofluorescent Staining

Hippocampal neuronal cultures and HT22 cells were fixed with PBS containing 4% paraformaldehyde for 1 h at room temperature, washed with PBS, permeabilized with 0.1% Triton X-100 in PBS and blocked in freshly prepared blocking solution (3% donkey serum and 0.2% Triton X-100 in PBS) for 1.5 h at room temperature. The samples were incubated at 4°C overnight with primary antibodies diluted in the blocking solution. After washing with PBS-T (0.2% Triton X-100 in PBS), the samples were incubated with corresponding secondary antibodies for 1 h at room temperature. The following primary antibodies were used (dilution, source): TRPV1 (1:200, NB100-1617, Novus Biologicals, Littleton, CO, United States), MAP2 (1:200, ab5392, Abcam, Cambridge, United Kingdom), synaptophysin (1:500, MAB329, Millipore, Darmstadt, Germany), homer 1 (1:200, 160003, Synaptic Systems, Göttingen, Germany) and Src (1:200, 2110S, Cell Signaling, Beverly, United States).

To visualize surface GluA1, the neurons were fixed with 4% formaldehyde/4% sucrose in PBS. After washing and blocking, surface α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors (AMPARs) were labeled with mouse anti-GluA1 N-terminal antibody (1:200, MAB2263, Millipore, Darmstadt, Germany). Then, the neurons were permeabilized with 0.1% Triton X-100 for 15 min, blocked and incubated with a rabbit anti-GluA1 antibody (1:200, AB1504, Millipore, Darmstadt, Germany) against the intracellular C-terminal domain to stain total GluA1 (tGluA1) at 4°C overnight. After washing with PBS, the neurons were incubated with Alexa Flour-conjugated secondary antibodies. Immunofluorescence images were acquired on a confocal system (LSM 800, Carl Zeiss, Oberkochen, Germany). The images were processed for quantitative analysis using Image-Pro Plus.

To investigate the endosomal distribution of internalized AMPAR in neurons, internalized GluA2 (iGluA2) were labeled and their co-localization with early, recycling and late endosomes was systematically examined using known markers, including early endosome antigen 1 (EEA1), Stx13 and lysosomal-associated membrane protein 1 (LAMP1), respectively, in neurons. Surface GluA2 antibody (extracellular N-terminal domain, Millipore, Darmstadt, Germany) were used to label sGluA2 in the growth medium for 10 min; the cells were rinsed once, stimulated for 2 min with 100 μM AMPA plus 100 μM APV at 37°C. After rinsing, the neurons were returned to the original growth medium for 45 min to allow the internalized AMPAR to recycle back to the cell surface. After washing once with pre-cooled 3% BSA-containing ACSF, the neurons were incubated with non-conjugated mouse secondary antibody at 10°C for 30 min. Then, the neurons were fixed with parafix (4% formaldehyde/4% sucrose/1 × PBS), permeabilized, blocked and incubated with rabbit antibodies against various endosomal markers overnight. Internalized GluA2, endosomal markers and MAP2 were detected using the corresponding secondary antibodies conjugated with Alexa Flour 647, 555, and 488, respectively. Co-localization of internalized AMPAR with each marker was measured as described previously (Lee et al., 2004).

For immunostaining in hippocampal sections, mice were anesthetized with pentobarbital sodium and perfused transcardially with physiological saline, then with 4% formaldehyde. Brains were post-fixed with 4% formaldehyde for 24 h at 4°C, followed by dehydration in 30% sucrose solution for 48 h. Coronal sections from the hippocampus were cut at 10 μm on a cryostat (Leica, Germany), and mounted onto slides. Sections were washed with PBS, and blocked (3% donkey serum and 0.2% Triton X-100 in PBS) for 2 h. Sections were then incubated overnight with anti-synaptophysin (1:500, Millipore, Darmstadt, Germany), followed by secondary antibodies. Immunofluorescence images were acquired on a confocal system (LSM 800, Carl Zeiss, Oberkochen, Germany). The images were processed for quantitative analysis using Image-Pro Plus.



Synaptosomal Fraction Preparation

Hippocampal tissue samples were homogenized in buffer A (5 mM HEPES, pH 7.4, 1 mM MgCl2, 0.5 mM CaCl2, 1 mM DTT, and 0.32 M sucrose) containing protease inhibitor and phosphatase inhibitor cocktail (Roche, Mannheim, Germany). The homogenate was centrifuged at 1,400 g for 10 min at 4°C, and the supernatant was discarded. The pellet was resuspended in buffer A and centrifuged at 710 g for 10 min at 4°C to yield supernatant fraction (S1). The S1 was centrifuged again at 13,800 g for 20 min at 4°C. The pellet was resuspended in buffer B (6 mM Tris, pH 8.1, 0.32 M sucrose, 1 mM EDTA, 1 mM EGTA, and 1 mM DTT) containing protease inhibitor and phosphatase inhibitor cocktail. The suspension was used as the crude synaptosomal preparation and analyzed by Western blot.



Western Blot

The brain tissues were homogenized in RIPA buffer (Beyotime, Shanghai, China) supplemented with protease and phosphatase inhibitors (Roche, Mannheim, Germany) on ice and stored at −80°C until use. Protein concentrations in the supernatant were determined using a BCA assay kit (Beyotime, Shanghai, China). The proteins were separated through the polyacrylamide SDS gels and transferred to 0.45 μm PVDF membrane (Millipore, Darmstadt, Germany). After blocking with 5% non-fat milk, the membranes were incubated with a primary antibody at 4°C overnight. The membranes were then incubated with appropriate HRP-conjugated secondary antibodies (anti-mouse: 1:5,000, 7076S, Cell Signaling; anti-rabbit: 1:5,000, 7074S, Cell Signaling) after washing with TBST (TBS containing 0.2% Tween-20). Then, immunoreactivity was detected by a chemiluminescent reagent (Amersham-GE, Pittsburgh, United States). The following primary antibodies were used (dilution, source): TRPV1 (1:1,000, NB100-1617, Novus Biologicals, Littleton, CO), GAPDH (1:3,000, 2118S, Cell Signaling), GluA1 (1:1,000, AB1504, Millipore), GluA2 (1:1,000, 13607S, Cell Signaling), GluA3 (1:500, MAB5416, Millipore), Src (1:1,000, 2110S, Cell Signaling), p-Src (Tyr416) (1:1,000, 2101S, Cell Signaling), p-Src (Tyr527) (1:1,000, 2105S, Cell Signaling), cofilin (1:1,000, 5175S, Cell Signaling), and p-cofilin (1:1,000, 3313S, Cell Signaling).



Co-immunoprecipitation

Total protein extracts were obtained from the hippocampal brain tissue of mice. The tissue samples were homogenized in NP-40 lysis buffer (Thermo Fisher Scientific, United States) containing protease and phosphatase inhibitors. The homogenate was incubated on ice for 30 min and then centrifuged at 10,000 g for 10 min at 4°C. The supernatants were immunoprecipitated using a Dynabeads Protein G IP kit (Thermo Fisher Scientific, United States) according to the manufacturer’s instructions. Five micrograms of anti-Src (2110S, Cell Signaling) were used. Western blot was subsequently performed as described above.



Data Analysis

Data were expressed as the mean ± SEM and analyzed with unpaired student t-test and one-way ANOVA followed by post hoc Bonferroni test wherever appropriate using GraphPad Prism 7 software (GraphPad Software, La Jolla, California, United States). A p-value less than 0.05 was considered to be a statistical significance.




RESULTS


Sevoflurane Exposure Reduced Synaptic Density in vitro and in vivo

Sevoflurane (4%) exposed to primary hippocampal neurons significantly increased TRPV1 expression (Figures 1A,B). The TRPV1 expressions were also increased in the hippocampus following sevoflurane treatment in mice (Figures 1C,D).
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FIGURE 1. Sevoflurane increased protein levels of TRPV1 channels in vivo and in vitro. (A) Fluorescent images of TRPV1 in hippocampal neurons (B) Quantitative analyzed the optical density of TRPV1 protein signal [3 cultures per group, unpaired t-test, t(22) = 4.6, p < 0.001]. (C) Anesthesia with 3% sevoflurane 2 h daily for 3 days at P7 increased the expression of TRPV1 in the hippocampus of mice harvested at P9 (D) Quantification of the Western blot shows that sevoflurane anesthesia increased the protein levels of TRPV1 compared to that observed under the control conditions [n = 6, unpaired t-test, t(10) = 2.5, p = 0.0343]. Data are presented as the mean ± SEM. *p < 0.05; ***p < 0.001. Ctrl, control; Sev, sevoflurane.


Then, the role of TRPV1 on synaptic density changes was examined after sevoflurane exposure. In the primary hippocampal neuronal cultures at DIV 16 before and after sevoflurane exposure with or without SB 366791, the changes of synaptic density indicated with synaptophysin and homer 1 puncta were significantly decreased by approximate 41 and 40%, respectively, in the sevoflurane-treated cultures compared with the control cultures (Figures 2A–C). Furthermore, pretreatment with SB 366791 for 1 h significantly ameliorated the toxic effects of 4% sevoflurane exposure on neuronal synaptic density (Figures 2A–C). Then, we quantified the synaptic density in the CA1 area in mice. The density of synaptophysin puncta in the Sevoflurane treated mice was significantly reduced by about 24% compared with that in the control mice (Figures 2D,E), whilst SB 366791 reversed this reduction (Figures 2D,E).
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FIGURE 2. Pretreatment with TRPV1 antagonist SB 366791 significantly suppressed synaptic density loss induced by sevoflurane exposure. (A) Fluorescent images of synaptophysin and homer 1 puncta density in hippocampal neurons in the Ctrl and Sev cultures treated with TRPV1 antagonist SB 366791 (10 μM). (B,C) Quantitative analysis of synaptophysin (B) and homer 1 (C) puncta density in the Ctrl and Sev cultures [3 cultures per group, one-way ANOVA, synaptophysin: F(3,56) = 5.0, p = 0.0041, homer 1: F(3,58) = 6.9, p < 0.001]. (D,E) Representative fluorescent images (D) and quantitative analysis (E) of synaptophysin puncta density in the CA1 area of the with or without SB 366791(500 μg/kg) treatment mice [7 mice per group, F(2, 18) = 18.2, p < 0.0001]. Data are presented as the mean ± SEM. ANOVA followed by Bonferroni post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Ctrl, control; Sev, sevoflurane; SB, SB 366791.




TRPV1 Inhibition Reversed Sevoflurane Exposure Induced Cognitive Function Impairment and AMPAR Delivery Deficiency

Considering that sevoflurane was shown to specifically affect the synaptic puncta by inducing the changes of TRPV1 expression, we determined the effect of TRPV1 on cognitive dysfunction in adulthood induced by sevoflurane exposure of the developing brain. Initially, we assessed the locomotor activity in mice in the open field test. In the mice pre-treated with SB 366791 (SB366791 group), the total distance was similar to that of the wild type mice (Ctrl group) at P65. Additionally, no behavioral deficits were detected in the Sevoflurane with or without SB 366791treated mice (Figure 3A). No differences were found in the center of the arena between any of the groups (data not shown). There were no significant differences in locomotor activity during the 3 training days. In the case of NORT, sevoflurane treated mice had significantly lower recognition index than that in the controls (Figure 3B). Pre-treatment with TRPV1 antagonists SB 366791 abolished this effect of sevoflurane (Figure 3B). Then fear conditioning test, which assesses the hippocampal- dependent and hippocampus-independent memory, was performed. During the training period, all mice exhibited an increase in freezing elicited by the tone and there was no difference between groups (Figure 3C). In the case of the FC contextual test conducted 24 h after the training, sevoflurane treated mice had significantly lower freezing when the animals were place into the same context (Figure 3D), while, SB 366791 abrogated the decline induced by sevoflurane (Figure 3D). However, no significant differences were observed in the FC tone test among the groups (Figure 3E).
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FIGURE 3. SB 366791 mitigated sevoflurane-induced cognitive impairment in adult mice. (A) Total travel distance during 10 min locomotor activity test in the open field test of Ctrl (n = 12), Ctrl + 500 μg/kg SB 366791 (n = 10), Sev (n = 13), and Sev + 500 μg/kg SB 366791 (n = 14) mice. (B) Recognition index of Ctrl (n = 10), Ctrl + 500 μg/kg SB 366791 (n = 10), Sev (n = 13), and Sev + 500 μg/kg SB 366791 (n = 14) mice [one way ANOVA, F(3, 43) = 5.8, p = 0.0021]. (C) Percentage of freezing in Ctrl (n = 12), Sev (n = 12), and Sev + 500 μg/kg SB 366791 (n = 10) mice during fear conditioning training. (D) Percentage of freezing in Ctrl (n = 12), Sev (n = 12) and Sev + 500 μg/kg SB 366791 (n = 10) mice during the contextual memory test [one way ANOVA, F(2, 31) = 6.9, p = 0.0034]. (E) Percentage of freezing of Ctrl (n = 12), Sev (n = 12), and Sev + 500 μg/kg SB 366791 (n = 10) mice during the cued test. Data are presented as the mean ± SEM. ANOVA followed by Bonferroni post hoc test. *p < 0.05; **p < 0.01. Ctrl, control; Sev, sevoflurane; SB, SB 366791.


Synaptic AMPA receptor delivery contributes to learning and memory (Mitsushima et al., 2011; Knafo et al., 2012). To test whether TRPV1 is required for changing synaptic AMPAR delivery after sevoflurane exposure, crude synaptosomal fractions from mouse hippocampus were isolated, and both synaptosomal and total AMPAR subunits were detected. Sevoflurane exposure decreased the levels of synaptosomal GluA1, 2 and 3 AMPAR subunits compared to that in the control mice, and SB 366791 maintained the levels of these AMPAR subunits (Figures 4A,B). The levels of AMPAR in the post-nuclear supernatant fraction (total protein) remained similar in all groups of mice (Figures 4A,C). Meanwhile, the surface GluA1 AMPARs in neurons were assessed with immunofluorescence staining. Sevoflurane had a significantly lower surface GluA1 (sGluA1) expression, and pre-treatment with SB 366791 suppressed this reduction induced by sevoflurane exposure (Figure 5).
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FIGURE 4. Pre-treatment with TRPV1 antagonist SB 366791 reversed the decrease of the GluA1/2/3 AMPAR subunits caused by sevoflurane exposure. (A) Representative Western blots of GluA1/2/3 proteins in crude synaptosomal preparations and total cell lysate obtained from the hippocampal tissue of Ctrl, Ctrl + 500 μg/kg SB 366791, Sev and Sev + 500 μg/kg SB 366791 mice. (B) Quantitative analysis of the Western blots [crude synaptosomal, n = 8–10 mice per group, one way ANOVA, GluA1: F(3, 32) = 6.5, p = 0.0015; GluA2: F(3, 32) = 7.6, p = 0.0006; GluA3: F(3, 32) = 6.0, p = 0.0023]. (C): quantitative analysis of the Western blots (total protein, n = 8–10 mice per group). Data are presented as the mean ± SEM. ANOVA followed by Bonferroni post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001. Ctrl, control; Sev, sevoflurane; SB, SB 366791.
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FIGURE 5. SB 366791 attenuated sevoflurane-induced reduction of surface GluA1 in hippocampus neurons. (A) Fluorescent images of surface GluA1 (sGluA1) and total GluA1 (tGluA1) staining in hippocampus neurons from Ctrl and Sev cultures treated with TRPV1 antagonist SB 366791 (10 μM). (B) Quantitative analysis of (A) [3 cultures per group, one-way ANOVA, F(3, 40) = 7.0, p = 0.0007]. Data are presented as the mean ± SEM. ANOVA followed by Bonferroni post hoc test. *p < 0.05; ***p < 0.001. Ctrl, control; Sev, sevoflurane; SB, SB 366791.




TRPV1 Inhibition Reversed Sevoflurane Exposure Induced AMAPR Accumulation in Early and Recycling Endosomes

To determine the cellular mechanism of AMPAR trafficking deficiency in neurons after sevoflurane treatment, internalized GluA2 (iGluA2) was stained to systematically examine its co-localization with early, recycling and late endosomes based on known markers, EEA1, Stx13, and LAMP1, respectively. After sevoflurane treatment, the remaining iGluA2 in neurons showed a significantly higher co-localization with EEA1 and Stx13 than that in the control neurons. SB 366791 ameliorated the increased co-localization of iGluA2 with the EEA1 and Stx13 induced by sevoflurane treatment (Figures 6A,B,D,E). However, the co-localization of iGluA2 with LAMP1 was similar in all group of neurons (Figures 6C,F).
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FIGURE 6. Pretreatment with TRPV1 antagonist SB 366791 reversed the sevoflurane-induced accumulation of internalized AMPAR in endosomes. (A) Co-localization of internalized GluA2 (iGluA2, green) and EEA1 (red) in the cell bodies of hippocampal neurons from the Ctrl and Sev cultures treated with TRPV1 antagonist SB 366791 (10 μM). (B) Co-localization of iGluA2 and Stx13 (red). (C) Co-localization of iGluA2 and LAMP1 (red). (D) Quantification of (A). [3 cultures per group, one-way ANOVA, F(3, 82) = 6.2, p = 0.0008]. (E) Quantification of (B). [3 cultures per group, one-way ANOVA, F(3, 80) = 3.8, p = 0.0129]. (F) Quantification of (C) [3 cultures per group, one-way ANOVA, F(3, 51) = 0.5, p > 0.05]. Data are presented as the mean ± SEM. ANOVA followed by Bonferroni post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001. Ctrl, control; Sev, sevoflurane; SB, SB 366791.




TRPV1 Interacted With Src and Decreased Cofilin Phosphorylation

Then, the impact of TRPV1 on endosome sorting was analyzed at the molecular level. A non-receptor tyrosine kinase Src is associated with the regulation of cell proliferation and differentiation (Ohnishi et al., 2011). Downregulation of Src can protect mouse brain from injury (Paul et al., 2001; Purcell and Carew, 2003; Liu et al., 2010; Ward et al., 2019). Therefore, we hypothesized that TRPV1 may retain learning and memory by targeting Src cellular signaling. Co-localization of TRPV1 with Src was detected in HT22 mouse hippocampal neuronal cell line (Figure 7A), and co-immunoprecipitation experiments were performed to examine possible interaction between TRPV1 and Src in hippocampal tissue after sevoflurane exposure. The data obtained using mouse hippocampal extract and anti-Src antibody showed that TRPV1 could interact with Src in vivo (Figure 7B). The expression of p-Src (Tyr 416) was significantly increased after sevoflurane treatment (Figures 7C,D), and pre-treatment with SB 366791 suppressed this increasement induced by sevoflurane exposure (Figures 7C,D).
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FIGURE 7. TRPV1 binds to Src and suppresses inhibition of cofilin. (A) Representative image of TRPV1 (red) and Src (green) fluorescence in HT22 cell line. (B) Co-immunoprecipitation of Src and TRPV1 using anti-Src antibody in hippocampal protein extracts from control mice. (C,D) Representative image (C) and relative expression of (D) Src phosphorylation at tyrosine 416 (p-Src) after with or without SB 366791 (500 μg/kg) treatment [n = 6/group, one-way ANOVA, F(2, 15) = 10.4, p = 0.0015]. (E) Representative Western blot bands. (F) Quantitative analysis of (E) [5 mice per group, one-way ANOVA, F(2, 12) = 9.3, p = 0.0036]. Data are presented as the mean ± SEM. ANOVA followed by Bonferroni post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001. Ctrl, control; Sev, sevoflurane; SB, SB 366791.


Cofilin is an essential regulatory protein with crucial roles in learning and memory through modulating synaptic plasticity and AMPAR mobility (Rust et al., 2010). Previous study reported that cofilin was regulated by Src that triggered cofilin phosphorylation thereby affecting brain function (Wang et al., 2015). Therefore, we hypothesized that TRPV1 may maintain synaptic density and memory by targeting the Src-cofilin pathway. Our results showed that cofilin phosphorylation was significantly reduced in Sev group, while pretreatment with SB 366791 for 1 h before sevoflurane treatment significantly inhibited the reduction of cofilin phosphorylation (Figures 7E,F).




DISCUSSION

In the current study, we demonstrated that repetitious sevoflurane exposure on postnatal day 7 mice led to long-term learning and memory deficits. In neuronal cultures, sevoflurane exposure increased TRPV1 expression, decreased synaptic density, crude synaptosomal and neuronal surface AMPAR expression, as well as defected early and recycling endosomal trafficking in hippocampal neurons. The underlying molecular mechanism may be mediated through an increase in p-Src (Tyr 416) and a decrease in p-cofilin. However, pre-treatment with TRPV1 antagonist SB 366791 before sevoflurane exposure reversed the detrimental effects of sevoflurane both in mice and the hippocampal neurons (Figure 8).
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FIGURE 8. Scheme for the proposed mechanisms of TRPV1 antagonist protection of synaptic loss and memory defects induced by sevoflurane exposure. The underlying mechanisms may be involved with the interactions of TRPV1 and Src, cofilin activation, and AMPAR trafficking deficiency.


Neurotransmitter receptors, γ-aminobutyrate (GABA) and N-methyl-D-aspartic acid (NMDA) receptors in particular, and other ion channels are molecular targets of general anesthetics (Hemmings et al., 2005), suggesting that multiple anesthetic effects may be associated with various molecular targets in various regions of the nervous system. TRPV1 is a ligand-gated non-specific cation channel responding to various noxious stimuli (Julius, 2013). Previous studies shown that TRPV1 is activated and sensitized by local anesthetics in rodent sensory neurons as well as in HEK293T cells expressing TRPV1 (Leffler et al., 2008). Sevoflurane can sensitize TRPV1 to capsaicin and protons and reduce the threshold for heat activation in nociceptive neurons (Cornett et al., 2008). Our recent data demonstrated that the level of TRPV1 channel was increased in HT22 cells after treated with sevoflurane (Liu et al., 2019). HT22 cells are of neuronal origin; however, these cells may not accurately reflect the mechanisms of the normal neurons; hence, we used primary mouse neurons to investigate the role of TRPV1 in sevoflurane-induced neurotoxicity. The both in vivo and in vitro data of the present study indicated that the TRPV1 expression in neurons was increased after sevoflurane treatment which in line with our previous study (Liu et al., 2019). Interestingly, another study showed that sevoflurane upregulated the expression of TRPV1 in the airways (Liu et al., 2020). Therefore, all these indicated that sevoflurane can activate this channel in both central nervous system (CNS) and peripheral tissue. However, the underlying mechanism of these effects remains unclear. For instance, sevoflurane may regulate TRPV1 via a ligand-gated mechanism similar to activation of TRP channels by other anesthetics (Matta et al., 2008); the exact mechanisms remain unknown and warrants further study.

Neurons communicate via synapse, and certain changes in synapses are related to a number of brain diseases. We and other (Xiao et al., 2016) reported that synaptic density was reduced after sevoflurane treatment both in vivo and in vitro. TRPV1 is involved in various functions, including synaptic plasticity in the CNS. Capsaicin, a TRPV1 agonist, upregulated histone deacetylase 2 (HDAC2) resulting in the reduction of synaptic molecules and loss of synaptic density (Wang S. E. et al., 2018). In the present study, TRPV1 antagonist SB 366791 was able to prevent synaptic density decline. Thus, the activation of TRPV1 by sevoflurane reduced synaptic density in hippocampus, and this morphological alteration may subsequently contribute to the impairment of learning and memory.

The causal link between exposure a developing brain to commonly used anesthetics and brain development has not been established and remains controversial despite extensive preclinical studies. Lengthy or repeated exposure of 6–7-day-old rodents to equivalent anesthetics (such as isoflurane, sevoflurane or desflurane) resulted in an impairment of learning and memory in adulthood (Satomoto et al., 2009; Kodama et al., 2011; Ramage et al., 2013; Tao et al., 2016). However, other studies reported that exposure of neonatal non-human primates and rodents to anesthetics did not affect learning and memory (Fredriksson et al., 2007; Zhou et al., 2016). In the present study, exposure of neonatal mice at postnatal day 7–3% sevoflurane 2 h daily for 3 consecutive days resulted in learning and memory dysfunction in the NORT and contextual fear conditioning in adulthood. However, sevoflurane exposure has no effect on tone fear learning. Because the contextual fear conditioning was the hippocampal dependent learning, and tone fear conditioning was hippocampal independent learning (Phillips and LeDoux, 1992; Medina et al., 2002). It is possible that the amygdala function was unlikely impaired and the expression of TRPV1 in the amygdala remained unchanged, thus sevoflurane did not induce memory impairment which was consistent with the previous studies (Ni et al., 2020; Wang et al., 2020).

Published literature suggested that anesthetic exposure to the young and aged animals caused learning and memory disabilities (Dai et al., 2020; Fei et al., 2020; Zheng et al., 2020). In general, adult age animals are resistant to anesthetics-induced neuronal injury although the mechanisms responsible for this difference are unknown. A previous study suggested that extra-synaptic NMDA receptors, which is enriched in the young than the adult age, contributed the sevoflurane induced neurotoxicity (Wang et al., 2016) and this may provide partial explanation. However, adult age animals are not free from neurotoxicity which was also documented previously (Jevtovic-Todorovic et al., 2000). Importantly, under both anesthesia and surgery, the neuronal injuries and hence cognitive impairment in adults were readily detected (Vizcaychipi et al., 2014).

The levels of AMPAR GluA1/2/3 subunits were significantly decreased in the hippocampal synapses of sevoflurane-exposed mice which is similar to the findings of a previous study that pentobarbital and chloral hydrate reduced the expression of cortical and striatal neuronal surface AMPAR (Carino et al., 2012). The various AMPAR GluA subunits were not altered under SB366791 treatment which is not cell toxic (Liu et al., 2019). Previous study has also shown that either upregulation or knockdown of TRPV1 did not affect the expression of GluA1 and GluA2 (Giordano et al., 2012; Du et al., 2020). Thus, SB 366791 itself did not affect the expression of AMPAR. Therefore, sevoflurane decreased the expression of the AMPAR GluA1 subunit in the cultured hippocampal neurons was due to its inherent pharmacological effects, and pre-treatment with TRPV1 antagonist preserved the AMPAR trafficking was likely related to its blocking effect of TRPV1 changes induced by sevoflurane. Considering the results of previous studies, the effect of anesthetics on AMPAR trafficking is unlikely to depend on drug type. A reduction in the number of the receptors in the cell surface pool was accompanied by an increase in the number of the receptors in the intracellular pool. In the current study, the total AMPAR levels were not changed after sevoflurane treatment; thus, changes in the internalization or surface pool would account for AMPAR redistribution. Endosome sorting is the source of AMPA receptor mobilization (Park et al., 2004). Thus, blocking endosome sorting will impact the AMPAR trafficking and subsequent memory impairment. The data of our immunostaining experiments in vitro indicated that sevoflurane induced iGluA2 accumulation in the early and recycling endosomes in neurons, and pre-treatment with a TRPV1 antagonist ameliorated this accumulation, suggesting that TRPV1 may be required for AMPAR trafficking. AMPAR trafficking is associated with multiple proteins, including Stx13, Rab11, SNAP47, Rab8, synaptobrevin 2, etc. (Brown et al., 2007; Esteban, 2008; Jurado et al., 2013; Gu et al., 2016). In the present study, inhibition of TRPV1 abolished iGluA2 accumulation in the endosomes, indicating that TRPV1 may interact with endosomal proteins in mice although it warrants further study.

The present study indicated that TRPV1 may interact with Src cellular signaling, and sevoflurane exposure increased the phosphorylation of Src at tyrosine 416. Src can regulate the activities of FAK and cofilin to control neuronal migration (Wang et al., 2015). In p140Cap-knockout mice, over-activation of Src downregulated the RhoA/ROCK/cofilin signaling pathway to impact synaptic plasticity as well as learning and memory (Repetto et al., 2014). Similar to the impairment of the RhoA/ROCK/cofilin pathway induced by Src activation, a decrease in phosphorylation of cofilin was observed in the present study, while SB 366791 reversed this reduction caused by sevoflurane exposure. Brain-derived neurotrophic factor (BDNF) can activate cofilin signaling (Tong et al., 2012); thus, we cannot rule out a possibility that sevoflurane exposure inhibits BDNF to induce the TRPV1-mediated changes in synaptic density and cognitive function. However, our results indicated that the TRPV1 channel and cofilin likely interact each other per se.

Our work is not without limitations. First, the both N and C terminals of TRPV1 all contains specific structural domains with slightly different physiological functions; for example, the N-terminal is responsible for a thermal sensor of TRPV1 and channel activity (Yao et al., 2011; Du et al., 2019) whilst C-terminal domains of TRPV1 was reported to be involved in thermo-TRP channel activity, the regulation of voltage-gated channel opening and phosphorylation (Kwak et al., 2000; Goswami et al., 2007; Moiseenkova-Bell et al., 2008; Wang and Chuang, 2011). In our current study, only N-terminal antibodies were used and, therefore, the whole picture changes of TRPV1 are unknown. Second, neonatal mice were only used to study the neurotoxicity of sevoflurane in the current study. Thus, whether the current findings and underlying mechanisms were also evident in adult or even in older age is subjected for future study.



CONCLUSION

In conclusion, our results suggested the TRPV1/Src/cofilin signaling pathway likely mediated the abnormalities in synaptic density and neurocognitive function induced by sevoflurane exposure in mice at the brain development stage. These findings may provide a mechanistic foundation for identification of novel therapeutic targets of sevoflurane induced neurotoxicioty.
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