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High-Frequency Repetitive Transcranial Magnetic Stimulation Mediates Autophagy Flux in Human Bone Mesenchymal Stromal Cells via NMDA Receptor–Ca2+–Extracellular Signal-Regulated Kinase–Mammalian Target of Rapamycin Signaling
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Aim: Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive and safe technique for treatment of central and peripheral nerve injury. In recent years, this technique has been widely used in clinic, and an increasing number of studies have reported its mechanisms. In this study, we investigated the mechanisms of rTMS-mediated autophagy flux in human bone mesenchymal stromal cells (BMSCs).

Methods: A frequency of 50 Hz was employed. Cells were divided into five groups: (1) normal, (2) sham, (3) 0.5 T, (4) 1.0 T, and (5) 1.5 T. Cells were stimulated for 20 min/day. The levels of p62, LC3-II/I, phosphorylated extracellular signal-regulated kinase (p-ERK), ERK, phosphorylated-AKT (p-AKT), AKT, phosphorylated mammalian target of rapamycin (p-mTOR), mTOR, phosphorylated protein kinase A (p-PKA), PKA, phosphorylated epidermal growth factor receptor (p-EGFR), EGFR, Nanog, Oct4, Sox2, and NMDA receptor (NMDAR1) were investigated by western blotting. Intracellular calcium (Ca2+) levels were quantified by flow cytometry. p62 and LC3 expression was also assessed by immunofluorescence analysis.

Results: In the 0.5 T group, rTMS increased the expression of LC3-II/I, p-ERK/ERK, and NMDAR1 and decreased the levels of p62 and p-mTOR/mTOR than in the normal group. The ratio of p-AKT/AKT, p-PKA/PKA, and p-EGFR/EGFR and the expression of Nanog, Oct4, and Sox2 remained unchanged. Immunofluorescence analysis revealed colocalization of p62 with LC3 puncta, and flow cytometry analysis displayed that Ca2+ levels were elevated. However, in the 1.0 and 1.5 T groups, no changes in the expression of these autophagy markers were observed.

Conclusion: In the 0.5 T group, high-frequency rTMS can induce autophagy through NMDAR–Ca2+–ERK–mTOR signaling in BMSCs. In the 1.0 and 1.5 T groups, autophagy is not activated.
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INTRODUCTION

Repetitive transcranial magnetic stimulation (rTMS) is widely used for the treatment of central nervous system (CNS) diseases and is based on the regulation of brain plasticity and electromagnetic induction (Matheson et al., 2016). The effects of rTMS are determined by various stimulatory parameters including stimulus intensity, stimulus frequency, and stimulus patterns. Frequency remains a crucial factor. High-frequency rTMS (≥5 Hz) can facilitate cortical excitability, whereas low-frequency rTMS (≤1 Hz) reduces cortical excitability (Shu et al., 2018). Previous studies found that rTMS could treat CNS disease, such as Parkinson’s disease and Alzheimer’s disease (Rabey and Dobronevsky, 2016; Yang et al., 2018). In addition, rTMS can intervene in various electrostatic processes, such as protein–protein interactions (To et al., 2018). However, the molecular mechanisms of these effects are not completely understood.

Stem cell therapy is an effective, safe, and promising treatment option for neurological disease. Although neural stem cells are a useful treatment modality for CNS diseases, the heterogeneity of their differentiation in various neurospheres limit their utility. Compared with neural stem cells, BMSCs are rich and easy to cultivate, and auto-transplantation can be performed. BMSCs can differentiate into neuron-like cells and glial cells, which offers a potential option for CNS diseases such as Parkinson’s and Alzheimer’s (Abe et al., 2012). It has been reported that cotherapy with rTMS and BMSCs produces therapeutic benefits in vascular dementia rat models (Wang et al., 2018). Whether these therapies can be combined to treat other complex diseases, such as Parkinson’s and Alzheimer’s diseases, has not been investigated. To study this potential, we must first understand the mechanisms underlying the effects of rTMS on BMSCs.

Autophagy is formed by double-membraned autophagosomes that eliminate abnormal protein aggregates and damaged organelles. Autophagosomes fuse with lysosomes to degrade cellular materials. Two commonly used autophagy markers are LC3-II/I and p62/SQSTM1. LC3 is cleaved at its C-terminus by ATG4 to become a cytoplasmic soluble form of LC3-I. LC3-I is then lipidated to form LC3-II, which can remain on autophagosomes until their fusion with lysosomes. The ratio of LC3-II/I is considered an accurate indicator of autophagosome formation (Wu et al., 2016). p62 is an adaptor protein that correlates with autophagic degradation. The inhibition of autophagy increases the levels of p62, whereas decreases levels lead to autophagy activation. Therefore, p62 is a commonly used marker to assess autophagic flux (Lipinski et al., 2015; Li et al., 2016). The dysfunction of autophagy leads to neurodegeneration and cell death (Zhang et al., 2017). For this reason, autophagy has become an important therapeutic target for neurological diseases, and various clinical interventions can enhance autophagy (Towers and Thorburn, 2016). In Parkinson’s disease, autophagy promotes the clearance of α-synuclein, a nuclein that is prone to aggregation and has emerged as a therapeutic target to delay disease progression (Su et al., 2015). For Alzheimer’s disease, autophagy clears tau protein aggregates and reduces neuronal cytotoxicity (Fang et al., 2019). Autophagy also has protective effects on peri-ischemic brain tissue in ischemic rat models (Ao et al., 2019).

In this study, we investigated the link among rTMS, BMSC, and autophagy. We further explored the molecular mechanisms of the rTMS regulation of BMSCs.



MATERIALS AND METHODS


Materials and Apparatus

Repetitive transcranial magnetic stimulation was purchased from Yingzhi Company (M-100 Ultimate). All reagents are listed as follows: phosphorylated-AKT (p-AKT) (4060, Cell Signaling), AKT (4691, Cell Signaling), phosphorylated extracellular signal-regulated kinase (p-ERK) (50011, Abcam), ERK (184699, Abcam), phosphorylated epidermal growth factor receptor (p-EGFR) (40815, Abcam), EGFR (52894, Abcam), NMDA receptor (NMDAR1) (17345, Abcam), p62 (56416, Abcam), LC3 (192890, Abcam), phosphorylated mammalian target of rapamycin (p-mTOR) (5536, Cell Signaling), mTOR (2983, Cell Signaling), phosphorylated protein kinase A (p-PKA) (32390, Abcam), PKA (75993, Abcam), Oct4 (2750, Cell Signaling), Nanog (8822, Cell Signaling), Sox2 (3579, Cell Signaling), GAPDH (8245, Abcam), dizocilpine maleate (MK801) (15084, MCE), 1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)butadiene (U0126) (1901, Beyotime), 3-benzyl-5-((2-nitrophenoxy)methyl)-dihydrofuran-2(3H)-one (3BDO) (8317, Selleck), Fluo-4/AM (1060, Beyotime), horseradish peroxidase (HRP)-mouse (931, Sigma), HRP-rabbit (934, Sigma), Alexa Fluor 488 (150077, Abcam), Alexa Fluor Cy3 (97035, Abcam), and Cell Counting Kit-8 (CCK-8) (0037, Beyotime).



Cell Culture

Human bone mesenchymal stromal cells (BMSCs) were purchased from Cyagen Biosciences Inc. (HUXMA-01201). Cells were maintained in Dulbecco’s modified Eagle’s medium (11995, Gibco) and supplemented with 10% fetal bovine serum (FBS) (11995, Gibco) containing 1% penicillin/streptomycin, 0.2% herin, and 1% glutamax at 37°C in a humidified atmosphere containing 5% CO2. Cells were pretreated with inhibitors for 1 h prior to stimulation.



Repetitive Transcranial Magnetic Stimulation

The rTMS equipment was connected to a standard 70-mm outer wing diameter double that was a figure-of-eight coil with a frequency of 50 Hz. And the equipment rTMS had three magnetic strengths: 0.5, 1.0, and 1.5 T. Each dish has 2 × 105 cells. BMSCs were randomly divided into five groups: (1) normal, (2) sham, (3) 0.5 T, (4) 1.0 T, and (5) 1.5 T groups. Dishes were placed below the coil, and the distance between the coil and culture dish was 1.0 cm. The stimulation consisted of 20 trains of 100 pulses delivered at 50 Hz (2 s each train) with an inter-train interval of 58 s to allow effective cooling of the coil. rTMS was applied for 20 min once a day for three, four, and five consecutive days. For the 0.5 T group, 1.0 T group, and 1.5 T group, the stimulation intensities were 0.5, 1.0, and 1.5 T, respectively. The normal group did not receive treatments. Cells in the sham group were exposed to the device but were not actively stimulated (Figure 1A).
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FIGURE 1. Repetitive transcranial magnetic stimulation (rTMS) induces autophagy. (A) Model of rTMS stimulation of bone mesenchymal stromal cells (BMSCs). (B) The autophagy related-protein LC3 was assessed by western blotting. (C–E) Quantification of LC3-II/I. n = 3. Data were analyzed with a one-way ANOVA followed by Dunnett’s multiple comparison test. NS, not significant, ∗∗P < 0.01. Error bars = SD. The LC3-II/I ratio after 5 days of 0.5 T was 2.340 ± 0.057. (F) Autophagy related-p62 expression assessed by western blotting. (G) Quantification of western blotting for p62. n = 3. Data were analyzed with a one-way ANOVA followed by Dunnett’s multiple comparison test. ∗P < 0.05. Error bars = SD. The value of p62 after 5 days of 0.5 T was 0.685 ± 0.021.




Western Blotting

Samples were mechanically dissociated and lysed in radio-immunoprecipitation assay (RIPA) buffer (50 mM of Tris–HCl, 150 mM of NaCl, 1 mM of Na2-EDTA, 1% NP-40, and 0.25% Na-deoxycholate) containing protease inhibitor cocktail (04693132001, Roche) and phosphatase inhibitor cocktail (04906845001, Roche). After pretreatment, proteins were subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes. Blots were incubated at room temperature in blocking buffer containing 5% skimmed milk for 1 h and probed with primary antibodies (p-AKT, 1:2,000; AKT, 1:2,000; p-ERK, 1:2,000; ERK, 1:2,000; p-EGFR, 1:2,000; EGFR, 1:2,000; p-PKA, 1:2,000; PKA, 1:2,000; NMDAR1, 1:2,000; p62, 1:2,000; LC3-I/II, 1:2,000; p-mTOR, 1:2,000; mTOR, 1:2,000; Nanog, 1:2,000; Oct4, 1:2,000; Sox2, 1:2,000; and GAPDH, 1:5,000) overnight at 4°C. Blots were labeled with secondary antibodies for 1 h at room temperature. Blots were developed with enhanced chemiluminescence (ECL) and visualized using ImageLabTM software. Band intensities were obtained using ImageJ (National Institutes of Health [NIH]) software.



Cell Viability

Cell viability assays were performed with CCK-8 assays. Briefly, cells (∼2 × 103 cells) were treated with rTMS for 5 days, and 10 μl of CCK-8 was added to each well for 1.5 h. Absorbances were measured at 450 nm using a microplate reader (Tecan M200, Grodig, Austria).



Detection of Intracellular Ca2+ Concentrations

Ca2+ signals were measured with Fluo-4/AM (a cytosolic Ca2+ indicator) according to the manufacturers’ instructions. Briefly, cells were digested with 0.25% trypsin and stained with 200 μl of Fluo-4/AM (5 μmol/L) at 37°C for 30 min. Fluorescence intensities were detected by flow cytometry (Beckman Coulter, United States).



Immunofluorescence

Cells were fixed with absolute methanol for 5 min, permeabilized with 0.1% Triton X-100 for 5 min, and blocked in 0.1% phosphate-buffered saline (PBS)–Tween containing 1% bovine serum albumin (BSA), 10% FBS, and 0.3 M of glycine for 1 h. Cells were probed with primary antibodies (LC3-I/II, 1:300; P62, 1:300) overnight at 4°C and stained with secondary antibodies (Alexa Cy3-conjugated anti-mouse IgG, 1:500; Alexa 488-conjugated anti-rabbit IgG, 1:500) at room temperature for 1 h. Cells were observed under a Zeiss LSM700 confocal microscope and quantified by ImageJ (NIH). From each group, a minimum of 60 cells were analyzed.



Statistical Analysis

Data are shown as the mean ± SD using GraphPad Prism 8.01. A Student’s t-test was used for single comparisons between the two groups. Other data were analyzed using a one-way ANOVA followed by Dunnett’s multiple comparison test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, or no significant difference (NS) denote the significance thresholds.



RESULTS


Repetitive Transcranial Magnetic Stimulation Promotes Autophagic Flux

LC3 and p62 are essential for autophagy flux (Li et al., 2016). The ratio of LC3-II/I is considered an accurate indicator for autophagy formation. In this study, LC3 was detected by western blotting at 3, 4, and 5 days post-rTMS (Figure 1B). The ratio of LC3-II/I increased in the 0.5 T group compared with the normal group only on the fifth day (P < 0.01) (Figures 1C–E). Therefore, we focused on autophagy-related proteins on the fifth day after rTMS. Immunofluorescence assays showed that punctate LC3 staining (red dots) increased in the 0.5 T group compared with the normal group labeled by arrows, suggesting that rTMS could increase autophagosome formation (P < 0.05) (Figures 2A,B). p62, a marker of autophagy, was also detected. Western blotting and immunofluorescence assays (green fluorescence represented p62) showed that p62 expression in 0.5 T group compared with the normal group significantly decreased (P < 0.05) (Figures 1F,G, 2A,C). The results from both these assays were consistent, indicating that rTMS could enhance autolysosome degradation. In the merged images, LC3 and p62 colocalization (yellow dots) increased in the 0.5 T group labeled by arrows, whereas the colocalization of LC3 and p62 in other groups was not obvious (P < 0.05) (Figures 2A,D), further confirming that rTMS could increase autophagic flux.
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FIGURE 2. Immunofluorescence analysis of autophagy-related proteins. (A) Colocalization of LC3 with p62. Arrows showed positive regions. (B) Quantitative fluorescence intensity of LC3. (C) Quantitative fluorescence intensity of p62. (D) Colocalized puncta were quantified. Data were analyzed with a one-way ANOVA followed by Dunnett’s multiple comparison test. ∗P < 0.05. Scale bar, 20 μm. Error bars = SD. The values of LC3 and p62 in the 0.5 T group were 1.637 ± 0.206 and 0.218 ± 0.026, respectively. The values of colocalized puncta in the 0.5 T group were 4.000 ± 1.414.




Repetitive Transcranial Magnetic Stimulation Activates Autophagy in an mTOR-Dependent Manner

Mammalian target of rapamycin signaling is a major negative regulator of autophagy. To investigate the molecular mechanisms governing the effects of rTMS, mTOR, and p-mTOR were analyzed by western blotting. In the 0.5 T group, the ratio of p-mTOR/mTOR decreased significantly (P < 0.05) (Figures 3A,B). These data indicated that the inhibition of mTOR signaling induced autophagy. We then used the mTOR activator 3BDO to verify these findings. The compound forms hydrogen bonds with TYR82A and ILE56A sites that represent rapamycin binding sites in FKBP1A (Sheng et al., 2017). We observed that the p-mTOR/mTOR ratio increased in cells pretreated with 3BDO (P < 0.05) (Figures 3C,D). Compared with those in the rTMS group, the levels of p62 and p-mTOR/mTOR increased, whereas the ratio of LC3-II/I decreased following cotreatment with 3BDO (Figures 3E–H), suggesting that autophagy was inhibited. These data suggest that mTOR inhibition is required for rTMS-induced autophagy activation.
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FIGURE 3. Repetitive transcranial magnetic stimulation (rTMS) mediates autophagy via mTOR. (A) p-mTOR and mTOR assessed by western blotting. (B) Quantification of western blotting for p-mTOR/mTOR. Data were analyzed with a one-way ANOVA followed by Dunnett’s multiple comparison test. ∗P < 0.05, n = 3. Error bars = SD. The value of p-mTOR/mTOR in the 0.5 T group was 0.301 ± 0.223. (C) p-mTOR and mTOR assessed by western blotting after normal group cotreatment with 3BDO. (D) Quantification of western blotting for p-mTOR/mTOR. Data were analyzed with a Student’s t-test. ∗P < 0.05, n = 3. Error bars = SD. The value of p-mTOR/mTOR in the MK801 group was 2.200 ± 0.283. (E) After cotreatment with 3BDO, the expression of p-mTOR, mTOR, LC3, and p62 was assessed by western blotting. (F–H) Quantification of western blotting for p-mTOR/mTOR, LC3-II/I, and p62. Data were analyzed with a Student’s t-test. ∗P < 0.05, ∗∗P < 0.01, n = 3. Error bars = SD. The values of p-mTOR/mTOR, p62, and LC3-II/I in the 0.5 T + 3BDO group were 1.950 ± 0.212, 1.825 ± 0.106, and 0.790 ± 0.057, respectively. mTOR, mammalian target of rapamycin.




Repetitive Transcranial Magnetic Stimulation Upregulates ERK Expression in Bone Mesenchymal Stromal Cells

The two main signaling pathways upstream of mTOR are AKT and ERK (Li et al., 2016). AKT phosphorylation is used as an indicator of PI3K/AKT activation. Western blotting showed the ratio of p-AKT/AKT (Ser473) did not significantly change in the 0.5 T group (P > 0.05) (Figures 4A,B). These results suggest that rTMS induces autophagy through a mechanism independent of PI3K/AKT. ERK is a major negative regulator of mTOR. In this study, rTMS could upregulate the ratio of p-ERK/ERK in the 0.5 T group (P < 0.01) (Figures 4A,C). The data indicated that ERK signaling regulates rTMS activation. An ERK inhibitor (U0126) was used to confirm these findings. We observed a decrease in p-ERK/ERK in cells pretreated with U0126 (P < 0.05) (Figures 4D,E). We also found a reversal of p-mTOR/mTOR, p62, and LC3-II/I levels in response to rTMS following cotreatment with U0126 (Figures 4F–J). These data indicated that rTMS inhibited mTOR via the ERK pathway.
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FIGURE 4. Repetitive transcranial magnetic stimulation (rTMS) activates ERK in bone mesenchymal stromal cells (BMSCs). (A) p-AKT, AKT, p-ERK, and ERK assessed by western blot. (B,C) Quantification of western blotting for p-AKT/AKT and p-ERK/ERK. Data were analyzed with a one-way ANOVA followed by Dunnett’s multiple comparison test. ∗∗P < 0.01. NS, not significant. n = 3. Error bars = SD. The value of p-ERK/ERK in the 0.5 T group was 1.950 ± 0.071. (D) p-ERK and ERK assessed by western blotting after normal group cotreatment with U0126. (E) Quantification of western blotting for p-ERK/ERK. Data were analyzed with a Student’s t-test. ∗P < 0.05, n = 3. Error bars = SD. The value of p-ERK/ERK in the U0126 group was 0.500 ± 0.141. (F) After cotreatment with U0126, ERK, p-ERK, p-mTOR, mTOR, LC3, and p62 were assessed by western blotting. (G–J) Quantification of western blotting for p-ERK/ERK, p-mTOR/mTOR, LC3-II/I, and p62. Data were analyzed with a Student’s t-test. ∗P < 0.05, ∗∗P < 0.01, n = 3. Error bars = SD. The values of p-ERK/ERK, p-mTOR/mTOR, p62, and LC3-II/I in the 0.5 T + U0126 treatment groups were 0.280 ± 0.071, 2.300 ± 0.141, 1.810 ± 0.127, and 0.470 ± 0.057, respectively. ERK, extracellular signal-regulated kinase; mTOR, mammalian target of rapamycin.




Repetitive Transcranial Magnetic Stimulation Upregulates NMDAR1 Expression in Bone Mesenchymal Stromal Cells

NMDA receptor subtype of glutamate-gated ion channels has high Ca2+ permeability, which is mediated by rTMS (Baek et al., 2018b). In this study, the NMDAR subtype of glutamate-gated ion channels was investigated. Western blotting analysis showed that NMDAR1 increased in the 0.5 T group (P < 0.001) (Figures 5A,B). Intracellular calcium (Ca2+) was detected by flow cytometry after incubation with Fura-4/AM 30 min. rTMS dramatically enhanced intracellular Ca2+ levels compared with those in the normal group (P < 0.01) (Figures 5C,D). These results demonstrate that rTMS could upregulate the expression of NMDAR1 and increase the levels of intracellular Ca2+. Whether the NMDAR–Ca2+ pathway is required for the rTMS regulation autophagy is also assessed. The NMDAR antagonist (MK801) was used, which occupied the NMDAR binding site of the Ca2+ channel and prevented Ca2+ ions from entering the cell through NMDAR channels. When pretreated with MK801, western blotting showed that the levels of NMDAR1 decreased (P < 0.01) (Figures 6A,B), and the percentage of cells stained with Fura-4/AM decreased by ∼35% (P < 0.05) (Figures 6C,D). Compared with that in the rTMS group, cotreatment with MK801 decreased the expression of NMDAR1, p-ERK/ERK, and LC3-II/I and increased the levels of p-mTOR/mTOR and p62. The percentage of cells stained by Fura-4/AM was also decreased by ∼23% (Figures 6E–L). Taken together, the NMDAR–Ca2+ pathway is required for rTMS regulation autophagy.
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FIGURE 5. Repetitive transcranial magnetic stimulation (rTMS) mediates the levels of NMDAR1 and intracellular calcium (Ca2+) in bone mesenchymal stromal cells (BMSCs). (A) NMDAR1 assessed by western blotting. (B) Quantification of western blotting for NMDAR1. Data were analyzed with a one-way ANOVA followed by Dunnett’s multiple comparison test. ∗∗∗P < 0.001, n = 3. Error bars = SD. The value of NMDAR in the 0.5 T group was 3.900 ± 0.424. (C) Detection of Ca2+ levels by Fura-4/AM after rTMS. (D) Quantitative fluorescence intensity of Ca2+ levels. Data were analyzed with a one-way ANOVA followed by Dunnett’s multiple comparison test. ∗∗P < 0.01, n = 3. Error bars = SD. The value of Ca2+ in the 0.5 T group was 2.150 ± 0.212.
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FIGURE 6. Effects of MK801 on NMDAR1 after incubation with rTMS in bone mesenchymal stromal cells (BMSCs). (A) NMDAR1 assessed by western blotting after normal group cotreatment with MK801. (B) Quantification of western blotting for NMDAR1. Data were analyzed with a Student’s t-test. ∗∗P < 0.01, n = 3. Error bars = SD. The value of NMDAR1 in the MK801 group was 0.130 ± 0.042. (C) Detection of Ca2+ levels after normal group cotreatment with MK801. (D) Quantitative fluorescence intensity of Ca2+ levels. Data were analyzed with a Student’s t-test. ∗P < 0.05, n = 3. Error bars = SD. The value of Ca2+ in the MK801 group was 0.650 ± 0.071. (E) Cells were pretreated with MK801 (10 μM) for 1 h and incubated with rTMS. NMDAR1, ERK, p-ERK, p-mTOR, mTOR, LC3, and p62 were assessed by western blotting. (F–J) Quantification of western blotting for NMDAR1, p-ERK/ERK, p-mTOR/mTOR, LC3-II/I, and p62. Data were analyzed with a Student’s t-test. ∗P < 0.05, ∗∗P < 0.01, n = 3. Error bars = SD. The values of NMDAR1, p-ERK/ERK, p-mTOR/mTOR, p62, and LC3-II/I in the 0.5 T + MK801 group were 0.200 ± 0.141, 0.450 ± 0.071, 1.735 ± 0.092, 1.715 ± 0.177, and 0.770 ± 0.042, respectively. (K) Detection of intracellular Ca2+ levels after cotreatment with MK801. (L) Quantitative fluorescence intensity of Ca2+ levels assessed by Fura-4/AM. Data were analyzed with a Student’s t-test. ∗P < 0.05, n = 3. Error bars = SD. The value of Ca2+ in the 0.5 T + MK801 group was 0.775 ± 0.035. ERK, extracellular signal-regulated kinase; mTOR, mammalian target of rapamycin.




Repetitive Transcranial Magnetic Stimulation Does Not Affect the Stemness of Bone Mesenchymal Stromal Cells

To assess the stemness of BMSCs, cell viability is detected. After incubation with CCK-8 for 1.5 h, cell viability was detected at once. Treatment with rTMS for 5 days did not significantly affect the viability of BMSC cells (P > 0.05) (Figure 7A). This excluded the non-specific impact of rTMS on autophagy that may be related to cell damage or death. The stemness-related proteins Nanog, Oct4, and Sox2 were detected by western blotting (Figure 7B). The results showed no statistically significant differences (P > 0.05) (Figures 7C–E).
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FIGURE 7. Repetitive transcranial magnetic stimulation (rTMS) does not affect the stemness of bone mesenchymal stromal cells (BMSCs). (A) Cell viability was assessed by Cell Counting Kit-8 assays. n = 3–5. All data were analyzed with a one-way ANOVA followed by Dunnett’s multiple comparison test. NS, not significant. (B) Nanog, Oct4, and Sox2 were assessed by western blotting. (C–E) Quantification of western blotting for Nanog, Oct4, and Sox2. Data were analyzed with a one-way ANOVA followed by Dunnett’s multiple comparison test. NS, not significant. n = 3. Error bar = SD. (F) phosphorylated epidermal growth factor receptor (p-EGFR), EGFR, p-PKA, and PKA were assessed by western blotting. (G,H) Quantification of western blotting for p-EGFR/EGFR and p-PKA/PKA. Data were analyzed with a one-way ANOVA followed by Dunnett’s multiple comparison test. NS, not significant. n = 3. Error bar = SD. (I) Schematic diagram of the autophagy pathway induced by rTMS in BMSCs.




DISCUSSION

The results of this study demonstrated that rTMS could regulate autophagy in vitro. Furthermore, NMDAR–Ca2+–ERK–mTOR signaling was identified as critical for autophagy induction by rTMS in BMSCs.

High-frequency rTMS is used in clinic and can temporarily modulate cortical activity. However, previous studies did not clarify the effects of rTMS on the regulation of autophagy and its associated molecular changes in vitro. The purpose of this study was to provide experimental evidence that rTMS mediates BMSCs. The primary advantage of these in vitro studies was that additional complications of penetration through the skin and bone were removed. As rTMS acts directly on the tissue of interest, the procedure was cost-effective (Hellmann et al., 2012). High-frequency rTMS (10 Hz) increases growth factor stimulation by activating AKT and ERK signaling cascades in neuroblastoma cells (Baek et al., 2018a). The levels of AKT do not increase in this study, and autophagy is induced after 5 days of rTMS treatment. These results are related to the rTMS parameters and implicated an AKT independent role of autophagy induction.

No studies have explored the mechanisms of BMSCs by rTMS. High-frequency rTMS (20 Hz) has been shown to promote neural stem cell proliferation, but no such effects on BMSCs were observed in this study (Luo et al., 2017). These discrepancies may be related not only to the rTMS parameters but also the stemness of the BMSCs. In this study, BMSC was used from passages 3 to 7, and the stemness of the BMSCs was detected. No changes in the expression of Nanog, Oct4, and Sox2 were observed, all of which may be influenced by autophagy, but the stemness of BMSCs is affected by many factors, including microRNA-specific expression profiles, DNA methylation, and histone modifications, and these factors may have influenced the findings.

In our experiments, the effects of different intensities for autophagy formation and autophagy-related proteins were investigated. NMDAR–Ca2+–ERK–mTOR signaling was identified as involved. NMDARs have two subunits: NR1 and NR2. As a functional subunit, NR1 has the basic functional characteristics of NMDARs, whereas NR1 activation plays an important role in spatial learning and memory (Huang et al., 2015). Western blotting showed that the expression of NMDA1 increased in response to rTMS in the 0.5 T group (Figures 5A,B). NMDA could mediate Ca2+ flux. The Ca2+ increased in rTMS group and reduced in the presence of the NMDAR antagonist (MK801) (Figures 5C,D, 6C,D). Therefore, we speculated that rTMS activation NMDAR signaling promoted the flux of Ca2+. Intracellular Ca2+ elevations were required for the activation of EGFR, and it was reported that 50 Hz at 0.1, 0.2, or 0.4 mT for 15 min could significantly increase the levels of p-EGFR in Chinese hamster lung cells (Sun et al., 2008). In this study, the ratio of p-EGFR/EGFR did not significantly change in the 0.5 T group (P > 0.05) (Figures 7F,G). PKA was an upstream signaling protein of ERK (Zhao et al., 2019). But the levels of p-PKA/PKA did not change in this study (P > 0.05) (Figures 7F,H). rTMS could upregulate the expression of p-ERK/ERK, and LC3-II/I and U0126 reversed these effects, implicating ERK-mediated signaling in the induction of autophagy. mTOR serves as a major regulator of autophagy. Our results demonstrated that rTMS repressed the phosphorylation mTOR and that the mTOR activator 3BDO decreased the autophagy induction. The data demonstrated that mTOR signaling was closely related to the autophagy induction observed in response to rTMS. rTMS also did not increase the expression of p-AKT, further implicating ERK rather than AKT as critical during autophagy induced by rTMS.

Autophagy is a lysosomal degradation pathway that widely occurs in all eukaryotic cells, playing an important role in cell metabolism. Autophagy as a therapeutic intervention can treat CNS diseases, such as Parkinson’s and Alzheimer’s. Autophagy regulates the balance between cell survival and death. Increasing autophagy flux had been shown to offer neuroprotection (Lipinski et al., 2015). Autophagy flux refers to the process of autophagosome production and the degradation of intracellular proteins/organelles after their combination with lysosomes to regulate intracellular homeostasis. Enhanced levels of LC3-II or the ratio of LC3-II/I do not alter autophagy flux but act as measurements of autophagosome accumulation. Hence, we examined the formation and degradation of autolysosomes using p62 as a marker, to ensure the state of autophagic flux. Our data revealed that the ratio of LC3-II/I increased and p62 decreased, suggesting that autophagy flux occurred on the fifth day of rTMS (Figures 1E,G, 2B,C). The results of immunofluorescence assays and western blotting were consistent. No changes in LC3-II/I and p62 were observed in 1.0 T and 1.5 T groups. This revealed for the first time the mechanisms by which rTMS could induce autophagy in vitro (summarized in Figure 7I).

In summary, the molecular responses of BMSCs to rTMS have been characterized. In general, autophagy flux is protective and induced by rTMS via the NMDAR–Ca2+–ERK–mTOR signaling in BMSCs. This study improves our understanding of the mechanisms by which rTMS affects BMSCs.
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