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Abstract

:

Transcranial magneto-acoustic stimulation (TMAS), which is characterized by high spatiotemporal resolution and high penetrability, is a non-invasive neuromodulation technology based on the magnetic–acoustic coupling effect. To reveal the effects of TMAS treatment on amyloid-beta (Aβ) plaque and synaptic plasticity in Alzheimer’s disease, we conducted a comparative analysis of TMAS and transcranial ultrasound stimulation (TUS) based on acoustic effects in 5xFAD mice and BV2 microglia cells. We found that the TMAS-TUS treatment effectively reduced amyloid plaque loads and plaque-associated neurotoxicity. Additionally, TMAS-TUS treatment ameliorated impairments in long-term memory formation and long-term potentiation. Moreover, TMAS-TUS treatment stimulated microglial proliferation and migration while enhancing the phagocytosis and clearance of Aβ. In 5xFAD mice with induced microglial exhaustion, TMAS-TUS treatment-mediated Aβ plaque reduction, synaptic rehabilitation improvement, and the increase in phospho-AKT levels were diminished. Overall, our study highlights that stimulation of hippocampal microglia by TMAS treatment can induce anti-cognitive impairment effects via PI3K-AKT signaling, providing hope for the development of new strategies for an adjuvant therapy for Alzheimer’s disease.
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1. Introduction


Alzheimer’s disease (AD) is a common neurodegenerative disease characterized by amyloid deposition [1,2]. The accumulation and impaired clearance of amyloid-β (Aβ) have been identified as key factors in the progression of AD [3]. Currently, strategies to enhance the clearance of Aβ still hold promise for AD treatment and prevention [4]. Microglia, the resident immune cells of the central nervous system, cluster around Aβ plaques and play a crucial role in Aβ clearance [5]. Recent studies have found that plaque-associated microglia enhance amyloid compaction and reduce plaque-associated toxicity, including dystrophic neurites, synaptic degradation, and cognition impairment [6,7]. However, as no approved treatment can revert or arrest the progression of AD, the development of new treatment methods for AD is urgently needed. Recent developments in TUS and TMAS have shown promise in modulating the microglial response to Aβ deposition.



Transcranial ultrasound stimulation (TUS) is a non-invasive neuromodulation technology based on acoustic effects. The research conducted by Bobola et al. demonstrated that TUS targeted the hippocampus of 5xFAD mice and reduced the Aβ plaque load, which was accompanied by microglial activation [8]. In addition, TUS covering the entire brains of 5xFAD mice reduced hippocampal Aβ plaques and improved microglial activation [9]. These findings suggest that TUS-mediated microglial activation will likely contribute to TUS-induced Aβ plaque reduction.



Transcranial magneto-acoustic coupling stimulation (TMAS) is a non-invasive neuromodulation technology that is based on the magnetic–acoustic coupling effect to generate a focused, coupled electric field in tissues. Previously, a study reported that TMAS was more effective than TUS in enhancing synaptic plasticity and improving memory ability in a mouse model of Parkinson’s disease (PD) [10,11]. Additionally, Yuexiang Wang et al. found that TMAS improved dendritic spine densities in the dentate gyrus region of PD mice [12]. Overall, the magnetic–acoustic coupling effect of TMAS is expected to produce a superior regulatory effect to TUS.



Alzheimer’s disease is characterized by lesions of the hippocampus, along with a dysfunctional memory process [13]. In the memory process of the hippocampus, the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) signaling axis has been shown to highly regulate both long-term potentiation (LTP) and long-term depotentiation (DEP) [14]. AKT (protein kinase B) is activated by upstream PI3K and is involved in hippocampus-dependent long-term memory consolidation [15]. Decreased levels of PI3K and p-AKT have been observed in the AD brain [16,17]. Accumulated studies have proven that the increased activation of PI3K and p-AKT enhances memory improvement [18,19,20]. The mechanisms underlying the synaptic plasticity and memory triggered by TMAS treatment are not yet clear. Here, we explore whether TMAS stimulates hippocampal microglia to promote Aβ clearance and cognitive improvement through activating the PI3K-AKT signaling pathway.




2. Results


2.1. The Schedule for TUS and TMAS Treatments for 5xFAD Transgenic Mice


TMAS-TUS treatment was applied for 14 days, starting on day 10 of oral PLX3397 administration. Following TMAS-TUS treatment, the novel object recognition (NOR) test was performed for 3 days. Subsequently, the LTP-DEP was recorded to evaluate synaptic plasticity in vivo for 6 days. After the mice were sacrificed, the histopathological investigation of mouse brain tissue and the potential signaling mechanism were examined (Figure 1A). The magnetic–acoustic coupling force from the TMAS experimental system was transmitted to the hippocampus through a focused ultrasound transducer and a static magnet. In contrast, the TUS experimental system only transmitted the acoustic force to the hippocampus. The ultrasound parameters of TUS and TMAS contained triggered ultrasounds, and a whole ultrasound signal held a 300 ms ultrasonic pulse excitation signal and a 4000 ms ultrasound interval (Figure 1B). We also measured the attenuation of energy when the ultrasound passed through the mouse’s skull, finding that the skull blocked 41% of the ultrasonic energy and the brain tissue further attenuated 13% of the ultrasonic energy (Figure 1C,D).




2.2. TMAS-TUS Treatment Promotes Activation of Microglia through the Cell Proliferation, Motility, and Phagocytic Capacities


Microglia, the primary immune cells in the central nervous system, play a crucial role in maintaining homeostasis. They constantly monitor and respond to both internal and external substances, exhibiting proliferation, migration, and phagocytic capacities [21,22]. Therefore, we employed IHC to examine the co-localization of CD11C and IBA1, indicating changes in the phagocytic state of the microglia. Furthermore, we utilized transwell and CCK-8 assays to investigate microglial cell migration and proliferation, respectively.



CD11C is an adhesion molecule that serves as a marker for microglial migration and phagocytosis [23,24]. The colocalization finder in Image J software 1.8.0 was used in the co-localization analysis of CD11C and Iba1. We drew a line from top to bottom in the particular area, and the co-location analysis was performed (Figure 2A). IHC analysis revealed that TMAS treatment significantly increased the expression levels of CD11C (TMAS vs. sham, p = 0.0016; TMAS vs. TUS, p = 0.0490) and Iba1 (TMAS vs. sham, p = 0.0011; TMAS vs. TUS, p = 0.0180) compared to sham- or TUS-treated mice (Figure 2B,C). Furthermore, the WB experiments also supported these findings, showing that TMAS or TUS treatment led to a higher protein level of Iba1 than the sham treatment group had (Figure 2D,E, TMAS vs. sham, p = 0.0039; TUS vs. sham, p = 0.0489). These results indicate that the microglia were more activated in the TMAS-treated group, which was additionally confirmed with the notable increase in the CD11C immunoreactivity area.



Blasi et al. developed BV2 cells, an immortalized mouse microglial cell line which has been widely used in studying brain immunity [25]. In our study, we investigated the effects of TMAS treatment and TUS treatment on the proliferation and migration of BV2 cells compared to a sham treatment. The results of a CCK-8 cell proliferation assay demonstrated that the results were higher in the TMAS treatment group than in the TUS and sham treatment groups (Figure 2F; TMAS vs. sham, p < 0.0001; TMAS vs. TUS, p < 0.0001). We observed that both TUS and TMAS treatments resulted in a higher number of transmigrated BV2 cells compared to the sham group, with the TMAS-treated group showing the highest number of cells (Figure 2G,H; TMAS vs. sham, p < 0.0001; TMAS vs. TUS, p < 0.0001; TUS vs. sham, p = 0.0310). These findings highlight TMAS as an effective regulator of BV2 cell function in all three treatment groups.




2.3. TMAS-TUS Treatment Enhances Microglial Phagocytosis and Clearance of Aβ


Amyloid plaques play an important role in the pathogenesis of Alzheimer’s disease [26,27]. Microglial phagocytosis is essential for diminishing the accumulation of amyloid plaques [28,29]. In this study, we incubated BV2 cells with HiLyte™ Fluor-488-labeled Aβ and analyzed the fluorescence of BV2 endocytosis under a fluorescence confocal microscope (Figure 3A). The analysis measurement tool in Image J software 1.8.0 was used to analyze the fluorescence of Aβ in BV2 cells. The results showed that the amount of Aβ phagocytosed by BV2 cells in the TMAS-treated group was higher than in the TUS- (TMAS vs. TUS, p = 0.0055) and sham-treated groups (TMAS vs. sham, p = 0.0002) (Figure 3B). In addition, BV2 cells were cultured with 10 μM Aβ particles for 1 h, 2 h, 4 h, and 8 h after TMAS and TUS treatments. A WB experiment was performed to detect the levels of internalized Aβ in BV2 cells following the elimination of free Aβ from the cell culture medium by PBS (Figure 3C). Our results demonstrated that the peak of the BV2 cells’ phagocytosis of Aβ was at 4 h (Figure 3D), and TMAS treatment promoted BV2 cells to perform endocytosis of more Aβ than the sham group (TMAS vs. sham, p < 0.0001) and TUS group (TMAS vs. TUS, p = 0.0026) (Figure 3E).



For in vivo research, the colocalization finder in Image J 1.8.0 was used to perform quantitative analysis of the area of colocalization of Aβ with CD68, a phagocytic marker for microglia in the brain, further revealing phagocytic Aβ uptake by the microglia (Figure 3F). We found that the microglia in TMAS-treated 5xFAD mice contained more Aβ than what was observed in TUS- (TMAS vs. TUS, p = 0.0353) and sham-treated 5xFAD mice (TMAS vs. sham, p = 0.0089) (Figure 3G). Overall, the in vitro and in vivo evaluations indicate that TMAS likely activates Aβ phagocytic microglia.




2.4. TMAS-TUS Treatment Reduces Amyloid Burden and Related Toxicity


Alzheimer’s disease is characterized by abnormal amyloid deposition in the brain, leading to amyloid plaques [30]. This accumulation disrupts the microenvironment surrounding the plaques, causing a swelling of presynaptic terminals known as dystrophic neurites [31,32]. We tested whether TMAS-TUS-treated microglia could attenuate amyloid plaques and plaque-associated neurotoxicity in 5xFAD mice. After two weeks of TMAS-TUS treatment, the 5xFAD mice were sacrificed to analyze changes in the amyloid plaques. The brain tissue of 5xFAD mice was sectioned into coronal sections, which were then subjected to IHC analysis; we found that the TMAS treatment effectively decreased the amyloid plaque burden in comparison to the sham group (TMAS vs. sham, p = 0.0386) and TUS group (TMAS vs. TUS, p = 0.0475), as seen in Figure 4A,B.



In order to study the effects of TMAS-TUS treatment on microglial barrier function, we counted the plaque-associated microglia and found a more significant rise in the microglia population near the plaque following TMAS treatment compared to the TUS- and sham-treated groups, as shown in Figure 4C (TMAS vs. TUS, p = 0.0163; TMAS vs. sham, p = 0.0002). To analyze the dystrophic neurites, we used anti-Lamp1 as a marker for aberrant lysosomal accumulation in the dystrophic neurites around plaques [32] and found that TMAS treatment significantly reduced the overall area of the dystrophic neurites (TMAS vs. sham, p = 0.0006; TMAS vs. TUS, p = 0.0468; Figure 4D,E), which is consistent with its protective effects on amyloid deposition. In summary, TMAS treatment decreases amyloid deposition and enhances the microglial clustering around plaques, thus further attenuating the amyloid load and the neurotoxicity associated with plaques.




2.5. Microglia Are Necessary for TMAS-TUS Treatment-Induced Aβ Plaque Reduction


To investigate whether microglia are responsible for the plaque reduction induced with TMAS-TUS treatment, we treated the 5xFAD mice with PLX3397 for 10 days, followed by continued administration of PLX3397 while subjecting the mice to 14 days of TMAS-TUS treatment. We found that the amyloid plaque burden was significantly decreased in the TMAS treatment group compared to the TUS and sham treatment groups (TMAS vs. sham, p < 0.0001; TMAS vs. TUS, p = 0.0002; Figure 5A,B). In contrast to the -PLX3397 group, the plaque load was no longer reduced by TUS treatment (TUS vs. sham, p = 0.8035) and TMAS treatment (TMAS vs. sham, p = 0.4626) in the +PLX3397 group (Figure 5B). To further analyze amyloid plaques, we detected both 10 kD oligomeric Aβ and 45 kD trimeric Aβ through WB experiments (Figure 5C); it was found that TMAS and TUS significantly reduced the expression of 10 kD Aβ (TMAS vs. sham, p = 0.0001; TUS vs. sham, p = 0.0313) in the -PLX3397 group, but the expression levels of 10 kDa Aβ were no longer reduced in the +PLX3397 group (F (2, 15) = 0.5955, p = 0.5638), as shown in Figure 5D. The expression levels of 45 kD Aβ were not significantly different between the -PLX3397 group (F (2, 15) = 0.8497, p = 0.4471) and the +PLX3397 group (F (2, 15) = 0.6441, p = 0.5391) (Figure 5E). Collectively, these findings indicate an important role for microglia in TMAS-TUS treatment-mediated Aβ plaque reduction.




2.6. Microglia Are Necessary for TMAS-TUS Treatment-Induced Synaptic Rehabilitation


2.6.1. Effects of TMAS-TUS Treatment on NOR Tests


We assessed the learning and memory ability of 5xFAD mice after two weeks of TMAS-TUS treatment using the novel object recognition (NOR) test, which included a training phase, a short-memory testing stage (Test 1), and a long-term testing stage (Test 2) (Figure 6A–C). The discrimination index (DI) from the training phase showed no significant difference among the seven groups (F (6, 36) = 0.5253, p = 0.7853, Figure 6A), suggesting that all mice had comparable motor abilities. Test 1 showed no significant difference between all groups (F (6, 36) = 1.171, p = 0.3435, Figure 6B). However, in the Test 2 stage, the DI value of the TMAS-TUS-treated 5xFAD mice was significantly increased compared to the sham-treated 5xFAD mice (TMAS vs. sham, p < 0.0001; TUS vs. sham, p = 0.0035), and the sham-treated 5xFAD mice had a lower DI value than the WT group (sham vs. WT, p < 0.0001), as shown in Figure 6C. Then, we investigated whether microglia are required for the improvements in long-term memory formation induced through TMAS-TUS treatment and found that the improvement in long-term memory formation was diminished in the 5xFAD mice with induced microglial exhaustion in Test 2 (F (2, 18) = 1.898, p = 0.1787, Figure 6C). These results indicate that TMAS treatment improves the long-term memory formation, but not the short-term memory formation, of 5xFAD mice.




2.6.2. Effects of TMAS-TUS Treatment on Electrophysiological Variation in the Hippocampus of 5xFAD Mice


To determine the outcomes of TMAS-TUS treatment in synaptic plasticity-inducing long-term potentiation (LTP) and long-term depotentiation (DEP) in 5xFAD mice, next, we analyzed LTP and DEP after the NOR test. We found that TMAS treatment ameliorated the LTP impairment of 5xFAD mice as compared with the TUS group (TMAS vs. TUS, p < 0.0001) and the sham group (TMAS vs. sham, p < 0.0001), as shown in Figure 6D,F. However, there was no significant difference between groups in the DEP results (F (3, 220) = 2.409, p = 0.0680; Figure 6G,I). These findings indicate that TMAS treatment enhances memory formation. Then, we assessed if the microglia contributed to the LTP improvement induced with TMAS-TUS treatment and found that the LTP improvement was diminished in 5xFAD mice with induced microglial exhaustion (F (2, 150) = 1.092, p = 0.3383; Figure 6E,F). The DEP results showed no significant difference in the +PLX3397 group (F (2, 150) = 1.092, p = 0.3383; Figure 6H,I). Therefore, collectively, microglia play a crucial role in TMAS-TUS treatment-induced memory formation.





2.7. Effects of TMAS-TUS Treatment on Neuroplasticity-Associated Proteins and PI3K-AKT Signaling Protein Expressions in the Hippocampus of 5xFAD Mice


To further investigate the enhanced LTP effect in the hippocampus upon TMAS-TUS treatment, we measured the levels of neuroplasticity-related proteins, such as synaptophysin (Syn) and postsynaptic density 95 (PSD95), which are located at the presynaptic terminals and the postsynaptic density of neurons, respectively. According to our IHC results, the positive area of PSD95 was significantly increased with the TMAS-TUS treatment compared with sham-treated 5xFAD mice (TMAS vs. sham, p = 0.0078; TUS vs. sham, p = 0.0409); however, the TMAS-TUS treatment had no significant effect on the positive area of PSD95 in the absence of microglia (F (2, 6) = 1.095, p = 0.3933), as shown in Figure 7A,B. Furthermore, our WB results showed that TMAS treatment significantly improved the expression levels of PSD95 in 5xFAD mice (TMAS vs. sham, p = 0.0026; TMAS vs. TUS, p = 0.0015; Figure 7C,D) and also no longer altered the expression level of PSD95 in the +PLX3397 group (F (2, 15) = 0.001875, p = 0.9981; Figure 7C,E). Syn, as another prominent neuroplasticity-related protein, did not exhibit a significant group factor between the +PLX3397 group (F (2, 15) = 0.1512, p = 0.8610) and the -PLX3397 group (F (2, 15) = 2.387, p = 0.1258) (Figure 7D,E). The expression levels of other proteins associated with neuroplasticity included the N-methyl-D-aspartate (NMDA) receptor subunits 2A (NR2A) and 2B (NR2B), as well as drebrin (DBN), a functional protein in dendritic spines, and no significant differences were demonstrated in their levels in the -PLX3397 group (NR2A: F (2, 15) = 0.5625, p = 0.5813; NR2B: F (2, 15) = 0.4902, p = 0.6220; DBN: F (2, 15) = 0.3337, p = 0.7214) or the +PLX3397 group (NR2A: F (2, 15) = 0.1694, p = 0.8458; NR2B: F (2, 15) = 0.06236, p = 0.9398; DBN: F (2, 15) = 0.5791, p = 0.5724), as seen in Figure 7D,E.



To better understand the potential signaling mechanism following TMAS treatment, we examined the levels of various proteins involved in PI3K-AKT signaling. We found that TMAS treatment improved the expression levels of PI3K and p-AKT to a more significant degree than was found in the sham- and TUS-treated groups (PI3K: TMAS vs. sham, p = 0.0410; TMAS vs. TUS, p = 0.0143) (p-AKT: TMAS vs. sham, p = 0.0104; TMAS vs. TUS, p = 0.0124). However, the TUS and TMAS treatments could no longer increase the expression levels of PI3K and p-AKT in the absence of microglia (PI3K: F (2, 15) = 0.3239, p = 0.7283) (p-AKT: F (2, 15) = 0.7085, p = 0.5082). The expression levels of AKT showed no significant differences between the -PLX3397 group (F (2, 15) = 1.086, p = 0.3626) and the +PLX3397 group (F (2, 15) = 0.2095, p = 0.8133). These results are shown in Figure 7D,E.



Then, we also discovered that after TUS and TMAS treatments, HT-22 cells incubated with BV2 cell supernatant significantly proliferated in the TMAS and TUS treatment groups as compared with sham treatment group (TMAS vs. sham, p < 0.0001; TUS vs. sham, p = 0.0001; Figure 7F,G).



In summary, TMAS treatment exerted anti-cognitive impairment effects in a microglia-dependent manner via promoting PI3K-AKT signaling in the hippocampus.





3. Discussion


TMAS is widely acknowledged as a non-invasive neuromodulation technology; however, its impact on amyloid deposition and microglial functions in Alzheimer’s disease remains elusive. We conducted a comparison study of TMAS and TUS and observed that the TMAS-TUS treatment improved microglial functions, including proliferation, migration, and Aβ phagocytosis and clearance. Additionally, TMAS-TUS treatment also reduced amyloid deposition, alleviated recognition memory deficits, and improved LTP-like hippocampal synaptic excitations. Notably, microglial exhaustion lessened the TMAS-TUS-mediated Aβ plaque reduction and the enhancement of synaptic rehabilitation, highlighting that microglia play an important role in TMAS-TUS treatment-induced protective effects. Our research reveals a crucial link between the response of the microglia and the benefits of TMAS treatment.



Recent research has indicated that TUS monotherapy can enhance synaptic rehabilitation at 250–720 ISPTA (mW/cm2) [33,34,35,36]; the ISPTA used was 5 to 14 times higher than the 53 mW/cm2 we utilized. Additionally, the combination of ultrasound with microbubbles to invasively open the blood–brain barrier also enhances synaptic rehabilitation [37,38,39]. Studies on the transcranial static magnetic field, with strengths ranging from 0.69 T to 2 T+, have shown that it exerts a neuroregulatory effect. These magnetic field strengths are higher than our static magnetic field strength 0.15 T. In our TMAS system, TUS [10,11] and the static magnetic field were sub-threshold stimulations [40,41]. Our findings revealed that TMAS enhanced memory formation and synaptic rehabilitation via PI3K-AKT signal activation when compared to sub-threshold TUS. Furthermore, the improvements in TMAS performance can be attributed to the combined effects of the sub-threshold static magnetic field and the sub-threshold ultrasound field. Thus, future research is imperative for gaining a deeper understanding of the TMAS mechanism, along with elucidating the disparities in the functional mechanisms between the static magnetic field and the ultrasound field.



Transcranial ultrasound stimulation reduced amyloid deposition and activated the microglia [8,9], indicating a potential interaction between microglial activation and TUS-induced Aβ plaque reduction. Moreover, TMAS improved the cortical motor function and memory ability better than TUS [11], inducing speculation that the magnetic–acoustic coupling effect of TMAS may help generate a better regulatory effect than TUS. Hence, it is probable that TMAS acts as a stronger physical attractant for microglial recruitment to the location of a plaque than TUS. In fact, we found that TMAS was more effective in improving microglial functions and enhancing synaptic rehabilitation than TUS. Remarkably, PLX3397, a selective CSF1R kinase inhibitor that eradicated microglia from the 5xFAD mice, abolished the substantial effects of TMAS and TUS on amyloid deposition and synaptic rehabilitation through microglial depletion. Therefore, our data support that these significant differences are related to the microglial activation induced via the TMAS and TUS treatments. However, the microglial surface channel proteins that represent the substantial effects of TMAS and TUS remain unknown; therefore, further studies are required in this area. Microglial channel proteins include voltage-gated ion channels (potassium [42], sodium [43], calcium [44], and chloride channels [45]) and ultrasound-sensitive channel proteins (mechanosensitive (MSC) [46], Piezo [47], and transient receptor potential (TRP) [48]). Although our study has demonstrated that TMAS and TUS reverse cognitive and synaptic deficits depending on the microglia, the microglial neurotrophic functions of TMAS and the substantial TUS-induced effects on synaptic plasticity remain unknown. Previous research has indicated that microglia promote learning-dependent synapse formation through brain-derived neurotrophic factor [49], insulin-like growth factor [50], and cytokines (IL-33 [51], TNF [52], and IL-1β [53]). Therefore, TMAS may have a more effective influence than TUS on synaptic plasticity through boosting the neurotrophic functions of microglia.



In previous studies, a static magnetic field (SMF) significantly increased skin microcirculatory blood flow [54] and exerted certain influences on the diameter of fine veins and arteries, as well as blood flow velocity in the microcirculation of mouse auricles [55]. Additionally, an SMF enhanced arterial baroreflex sensitivity [56]. Exposure to an SMF led to a decrease in plasma NO(x) concentrations, along with reduced levels of angiotensin II and aldosterone [57]. Based on these results, this indicates that SMFs play a significant role in the modulation of blood metabolism, possibly through the nitric oxide (NO) signaling pathway and via hormonal regulatory mechanisms. Furthermore, SMFs exert an influence on neuronal activity, encompassing the liberation of neurotransmitters, the activation of ion channels situated on the neuronal cell membrane, and alterations in the threshold of action potential. The research has demonstrated that SMFs elevate the overall serotonin concentration. Nevertheless, its impact on the other three neurotransmitters, such as choline, γ-aminobutyric acid (GABA), and dopamine, remains minimal [58]. Furthermore, recordings of GlyH-101-sensitive Cl-current components using whole-cell voltage-clamp techniques have demonstrated a substantial increase in both sub-threshold and depolarized membrane potentials upon the application of an SMF [59]. In the future, it is imperative to persist in the examination of the underlying neural mechanisms of TMAS, which possess the potential to fortify cerebral blood flow, stimulate the ion channels residing on neuronal cell membranes, modulate the threshold of neuronal action potential, and regulate the discharge of neurotransmitters.



Magnetic–acoustic nanoparticles are targeted using magnetic fields, and drug delivery is facilitated through the application of ultrasounds [60,61,62]. It is important to note that the static magnetic field and ultrasounds are utilized independently, without any overlap or integration. However, the TMAS leverages the combined powers of a static magnetic field and an ultrasound to achieve a magneto-acoustic coupling effect. Classical piezoelectric materials that have demonstrated piezocatalytic properties include inorganic compounds such as BaTiO3, ZnO, and BiFeO3, alongside organic polyvinylidene fluoride (PVDF) [63,64]. These materials are notable for their high dielectric constants, excellent ferroelectric properties, and acceptable biocompatibility, making them widely exploited in clinical practice for treating a range of pathological conditions [65,66]. Furthermore, piezoelectric materials have been combined with Fe2O4, such as core–shell-structured CoFe2O4-BiFeO3 magnetostrictive–piezoelectric nanoparticles [67]. This combination allows TMAS to accurately transmit the magneto-acoustic coupling effect through materials similar to CoFe2O4-BiFeO3 nanoparticles. In addition, simultaneous multi-target ultrasound neuromodulation based on a single-element ultrasound transducer facilitates concurrent neuron stimulation across multiple brain areas and enables the exploration of novel neural circuits [68,69]. In contrast to optogenetics [70], which necessitates the introduction of exogenous gene expression to modify the inherent characteristics of the brain, the future holds the promise of precise neural regulation achieved through the integration of TMAS with magnetic–acoustic nanoparticles. This approach offers the advantage of neural regulation without altering gene expression, and thereby favoring its utilization in neural regulation research and medical applications. Given that our TMAS system incorporates both low-intensity ultrasound and low-strength static magnetic fields, it is capable of ensuring the safety of its prolonged, uninterrupted use in the context of chronic conditions such as Alzheimer’s disease, Parkinson’s disease, depression, and movement disorders.



The application of brain stimulation should be carried out within safety boundaries. We considered many aspects of ultrasonic parameters, including the ultrasonic density, exposure time, fundamental frequencies, and ultrasonic heat generation. To avoid long-term exposure and potentially excessive high intensities of ultrasound during brain modulation, it was necessary to limit the ultrasonic intensity and exposure time. In our study, we adopted a 53 mW/cm2 ISPTA ultrasonic intensity, which was not only below the maximum 94 mW/cm2 limit for diagnostic imaging applications of fetuses and neonates but also below the 180 mW/cm2 limit for diagnostic imaging applications of adult human brains [71,72]. In addition, the ultrasonic intensity in our study was far lower than that used to regulate the activity of the primary somatosensory cortex in the human body, which was 23.87 W/cm2 [73]. In addition to the limitations on the maximum ultrasonic intensity, we also needed to ensure that the heat generated via a complete ultrasonic process did not exceed the normal physiological temperature (37 °C) by 1.5 °C [10]. Duck et al. found that higher temperature elevations from diagnostic exposure were limited to 41 °C (embryonic and fetal in situ temperatures) for 5 min, with anything beyond this considered potentially hazardous [74]. In the future, we should further detect the degree of warming of TMAS or TUS in the mouse brain. Prior studies have confirmed that low-intensity focused ultrasound pulsation (LIFUP), with a pulse repetition rate of 10 to 1000 Hz, can effectively regulate the activity of neurons [75,76]. Moreover, a 650 kHz ultrasound reduced energy loss when the ultrasound passed through the skull [77]. In addition, fundamental frequencies from 200 to 700 kHz did not affect the neuronal firing pattern. Based on these previous studies, we established a PRF of 1000 Hz and a duty factor of 50% in combination with a 500 kHz fundamental frequency and a single exposure of 5 min. In order to avoid the potential excessive immune activation associated with ultrasonic stimulation in the brain, the ultrasound may need to be applied with a lower intensity and smaller focus site. Recent advances in neuromodulation technology, such as temporal–spatial interference magneto-acoustic stimulation, possibly make a magneto-acoustic coupling current occur at the ultrasonic focus site. The 5xFAD transgenic AD mouse model only represents amyloid-related pathological processes and does not reflect the pathological processes of tau. Hence, the potential impact of TUS and TMAS on tau neurofibrillary degeneration remains to be investigated. Additionally, we only utilized male mice; therefore, in future studies, age-matched female mice will be important in investigating the effects of TMAS and TUS treatments on the pathological processes of AD.



In summary, our results demonstrate that TMAS enhances microglial functions to reduce amyloid plaque deposition and enhance synaptic rehabilitation, indicating that the effects of TMAS are superior to those of TUS in a microglial-dependent manner via the PI3K-AKT signaling pathway, providing new insights into the potential of TMAS for the treatment of Alzheimer’s disease.




4. Materials and Methods


4.1. Study Design


This study aimed to investigate how TUS and TMAS treatments affected the Aβ plaque load and anti-cognitive impairment of 5xFAD mice. Therefore, we treated and divided the 5xFAD mice into two cohorts. The first cohort of hemizygous male 5xFAD mice (median age, 6 months) was randomly assigned to the TUS, TMAS, or sham group (n = 7 per group) and received a 5-min daily treatment for 2 weeks (Figure 1D); this included a group of 7 wild-type mice. Then, we measured the effects of TUS and TMAS treatments on the amyloid pathology and synaptic plasticity in the hippocampus. A second cohort of hemizygous male 5xFAD mice (median age, 6 months) received microglial ablation using the microglia inhibitor PLX3397 (Topbiochem, Ltd., Shanghai, China; 1029044-16-3, 290 mg/kg formulated in standard chow). Subsequently, the microglia-deficient 5xFAD mice were randomly assigned to the TUS, TMAS, or sham group (n = 7 per group) and received a 5-min daily treatment for 2 weeks; this included a group of 7 wild-type mice. Then, we verified the effects of the TUS and TMAS treatments on amyloid pathology and synaptic plasticity in this second cohort. The treatment conditions were blinded until the analyses of the pathological results of all animals were completed.




4.2. Animals


The experiments were performed on 6-month-old male 5xFAD transgenic mice. Animals weighing 25–30 g were obtained from the Beijing HFK bioscience company. A 12 h light/dark cycle was used, with the lights switched on at 7:00 a.m. The first cohort of 5xFAD mice were fed standard chow. The second cohort of 5xFAD mice were fed the microglial inhibitor PLX3397 mixed in the chow. Water was available ad libitum. All animal experimental procedures met the experimental requirements of the Institute of Radiation Medicine, Chinese Academy of Medical Sciences and Peking Union Medical College.



In general, 5xFAD transgenic mice carry two major types of mutations. The first type is the precursor protein 695 (APP) mutation, including the Swedish (K670N and M671L), Florida (I716V), and London (V717I) mutations. The second type is the human Presenilin-1 (PS1) mutation carried by familial Alzheimer’s disease (FAD), including M146L and L286V. These mice almost exclusively and rapidly accumulate Aβ in the brain. Therefore, 5xFAD mice have amyloid plaques that are characteristic of AD.




4.3. TMAS-TUS Experimental System and Treatment


The ultrasonic signal generation was divided into two parts. The first part was the ultrasonic-induced signal (TFG6920A; Shu Ying, Shenzhen, China); the second part was the ultrasonic excitation signal (AFG3252; Tektronix, Beaverton, OR, USA); the two parts then joined a radio frequency amplifier (GA2500; Teclab Limited, Milwaukee, WI, USA) to form the completed ultrasonic signal. The ultrasonic signal was delivered to the subject via a focused US transducer (FP-0.5M; IOA-AC, Beijing, China) with a central frequency of 500 kHz. A needle hydrophone (developed by the Institute of Acoustics, Chinese Academy of Sciences Beijing) detected the sound pressure with a sensitivity of 2 µV/Pa. The sonication parameters of TUS were as follows: 0.6 ms TBD (tone-burst duration), 1 kHz PRF (pulse repetition frequency), 400 ms SD (sonication duration), and 106 mW/cm2 Isppa. Unlike the TUS equipment, the TMAS equipment had a permanent magnet. The static magnetic field strength of the permanent magnet was measured with a Gauss meter (model 475; Lakeshore, Columbus, OH, USA), and the magnetic field strength at the hippocampus of the mice was 0.15 T. The TMAS experimental system for animals (TMAS-ESA-BME01) was designed at the Institute of Biomedical Engineering, Chinese Academy of Medical Sciences and Peking Union Medical College. The TMAS-TUS experimental system (TMAS-ESA-BME01) involved the use of two function signal generators to produce the ultrasonic stimulation signal. The transducer, which converted the ultrasonic signal, was securely mounted onto the stereotactic locator’s three-axis bracket (SR-6M; Chengmao, Tokyo, Japan), enabling precise targeting through adjustments along the three axes. Simultaneously, a static magnet was positioned perpendicularly to the propagation direction of the ultrasonic wave of the transducer. The specification of the transducer and the distribution of the ultrasound pressure field were shown in Figure S1.



During the TUS and TMAS treatments, mice were anesthetized with isoflurane (RWD; Cat# R510-22-10, China, Shenzhen, China) in the breathing anesthesia machine (R580S; RWD, Shenzhen, China), and each mouse’s head was fixed on a stereotaxic frame with its head hair shaved. The ultrasonic probe was centered at 3.5 mm to the posterior of the bregma, along the midline, 1.9 mm below the skin surface, and covering the bilateral hippocampus. The focused ultrasound region was 4 mm in diameter. In the sham group, mice were stimulated by keeping the ultrasound probe and the static magnetic field turned off. All the mice received TMAS, TUS, or sham stimulation once per day for 2 weeks.




4.4. Silver Staining


After each mouse was sacrificed, the mouse brain was processed for silver staining [78,79]. Paraffin sections were dewaxed and rehydrated, treated using a silver glycine staining kit (Servicebio, Wuhan, China, Cat# G1052-500T), covered with silver glycine staining solution C for 5 min, treated with silver glycine staining solution B for 5 min, and then treated with silver glycine staining solution A for light staining. Sections were dehydrated three times with absolute ethanol and neutral resin. Stained sections were scanned under a white-field microscope and analyzed using Image J software 1.8.0.




4.5. Cell Culture and Proliferation Assay


The BV2 and HT-22 cell lines were purchased from the China Center for Type Culture Collection. The cells were cultured in Dulbecco’s modified Eagle medium supplemented with 1 × GlutaMAXTM-I, 5% (v/v) fetal bovine serum, 50 U/mL of penicillin, and 50 µg/mL of streptomycin, and cells were maintained at 37 °C and 5% CO2. Then, cell proliferation was detected with a CCK-8 kit (MedChemExpress, Shanghai, China; Cat# HY-K0301), as previously described in [80].




4.6. Aβ Phagocytosis Assays of BV2 Cells


BV2 cells at a density of 2 × 106 cells were inoculated into a 60 mm culture dish. After TUS, TMAS, or sham treatment, cells were treated with the phagocytosis inhibitor cytochalasin D (Calbiochem, Saint Louis, MO, USA; Cat#250255, RRID:HY-19693/cs-6968, 10 µM) for 30 min [81], and incubation using HiLyte™ Fluor 555-labeled-Aβ42 oligomers (Anaspec, Fremont, CA, USA; Cat# AS-60480-01, 500 nM) for an additional 4 h followed [82]. Cold PBS-washed cells were used for the detection of Fluor 555-labeled Aβ42 fluorescence under a confocal microscope.




4.7. Microglial Migration in Transwell Assays


BV2 cells suspended in 100 μL of serum-free DMEM medium were inoculated into the upper cavity of the transwell. A total of 600 μL of serum-free DMEM medium was added into the lower cavity of the transwell. Subsequently, the transwell was incubated in a cell incubator (5% CO2) for 1 h. Next, the serum-free DMEM medium in the lower cavity of the transwell was replaced with 10 μM of Aβ42 (Macklin, Shanghai, China; Cat# 107761-42-2) serum-free DMEM medium [83,84]. The transwell continued to be incubated in the incubator for 24 h. The BV2 cells on the membrane surface were removed with cotton swabs and washed with PBS three times. Next, the cells were fixed with 4% polyformaldehyde (PFA) for 20 min. After the cells were stained with crystal violet staining solution, they were photographed and recorded under a white-field microscope.




4.8. Western Blotting


Mice were anesthetized and 50 mL of pre-chilled 1× PBS was perfused through the hearts. The brains were dissected and divided at the midline. One side of the brain was further dissected, and the hippocampus was quickly frozen in liquid nitrogen and stored at −80 °C. Hippocampal tissue was immersed in RIPA lysis and extraction buffer (Beyotime; Cat# P0013B, Shanghai, China) supplemented with a protease and phosphatase inhibitor cocktail (Beyotime; Cat# P1051, Shanghai, China). The total protein was precipitated through centrifugation, and the protein concentration was determined with a BCA protein assay kit (Beyotime; Cat# P0009, Shanghai, China). Equal amounts of total protein from each group were obtained using Sure PAGE™ gels (GenScript; Cat# M00654, NJ, USA) and transferred to polyvinylidene fluoride (PVDF) membranes (Solarbio; Cat# ISEQ00010, Beijing, China). The PVDF membranes were blocked and then incubated with primary antibodies overnight at 4 °C. After washing, the PVDF membranes were incubated with the secondary antibody for 1 h, and enhanced chemiluminescence Western blotting detection reagents (Solarbio; Cat# PE0010, Beijing, China) were used after washing to visualize the bands. The grayscale values of each band were measured using Image J 1.8.0 and then compared with the grayscale values of the corresponding β-actin band. This comparison was performed through the calculation of the relative grayscale values or by calculating ratios. The following antibodies were used: anti-Iba1 (Wako; Cat# 016-20001, RRID: AB_839506, 1:500, Osaka, Japan), anti-Aβ1–42 (Cell Signaling Technology; Cat# D9A3A, RRID: AB_2798671, 1:1000, Danvers, MA, USA), anti-PSD95 (Cell Signaling Technology; Cat# 3450S, RRID: AB_2292883, 1:2000, Danvers, MA, USA), anti-synaptophysin (Sigma-Aldrich; Cat# S5768, RRID: AB_477523, 1:2000, Saint Louis, MO, USA), anti-NR2A (Millipore; Cat# 07-632, RRID: AB_310837, 1:1000, Danvers, MA, USA), anti-NR2B (Cell Signaling Technology; Cat# 14544, RRID: AB_2798506, 1:1000, Danvers, MA, USA), anti-DBN (ThermoFisher; Cat# MA5-28543, RRID: AB_2745502, 1:1000, Waltham, MA, USA), anti-PI3K (Cell Signaling Technology; Cat# 3821, RRID: AB_330320, 1:1000, Danvers, MA, USA), anti-AKT (Abcam; Cat# ab8932, RRID: AB_306867, 1/500, Cambridge, UK), anti-p-AKT (Abcam; Cat# ab8805, RRID: AB_306791, 1/500, Cambridge, UK), and anti-β-actin (Cell Signaling Technology; Cat# 12262, RRID: AB_2566811, 1:5000, Danvers, MA, USA).




4.9. Immunohistochemistry and Microscopy


The other halves of the mouse brains were fixed in 4% paraformaldehyde (Invitrogen; Cat# J61899, Shanghai, China) overnight at 4 °C; then, the brains were dehydrated and paraffin-embedded, followed by sectioning. The paraffin sections were dewaxed with xylene and absolute ethanol; then, the sections were placed in an antigen retrieval buffer (pH 6.0) with citric acid (Solarbio; Cat# C1032, Beijing, China) for antigen retrieval. The sections were blocked with a Triton X-100 permeabilization solution (BIOSS, Cat# P0096, Beijing, China) and a 1% bovine serum albumin-blocking solution (BIOSS; Cat# bs-0292P, Beijing, China). Then, the sections were incubated in a primary antibody overnight at 4 °C in a humidified chamber. The sections were covered with a fluorophore-containing secondary antibody (CY3) and incubated for 50 min at room temperature in the dark. The nuclei were counterstained with a DAPI staining solution (BIOSS; Cat# C02-04002, Beijing, China) added dropwise onto the sections and incubated for 10 min at room temperature in the dark. After drying, the sections were mounted with an anti-fluorescence quenching mounting medium (Solarbio; Cat# S2110, Beijing, China) and stored in the dark at 4 °C after mounting. Each section in Figure 2B, Figure 7A and Figure S2 was observed under a fluorescence microscope and photographed at three magnifications: 100×, 200×, and 400×. Each section in Figure 3A,F, Figure 4A,E and Figure 5A was observed under a fluorescence confocal microscope and photographed at two magnifications: 20× and 40×. For analysis, the selected file was initially input into the Image J software 1.8.0, and then the colocalization finder module was used to analyze the colocalization of multiple fluorescence signals. The colocalized area was calculated in the adjust threshold module, and the proportion of fluorescence occupied by colocalization was determined through comparison of the colocalized area with the fluorescence area in a specific channel. The primary antibodies used were as follows: anti-Iba1 (Wako; Cat# 016-20001, RRID: AB_839506, 1:500, Osaka, Japan), anti-Iba1 (Santa Cruz Biotechnology; Cat# sc-32725, RRID: AB_667733, 1:500, Santa Cruz, CA, USA), anti-Aβ (Abcam; Cat# ab32136, RRID: AB_2289606, 1/500, Cambridge, UK), anti-PSD95 (Cell Signaling Technology; Cat# 3450S, RRID: AB_2292883, 1:2000, Danvers, MA, USA), anti-CD11c (Biolegend; Cat# 117304, RRID: AB_313773, 1:1000, Santa Cruz, CA, USA), anti-Lamp1 (BIOSS; Cat# bs-1970R, 1:100, Beijing, China), and anti-CD68 (Bio-Rad; Cat# MCA1957, RRID: AB_322219, 1:50, Heraklion, CA, USA). Appropriate secondary antibodies were used from the Alexa Series from Molecular Probes.




4.10. Novel Object Recognition (NOR) Test


The NOR test assessed learning and memory in mice after two weeks of TMAS-TUS treatment. This test involved an opaque box (50 × 50 × 36 cm) with a camera recording the session. The NOR test consisted of four stages: adaptation, training, a short-term memory test, and a long-term memory test. In the adaptation stage, mice were familiarized with the box without any objects. During the training stage, mice were trained with two identical objects (object A1 and object A2) for 10 min. At 2 h after the training stage, in the short-memory testing stage (Test 1), object A2 was replaced with a new object, B. Mice were then allowed to freely explore the objects (object A1 and object B) for 10 min. Then, 24 h after the training stage, in the long-term testing stage (Test 2), object B was replaced with a new object, C, and mice were again given 10 min to freely explore the objects (object A1 and object C). An imaging system recorded the time mice spent on novel and old objects. Hence, we defined the discrimination index (DI = novel object exploration time/total exploration time × 100%) to assess the learning and memory capacity of each mouse. The box and objects were sanitized with 70% ethanol following each trial; it was ensured that the sanitization process was meticulous to eliminate any odors.




4.11. In Vivo Electrophysiological Study


After the NOR test, both the 5xFAD mice and the wild-type mice underwent electrophysiological experiments. The long-term potentiation (LTP) and long-term depotentiation (DEP) protocols were similar to those in prior studies [85,86]. During the electrophysiological experiments, the mice were anesthetized with 30% urethane and placed on a stereotaxic frame. A scalp incision was made to expose the skull, and a hole was drilled for the insertion of the recording and stimulating electrodes. A bipolar stimulating electrode was implanted in the PP (−3.8 mm AP, 3.0 mm ML, and 1.5 mm DV) of the hippocampus. A recording electrode was positioned in the DG (−2.0 mm AP, 1.4 mm ML, and 1.5 mm DV) of the hippocampus. The positions of the electrodes were optimized through adjustment of their depths while recording the response to a single stimulation pulse with the parameters of 0.2 ms duration and 0.4 mA intensity. An input–output (I-O) curve was then obtained through varying the stimulation intensity from 0.1 to 1 mA in increments of 0.1 mA. The stimulation intensity that evoked a 50–60% field excitatory postsynaptic potential (fEPSP) was selected for the subsequent experiments. The basal fEPSP was recorded every 60 s for 30 min. Subsequently, the theta burst stimulation (TBS) protocol (30 trains of 6 pulses at 100 Hz) was applied to induce LTP. Then, the fEPSPs were recorded every 60 s for 90 min following TBS. The low-frequency stimulation (LFS) protocol (900 pulses of 1 Hz for 15 min) was applied to induce DEP. The fEPSPs were recorded every 60 s for 90 min after the LFS. The collected data were then analyzed using Clampfit 10.0 software (Molecular Devices, Sunnyvale, CA, USA). After the electrophysiological experiments, the mice were sacrificed, and their brains were utilized for further experiments, such as IHC, silver staining, or WB experiments.




4.12. Data Analysis


Statistical analyses were performed using GraphPad Prism 8 software. Differences between multiple groups were analyzed using one-way analysis of variance (ANOVA) with repeated measurements, which was conducted using the data in Figure 2, Figure 3, Figure 4, Figure 5 and Figure 7. Two-way ANOVA with repeated measurements was conducted on the data in Figure 6. Fisher’s LSD was used for pairwise comparisons. All data were presented as mean ± SEM. The significant differences were * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, and ns, or not significant. Statistical significance was recognized as p < 0.05.





5. Conclusions


Transcranial magneto-acoustic stimulation (TMAS) and transcranial ultrasound stimulation (TUS) are both physical techniques for non-invasive brain stimulation. TMAS is an advantageous technique based on the use of a magnetic–acoustic coupling electric field to regulate the neuroelectric activity of deep brain regions. Our results showed that the effects of Aβ plaque clearance and the anti-cognitive impairment effects induced with TMAS treatment were significantly greater than those induced with TUS and sham treatments, and the improved performance of TMAS was mediated through microglial functions via the PI3K-AKT signaling pathway. This research suggests that TMAS treatment represents a favorable protective factor for AD pathological remission, and TMAS combined with other microglial regulators should therefore be explored for AD therapy.
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Figure 1. Flowchart of the experimental design for TMAS-TUS treatment. (A) Treatment plan for two cohorts of 5xFAD mice (NOR, novel object recognition test; LTP, long-term potentiation; DEP, depotentiation; IHC, immunohistochemistry; WB, Western blotting; HE, hematoxylin–eosin staining). (B) Ultrasonic parameters were set to a pulse trigger signal of 300 ms of excitation ultrasound. (C,D) The hydrophone detected ultrasonic energy (Ispta, mW/cm2); the farther away the skull surface, the more the energy attenuated. 
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Figure 2. TUS and TMAS treatments induced proliferation, migration, and phagocytic capacities in microglial cells. (A) The co-localization analysis of CD11C (green) and Iba1 (red) using Image J 1.8.0. (B) The hippocampal sections of groups were stained with DAPI (blue) for nuclei, Iba1 (red) for microglia, or CD11C (green) for microglial phagocytosis (n = 3 mice, 6 fields from each group were used for analysis). Original magnification ×400; scale bar: 20 μm. (C) Quantitation of the CD11C and Iba1 fluorescence area within each slice. (D) Iba1 was analyzed with WB experiments after TUS and TMAS treatments of 5xFAD mice (n = 3 mice; we double checked each group for analysis) for two weeks. (E) Quantitative analysis of IBA1 level in D. (F) A CCK-8 assay detected the proliferation of BV2 cells after TMAS or TUS treatment. (G,H) Transwell analysis showed BV2 cell migration after TMAS or TUS treatment. All data in the results are expressed as mean ± SEM. * p < 0.05; ** p < 0.01; **** p < 0.0001; ns, not significant. 
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Figure 3. TMAS-TUS-treated microglia associated with Aβ plaque phagocytosis. (A,B) Confocal assays detected that BV2 cells engulfed 10 μM Aβ42 (HiLyte™ Fluor 488-labeled, human) after TMAS or TUS treatments. Original magnification ×20; scale bar: 100 μm. Zoom-in images on the right have a scale bar equal to 20 μm. (C–E) WB experiments showed the phagocytosis of Aβ by BV2 cells. (F) Coronal sections were stained with DAPI (blue) for nuclei, anti-Aβ (green) for Aβ plaques, or CD68 (red) for a phagocytic phenotype of microglia. Aβ colocalized with CD68 is shown in the last column of the figure. Original magnification ×40. Zoom-in images on the right have a scale bar equal to 20 μm. (G) Quantitation of the ratio of Aβ colocalized with CD68 within each plaque (n = 4 mice for sham group, n = 4 mice for TUS group, n = 3 mice for TMAS group; 20 Aβ plaques from sham group were used for analysis, 20 Aβ plaques from TUS group were used for analysis, 15 Aβ plaques from TMAS group were used for analysis). All data in the results are expressed as mean ± SEM. * p < 0.05; ** p < 0.01; **** p < 0.0001; ns, not significant. 
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Figure 4. TUS and TMAS treatments attenuated amyloid burdens and amyloid-induced neurotoxicity. (A) Coronal sections of sham-, TUS-, or TMAS-treated 5xFAD mice were stained with DAPI (blue) for nuclei, anti-Aβ (red) for Aβ plaques, and Iba1 (green) for microglia. Representative images of the hippocampal regions are shown. Original magnification ×20; scale bar: 100 μm. (B) Statistical analysis of the difference in the Aβ fluorescence areas between sham, TUS, and TMAS groups (6 mice from each group were used for analysis). (C) Quantitation of the number of plaque-associated microglia in A (6 mice from each group were used for analysis). (D) Quantitation of the area of Lamp1-positive dystrophic neurites in E (6 mice from each group were used for analysis). (E) Coronal sections from sham-, TUS-, or TMAS-treated 5xFAD mice were stained with DAPI (blue) for nuclei, anti-Aβ (red) for Aβ, and Lamp1 (green) for dystrophic neurites. Representative images of the hippocampus regions are shown. Original magnification ×40; scale bar: 50 μm. Zoom-in images on the right have a scale bar equal to 20 μm. All data in the results are expressed as mean ± SEM. * p < 0.05; *** p < 0.001. 
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Figure 5. TUS and TMAS treatments no longer reduced amyloid plaques with administration of PLX3397. (A) Coronal sections were stained with anti-Aβ (red) for Aβ plaques and DAPI (blue) for nuclei. Original magnification ×20; scale bar: 100 μm. (B) Quantitation of the Aβ fluorescence areas in A (6 mice from each group were used for analysis). (C) WB experiments showed the difference between groups in 10 kD oligomeric Aβ and 45 kD trimeric Aβ. β-actin was used for normalization, as it is a major component of the cytoskeleton. (D) Quantitation of the 10 kDa Aβ expression in C (6 mice from each group were used for analysis). (E) Quantitation of the 45 kDa Aβ expression in C (6 mice from each group were used for analysis). All data in the results are expressed as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not significant. 
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Figure 6. The NOR tests and electrophysiological recordings. (A) DI measurements of the -PLX3397 group and the +PLX3397 group during training phase (7 mice from each group were used for analysis). (B) DI measurements of the -PLX3397 group and the +PLX3397 group during Test 1 stage (7 mice from each group were used for analysis). (C) DI measurements of the -PLX3397 group and the +PLX3397 group during Test 2 stage (7 mice from each group were used for analysis). (D) The fEPSP of LTP of control chow-fed 5xFAD mice treated with TMAS-TUS treatment. (E) The averaged fEPSPs of LTP of PLX3397 chow-fed 5xFAD mice. (F) The averaged fEPSPs of LTP of (D,E) (6 mice from each group were used for analysis). (G) The fEPSP of DEP of control chow-fed 5xFAD mice. (H) The fEPSPs of DEP of PLX3397 chow-fed 5xFAD mice. (I) The averaged fEPSPs of DEP of (G,H) (6 mice from each group were used for analysis). All data in the results are expressed as mean ± SEM. ** p < 0.01; **** p < 0.0001; ns, not significant. 
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Figure 7. TMAS-TUS treatment-induced neuroplasticity-associated proteins and PI3K/AKT signaling protein expression. (A) Coronal sections were stained with DAPI (blue) for nuclei and PSD95 (red) for postsynaptic plasticity in the hippocampus. Representative images of the hippocampal regions are shown. Original magnification ×200; scale bar: 50 μm. (B) Quantitation of PSD95 fluorescence areas in A (n = 3 mice, 6 fields from each group were used for analysis). (C) Neuroplasticity-associated proteins and PI3K/AKT signaling protein expressions were analyzed with WB experiments. (D) Quantitative analysis of protein expression levels in the -PLX3397 group (6 mice from each group were used for analysis). (E) Quantitative analysis of protein expression levels in the +PLX3397 group (6 mice from each group were used for analysis). (F) Supernatants from a 24 h BV2 cell culture were collected after TUS and TMAS treatments and used to culture HT-22 cells for 24 h. Original magnification ×20; scale bar: 100 μm. (G) Quantitative analysis of the proliferation of HT-22 cells in F. All data in the results are expressed as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0. 0001; ns, not significant. 
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