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Abstract

:

Microglia, astrocytes, and oligodendrocyte progenitor cells (OPCs) may serve as targets for remyelination-enhancing therapy. Low-intensity pulsed ultrasound (LIPUS) has been demonstrated to ameliorate myelin loss and inhibit neuroinflammation in animal models of brain disorders; however, the underlying mechanisms through which LIPUS stimulates remyelination and glial activation are not well-understood. This study explored the impacts of LIPUS on remyelination and resident cells following lysolecithin (LPC)-induced local demyelination in the hippocampus. Demyelination was induced by the micro-injection of 1.5 μL of 1% LPC into the rat hippocampus, and the treatment groups received daily LIPUS stimulation for 5 days. The therapeutic effects of LIPUS on LPC-induced demyelination were assessed through immunohistochemistry staining. The staining was performed to evaluate remyelination and Iba-1 staining as a microglia marker. Our data revealed that LIPUS significantly increased myelin basic protein (MBP) expression. Moreover, the IHC results showed that LIPUS significantly inhibited glial cell activation, enhanced mature oligodendrocyte density, and promoted brain-derived neurotrophic factor (BDNF) expression at the lesion site. In addition, a heterologous population of microglia with various morphologies can be found in the demyelination lesion after LIPUS treatment. These data show that LIPUS stimulation may serve as a potential treatment for accelerating remyelination through the attenuation of glial activation and the enhancement of mature oligodendrocyte density and BDNF production.
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1. Introduction


Multiple sclerosis (MS) is the most common demyelinating disease of the central nervous system (CNS) and is characterized by oligodendrocyte death, myelin loss, and disrupted action potential conduction [1]. MS can be classified according to its disease course into relapsing-remitting MS (RRMS), primary progressive MS (PPMS), and secondary progressive MS (SPMS) [2]. The pathogenesis of MS is characterized by a series of pathobiological events, ranging from microglia activation to demyelination and axonal degeneration [3,4]. Neurodegeneration in MS is commonly considered to be associated with the development of an inflammatory autoimmune response in the CNS [5]. Inflammation not only results in demyelination but also induces neuronal damage [6,7]. Although the underlying mechanism of MS remains unclear, the existing drugs used to treat MS target inflammation [8,9]. However, current efforts are focused on developing treatment approaches that utilize several combinations of compounds with different mechanisms of action with the aim of promoting remyelination [10]. Currently, more than a dozen drugs are approved for RRMS and one agent for PPMS [11]. Ocrelizumab, a monoclonal antibody, was the first medication to be approved for PPMS [12].



Remyelination in the CNS is a complex process that requires the coordination of multiple resident cell types, including oligodendrocyte progenitor cells (OPCs), neuronal axons, microglia, and astrocytes, all of which may be targets for enhanced remyelination [13]. Targeting these cells, along with the currently available disease-modifying therapies, has the potential to develop a therapeutic strategy to treat progressive forms of MS, which currently lacks effective therapies. Furthermore, the brain-derived neurotrophic factor (BDNF) levels are decreased in patients with MS [14]. Astrocyte-derived BDNF may represent a source of trophic support that can reverse the deficits following demyelination [15]. Enhancing the endogenous sources of trophic support is crucial in the CNS, because the administration of exogenous proteins to the brain is challenging [16,17].



Our previous studies reported that low-intensity pulsed ultrasound (LIPUS) was able to alleviate neuroinflammation by inhibiting Toll-like receptor 4 (TLR4)/nuclear factor kappa B (NF-κB) signaling and enhancing cAMP response element-binding protein (CREB)/BDNF expression in lipopolysaccharide-treated mice [18]. LIPUS stimulation upregulates BDNF production in astrocytes through the activation of NF-κB via the tropomyosin receptor kinase B (TrkB)–phosphoinositide 3-kinase (PI3K)–protein kinase B (Akt) and calcium–Ca2/calmodulin-dependent protein kinase (CaMK) signaling pathways [19]. The anti-inflammatory effects and neuroprotective modulations associated with LIPUS applications in in vitro and in vivo studies indicate that transcranial ultrasound stimulation (TUS) might have potential therapeutic effects in patients with brain disorders [20,21,22,23]. Additionally, TUS treatment resulted in a clear but variable degree of myelin recovery when used to treat vascular dementia and AlCl3-treated rats [24,25]. Another study has demonstrated that TUS is capable of accelerating remyelination of MS lesions [26]. However, the underlying mechanisms of TUS-enhanced remyelination are still unknown.



The purpose of this project was to study the effects of TUS on remyelination and the inflammatory response associated with demyelination, which involves the activation of astrocytes and microglia [27,28]. LPC causes toxicity in myelin and is used to induce local demyelination in vivo [29,30,31]. TUS was exploited as a form of physical therapy to study the effects of ultrasound neuromodulation during remyelination. We histologically confirmed the occurrence of remyelination using immunohistochemistry (IHC) staining. Our results suggest that TUS enhances remyelination in the hippocampus of rats by upregulating the BDNF levels and inhibiting neuroinflammatory activity.




2. Results


2.1. Ultrasound Treatment Enhances Remyelination


Remyelination in the demyelination lesion was monitored using the axonal marker NF (green) and the myelin sheath marker MBP (red) 7 days post-injection. The LIPUS treatment group showed better axonal remyelination compared with the sham group (Figure 1A). The quantification of NF+ axons and MBP+ staining showed that the percentages of axons and myelin sheaths significantly decreased in the LPC-only group compared with both the sham and LPC+LIPUS groups (Figure 1B,C). The evaluation of juxtaposed NF+ axons and MBP+ staining showed that the percentage of axons surrounded by myelin sheaths significantly increased in LPC+LIPUS rats compared with LPC-only rats (0.83 ± 0.08 versus 0.13 ± 0.02, p < 0.001; Figure 1D). Similarly, the remyelination index was significantly higher in LPC+LIPUS rats compared with LPC-only rats (0.12 ± 0.01 versus 0.02 ± 0.00, p < 0.001; Figure 1E).




2.2. Ultrasound Treatment Reduces Astrocytic Activation and the Density of Microglia in the Vicinity of the Demyelination Lesion


Demyelination is accompanied by neuroinflammation, which involves the activation of astrocytes and microglia, as shown in Figure 2A,B, respectively. LPC-induced demyelination resulted in a significant increase in astrocytic cell density (p < 0.05, Figure 2C), which was significantly decreased after LIPUS treatment (p < 0.01, Figure 2C). Furthermore, the fraction of the total area covered by GFAP+ cells (p < 0.01, Figure 2D) and the optical density (OD) of GFAP+ staining (p < 0.05, Figure 2E) significantly increased in the hippocampus of LPC-treated rats. The fraction of the total area covered by GFAP+ cells (p < 0.01, Figure 2D) and the OD of GFAP+ staining (p < 0.05, Figure 2E) decreased significantly following the LIPUS treatment compared with the LPC-only treatment. In the sham rats, saline injection into the hippocampus showed mild microglial activation (Figure 2F). However, a significant increase of activated microglia was observed in the LPC-injected hippocampus compared with the saline-injected hippocampus (1052.85 ± 208.07 versus 67.79 ± 8.39, p < 0.001; Figure 2F). Microglial activation was manifested as an increase in the microglial density (Iba1+ cells). LIPUS treatment significantly decreased the microglial density in the demyelination lesion compared with the LPC treatment alone (213.45 ± 54.46 versus 1052.85 ± 208.07, p < 0.05; Figure 2F).




2.3. Microglial Phenotypes in the Demyelination Lesion of the Hippocampus


Iba1 staining was used to identify and quantify the distribution of microglial cells, and microglial morphology was used to classify microglia into ramified, hypertrophic, dystrophic, rod-shaped, and amoeboid microglia, as previously described (Figure 3A) [32]. In the demyelination lesion of the hippocampus, the number of microglia was counted in five randomly placed ROIs. The quantification of Iba1+ cells in the LPC group demonstrated a significant decrease (p < 0.001, Figure 3B) in the number of ramified cells, whereas the number of hypertrophic, dystrophic, rod-shaped, and amoeboid microglia significantly increased (all p < 0.05, Figure 3C–F) compared to both the sham and LPC+LIPUS groups. The numbers of each of the five microglial subtypes were plotted as a percentage of the total microglial number to visualize the distribution of microglial morphologies among the different groups (Figure 3G).




2.4. Ultrasound Treatment Enhances the Maturation of Oligodendrocytes


OPCs are capable of proliferating and differentiating into mature oligodendrocytes, which then produce the myelin sheaths that insulate axons. Here, we explored the influence of LIPUS on oligodendrocyte maturation. LPC injection resulted in a significant increase in the cell density of Olig2+ compared with a saline injection (275.61 ± 44.74 versus 77.38 ± 6.73, p < 0.001; Figure 4A,B). LIPUS treatment significantly reduced the density of Olig2+ cells in demyelination lesions compared with the LPC-only treatment (100.03 ± 9.90 versus 275.61 ± 44.74, p < 0.001; Figure 4A,B). By contrast, LPC injection led to a significant reduction in the cell density of CC-1+ cells compared with the saline injection (199.89 ± 31.90 versus 280.57 ± 24.48, p < 0.001; Figure 4A,C). LIPUS treatment significantly increased the density of CC-1+ cells in the demyelination lesion compared with the LPC-only treatment (376.96 ± 10.68 versus 199.89 ± 31.90, p < 0.001; Figure 4A,C). Statistical analysis revealed that the LPC treatment induced a decrease in BDNF expression in the demyelination lesion compared with the saline treatment (0.30 ± 0.16 versus 1.00 ± 0.20, p < 0.01; Figure 4D,E). Compared with the LPC-only group, a significant increase in BDNF expression was observed in the LPC+LIPUS group (1.43 ± 0.43 versus 0.30 ± 0.16, p < 0.001; Figure 4D,E).





3. Discussion


We found that LIPUS stimulation enhanced remyelination following the induction of a local demyelination lesion in the hippocampus of LPC-treated rats. The current study results showed that LPC induction followed by LIPUS treatment enhanced the extent of remyelination in the hippocampus and enhanced the expression of MBP and CC-1 compared with LPC treatment alone. We confirmed that LIPUS treatment reduced the activation of astrocytes and microglia and promoted BDNF expression (Figure 5).



Substantial evidence suggests that glial activation and neuroinflammation play critical roles in the pathogenesis of MS [6]. Myelin damage is associated with the activation of astrocytes and microglia, which are known to be involved in the pathogenesis of MS. Microglial cells were characterized in this study by manually assessing the morphology of microglial cells following immunostaining for Iba1 (Figure 3A). Figure 3G shows that the LPC group was characterized by a significant decrease in the population of ramified cells in the demyelination lesion compared with the sham group. The dystrophic and amoeboid phenotypes, which are typically associated with inflammatory responses [33,34], were significantly more abundant in the LPC group than in the sham group. The LPC+ LIPUS group exhibited an increase in ramified microglia and fewer amoeboid cells than the LPC group. Compared to the LPC group, the hypertrophic and rod-shape phenotypes were significantly decreased in the LPC+LIPUS group. These findings indicate that a heterologous population of microglia with various morphologies can be found in the demyelination lesion after LIPUS treatment, which may potentially promote neuroprotective effects in MS.



Olig2 plays stage-specific roles, mediating opposing functions during the differentiation and maturation of oligodendrocytes [35]. During the early stages of OPC differentiation, Olig2 may act as an activator; however, the deletion of Olig2 during later stages of oligodendroglial development may represent an effective strategy for promoting remyelination. In recent years, transcranial magnetic stimulation, a type of noninvasive brain stimulation, has shown as a potential therapy for demyelination disorder by enhancing the differentiation of OPCs [36]. Moreover, transcranial direct current stimulation could mobilize OPCs towards the ischemic lesion [37]. Consistent with this hypothesis, our data revealed that LIPUS treatment enhanced remyelination by accelerating oligodendrocyte maturation (CC-1) rather than by enhancing OPC (Olig2) proliferation 1 week after LPC administration (Figure 4B,C). Compared to a previous study [26], we demonstrated that LIPUS not only increase the myelin in the demyelination lesion but also enhance oligodendrocyte maturation. The previous work was carried out in the cuprizone model and with a different ultrasound protocol. Consequently, it might be that, at different parameters and animal models, different mechanisms exist for coupling acoustic wave into brain activity.



BDNF increases myelinogenesis and axonal regeneration by promoting the differentiation of OPCs [38]. The upregulation of MBP expression is thought to be activated by BDNF signaling to enhance the differentiation of OPCs. A significant increase in oligodendrocyte proliferation is observed following BDNF administration in cases of spinal cord injury [39]. We observed an increase in BDNF (Figure 4E) and MBP (Figure 1C) expression following the LIPUS treatment. A bunch of evidence indicates that BDNF can promote myelin regeneration in different animal models of demyelination [40,41]. Based on previous studies in the LPC-induced model, demyelination is the most active process within the first week, and day 7 is considered adequate for evaluating the effect of treatment on demyelination [29,42]. Following LPC administration, the expression of Olig2 was increased on day 7, which showed the recruitment of OPCs into the lesion (Figure 4B). When comparing the expression of Olig2 in the LIPUS-treated group, the level of Olig2 was lower than the LPC group on day 7. On the other hand, the expression of MBP was higher in the LIPUS-treated group on day 7. Therefore, LIPUS may cause an increase in the BDNF level and provide a neuroprotective effect and trophic support for reducing the entity of demyelination.



Although significant advances in the development of remyelinating drugs have been made recently, further work remains necessary to minimize side effects and alleviate safety concerns. In contrast, TUS is a safe and noninvasive form of neuromodulation, which is broadly applied in novel therapeutic methods for initial human studies [43,44,45,46,47,48]. Although increasingly being investigated, TUS is still in its early phases. The ultrasound stimulus is defined by several parameters: operating frequency, intensity, duration, and pulse repetition frequency. Each of these parameters may have a different effect on the experimental outcome. In this study, one set of parameters was selected based on our previous works. Further investigations into the optimal ultrasound parameters are needed. In recent years, it has been shown that TUS exerts a significant therapeutic effect on Alzheimer’s disease, depression, and traumatic brain injuries [49,50,51]. Compared to other noninvasive brain stimulation tools, TUS has deeper penetration and a higher spatial resolution. One limitation of this study was that the use of a single-element transducer made it difficult to provide targeted sonication. A phased-array transducer could be employed to achieve more localized sonication in future works. Additionally, the goal of this study was to investigate the possible effects in the demyelination lesion after LIPUS treatment by histological analysis. Behavioral or motor function will be investigated in the next step.




4. Materials and Methods


4.1. Toxic Model of Demyelination and Remyelination


Fifteen male Sprague–Dawley rats weighing 280–320 g (age: 12 weeks) were purchased from LASCO. This study protocol was approved by the Animal Care and Use Committee of National Yang Ming Chiao Tung University (No. 1100224). Animals underwent stereotaxic surgery to induce a demyelination by injection of LPC, as previously described [52,53]. A single dose consisting of 1.5 µL of 1% LPC (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 0.9% saline was injected unilaterally into the CA1 region of the right hippocampus at a rate of 0.5 µL/min using the following coordinates: anteroposterior, −3.6 from bregma; mediolateral, +2.6; dorsoventral, −3.2 mm from the dura surface (Figure 6A). In contrast to LPC rats, sham rats received an equal volume of saline solution at the same site.




4.2. TUS Setup and Treatment Protocols


The TUS setup was similar to that used in our previous study. LIPUS was generated using a therapeutic ultrasound generator (ME740, Mettler Electronics, Anaheim, CA, USA) and a 1-MHz plane transducer (ME7413: 4.4 cm2 effective radiating area; Mettler Electronics, Anaheim, CA, USA) with 2-ms burst lengths at a 20% duty cycle and a repetition frequency of 100 Hz. The spatial average intensity (SAI) over the plane transducer head was 500 mW/cm2. The transducer was mounted on a removable aluminum cone with a 10-mm diameter at the cone tip. Sonication was precisely targeted using a stereotaxic apparatus (Stoelting, Wood Dale, IL, USA). The acoustic wave was delivered to the demyelination lesion in the brain. Each rat’s right hemisphere was treated with LIPUS using triple sonication. The duration of each sonication was 5 min, with a 5-min interval between each sonication treatment. The optimal parameters of the LIPUS exposures were selected based on the results of our previous studies [24]. Histological evaluations were performed on day seven after LPC administration (Figure 6B).




4.3. Tissue Processing


Animals were deeply anesthetized and perfused intracardially with phosphate-buffered saline (PBS), followed by 4% paraformaldehyde. Brains were collected, post-fixed in 4% paraformaldehyde overnight, and transferred to PBS containing 30% sucrose for cryoprotection. Serial coronal sections (10 μm) were obtained using a microtome. The images of three brain sections from the center of the demyelination lesion were acquired in 4 to 5 rats per group for image analysis.




4.4. Immunofluorescence


Brain tissues were processed for the immunofluorescent detection of MBP (1:400; Abcam, Cambridge, MA, USA); neurofilament (NF; 1:50; Abcam, Cambridge, MA, USA); BDNF (1:200; Abcam, Cambridge, MA, USA); and markers of microglia (ionized calcium-binding adaptor molecule 1 (Iba1); 1:200; GeneTex, Inc., Irvine, CA, USA), astrocytes (glial fibrillary acidic protein (GFAP); 1:200; GeneTex, Inc., Irvine, CA, USA), OPCs (Olig2; 1:100; Abcam, Cambridge, MA, USA), and mature oligodendrocytes (CC-1; 1:200; Sigma-Aldrich, St. Louis, MO, USA) [27,54]. The brain sections were incubated with primary antibodies overnight, then washed and incubated with either Alexa Fluro 488- or Alexa Fluro 594-tagged secondary antibodies (1:500; Abcam, Cambridge, MA, USA) at room temperature. For the evaluation of NF+ and MBP+ fibers, six different fields from both edges of the lesion were analyzed in three different sections for each animal. The selected fields were used to measure the fraction of the total area covered by NF+ fibers, the fraction of the total area covered by MBP+ fibers, and the fraction of the total area covered by juxtaposed NF+ and MBP+ fibers. The juxtaposition of NF+ and MBP+ fibers was determined using ImageJ software. The remyelination index was calculated by dividing the value of the juxtaposed NF+ and MBP+ fraction by the value of the NF+ fraction.



Three different sections per rat were analyzed at the same exposure level. At least three randomly distributed fields from the hippocampus were captured for each section. The percentage of the total area occupied by GFAP was used as an index of astrocytic activation. Moreover, astrocytic activation was assessed by measuring the optical density of GFAP immunoactivity, as previously described [55,56]. The number of cells positive for GFAP, Iba1, Olig2, and CC-1 was counted in an area of 1250 × 940 μm2 in three nonoverlapping fields in the hippocampus using a magnification of ×200. The mean signal intensities for BDNF and myelin were quantified with Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, USA) in a blinded manner.




4.5. Statistical Analysis


All data are presented as the mean ± standard error of the mean (SEM). One-way ANOVA with Tukey’s post hoc test was used to evaluate the histological data. Significance was established at a p-value ≤ 0.05.





5. Conclusions


This study suggests that LIPUS stimulation can enhance the remyelinating effects by inhibiting glial activation, promoting the release of BDNF and oligodendrocyte proliferation, and ultimately increasing the MBP levels in a LPC-induced model of demyelination. LIPUS treatment enhanced the myelination in specific brain regions, indicating a potential novel therapeutic approach for treating myelin loss in MS. Understanding the changes in microglial morphologies following LIPUS treatment may provide additional insights and new directions for the use and design of LIPUS-based therapies. This study provides a rationale for evaluating the potential clinical application of TUS for the treatment of demyelinating diseases.







Author Contributions


F.-Y.Y., L.-H.H., and M.-T.W. participated in the design and coordination of the study, performed the experiments, analyzed the data, and contributed to the writing of the manuscript. F.-Y.Y. and L.-H.H. participated in the design and coordination of the study, as well as helped to draft the manuscript. L.-H.H., M.-T.W., and Z.-Y.P. performed the experiments and analyzed the data. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by grants from the Ministry of Science and Technology of Taiwan (no. MOST 110-2314-B-A49A-502-MY3 and MOST 108-2314-B-010-034-MY3) and the Cheng Hsin General Hospital Foundation (no. CY11113 and CY11006).




Institutional Review Board Statement


The animal study protocol was approved by Animal Care and Use Committee of National Yang Ming Chiao Tung University (approval number 1100224).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available within the article and from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare that they have no competing interest.




References


	



Sawcer, S.; Franklin, R.J.; Ban, M. Multiple sclerosis genetics. Lancet Neurol. 2014, 13, 700–709. [Google Scholar] [CrossRef]

	



Faissner, S.; Plemel, J.R.; Gold, R.; Yong, V.W. Progressive multiple sclerosis: From pathophysiology to therapeutic strategies. Nat. Rev. Drug Discov. 2019, 18, 905–922. [Google Scholar] [CrossRef]

	



Ciccarelli, O.; Barkhof, F.; Bodini, B.; De Stefano, N.; Golay, X.; Nicolay, K.; Pelletier, D.; Pouwels, P.J.; Smith, S.A.; Wheeler-Kingshott, C.A.; et al. Pathogenesis of multiple sclerosis: Insights from molecular and metabolic imaging. Lancet Neurol. 2014, 13, 807–822. [Google Scholar] [CrossRef]

	



Compston, A.; Coles, A. Multiple sclerosis. Lancet 2008, 372, 1502–1517. [Google Scholar] [CrossRef]

	



Trapp, B.D.; Nave, K.A. Multiple sclerosis: An immune or neurodegenerative disorder? Annu. Rev. Neurosci. 2008, 31, 247–269. [Google Scholar] [CrossRef] [PubMed]

	



Frischer, J.M.; Bramow, S.; Dal-Bianco, A.; Lucchinetti, C.F.; Rauschka, H.; Schmidbauer, M.; Laursen, H.; Sorensen, P.S.; Lassmann, H. The relation between inflammation and neurodegeneration in multiple sclerosis brains. Brain 2009, 132 Pt 5, 1175–1189. [Google Scholar] [CrossRef]

	



Kutzelnigg, A.; Lucchinetti, C.F.; Stadelmann, C.; Bruck, W.; Rauschka, H.; Bergmann, M.; Schmidbauer, M.; Parisi, J.E.; Lassmann, H. Cortical demyelination and diffuse white matter injury in multiple sclerosis. Brain 2005, 128, 2705–2712. [Google Scholar] [CrossRef]

	



Mills, J.H.; Kim, D.G.; Krenz, A.; Chen, J.F.; Bynoe, M.S. A2A adenosine receptor signaling in lymphocytes and the central nervous system regulates inflammation during experimental autoimmune encephalomyelitis. J. Immunol. 2012, 188, 5713–5722. [Google Scholar] [CrossRef]

	



Behrangi, N.; Fischbach, F.; Kipp, M. Mechanism of Siponimod: Anti-Inflammatory and Neuroprotective Mode of Action. Cells 2019, 8, 24. [Google Scholar] [CrossRef]

	



Shinomiya, T.; Li, X.K.; Amemiya, H.; Suzuki, S. An immunosuppressive agent, FTY720, increases intracellular concentration of calcium ion and induces apoptosis in HL-60. Immunology 1997, 91, 594–600. [Google Scholar] [CrossRef]

	



Rommer, P.S.; Zettl, U.K. Managing the side effects of multiple sclerosis therapy: Pharmacotherapy options for patients. Expert Opin. Pharm. 2018, 19, 483–498. [Google Scholar] [CrossRef] [PubMed]

	



Lamb, Y.N. Ocrelizumab: A Review in Multiple Sclerosis. Drugs 2022, 82, 323–334. [Google Scholar] [CrossRef] [PubMed]

	



Baldassari, L.E.; Feng, J.; Clayton, B.L.L.; Oh, S.H.; Sakaie, K.; Tesar, P.J.; Wang, Y.; Cohen, J.A. Developing therapeutic strategies to promote myelin repair in multiple sclerosis. Expert Rev. Neurother. 2019, 19, 997–1013. [Google Scholar] [CrossRef] [PubMed]

	



Azoulay, D.; Vachapova, V.; Shihman, B.; Miler, A.; Karni, A. Lower brain-derived neurotrophic factor in serum of relapsing remitting MS: Reversal by glatiramer acetate. J. Neuroimmunol. 2005, 167, 215–218. [Google Scholar] [CrossRef] [PubMed]

	



Fulmer, C.G.; VonDran, M.W.; Stillman, A.A.; Huang, Y.; Hempstead, B.L.; Dreyfus, C.F. Astrocyte-derived BDNF supports myelin protein synthesis after cuprizone-induced demyelination. J. Neurosci. Off. J. Soc. Neurosci. 2014, 34, 8186–8196. [Google Scholar] [CrossRef]

	



Poduslo, J.F.; Curran, G.L. Permeability at the blood-brain and blood-nerve barriers of the neurotrophic factors: NGF, CNTF, NT-3, BDNF. Brain Res. Mol. Brain Res. 1996, 36, 280–286. [Google Scholar] [CrossRef]

	



Bekinschtein, P.; Cammarota, M.; Katche, C.; Slipczuk, L.; Rossato, J.I.; Goldin, A.; Izquierdo, I.; Medina, J.H. BDNF is essential to promote persistence of long-term memory storage. Proc. Natl. Acad. Sci. USA 2008, 105, 2711–2716. [Google Scholar] [CrossRef]

	



Chen, T.T.; Lan, T.H.; Yang, F.Y. Low-Intensity Pulsed Ultrasound Attenuates LPS-Induced Neuroinflammation and Memory Impairment by Modulation of TLR4/NF-kappaB Signaling and CREB/BDNF Expression. Cereb. Cortex 2019, 29, 1430–1438. [Google Scholar] [CrossRef]

	



Liu, S.H.; Lai, Y.L.; Chen, B.L.; Yang, F.Y. Ultrasound Enhances the Expression of Brain-Derived Neurotrophic Factor in Astrocyte Through Activation of TrkB-Akt and Calcium-CaMK Signaling Pathways. Cereb. Cortex 2017, 27, 3152–3160. [Google Scholar] [CrossRef]

	



Zhou, H.; Meng, L.; Xia, X.; Lin, Z.; Zhou, W.; Pang, N.; Bian, T.; Yuan, T.; Niu, L.; Zheng, H. Transcranial Ultrasound Stimulation Suppresses Neuroinflammation in a Chronic Mouse Model of Parkinson’s Disease. IEEE Trans. Bio-Med. Eng. 2021, 68, 3375–3387. [Google Scholar] [CrossRef]

	



Yuan, Y.; Zhao, Z.; Wang, Z.; Wang, X.; Yan, J.; Li, X. The Effect of Low-Intensity Transcranial Ultrasound Stimulation on Behavior in a Mouse Model of Parkinson’s Disease Induced by MPTP. IEEE Trans. Neural Syst. Rehabil. Eng. 2020, 28, 1017–1021. [Google Scholar] [CrossRef]

	



Xu, T.; Lu, X.; Peng, D.; Wang, G.; Chen, C.; Liu, W.; Wu, W.; Mason, T.J. Ultrasonic stimulation of the brain to enhance the release of dopamine—A potential novel treatment for Parkinson’s disease. Ultrason. Sonochem. 2020, 63, 104955. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, H.; Niu, L.; Meng, L.; Lin, Z.; Zou, J.; Xia, X.; Huang, X.; Zhou, W.; Bian, T.; Zheng, H. Noninvasive Ultrasound Deep Brain Stimulation for the Treatment of Parkinson’s Disease Model Mouse. Research 2019, 2019, 1748489. [Google Scholar] [CrossRef] [PubMed]

	



Lin, W.T.; Chen, R.C.; Lu, W.W.; Liu, S.H.; Yang, F.Y. Protective effects of low-intensity pulsed ultrasound on aluminum-induced cerebral damage in Alzheimer’s disease rat model. Sci. Rep. 2015, 5, 9671. [Google Scholar] [CrossRef] [PubMed]

	



Huang, S.L.; Chang, C.W.; Lee, Y.H.; Yang, F.Y. Protective Effect of Low-Intensity Pulsed Ultrasound on Memory Impairment and Brain Damage in a Rat Model of Vascular Dementia. Radiology 2017, 282, 113–122. [Google Scholar] [CrossRef]

	



Olmstead, T.A.; Chiarelli, P.A.; Griggs, D.J.; McClintic, A.M.; Myroniv, A.N.; Mourad, P.D. Transcranial and pulsed focused ultrasound that activates brain can accelerate remyelination in a mouse model of multiple sclerosis. J. Ther. Ultrasound. 2018, 6, 11. [Google Scholar] [CrossRef]

	



Kalakh, S.; Mouihate, A. Demyelination-Induced Inflammation Attracts Newly Born Neurons to the White Matter. Mol. Neurobiol. 2017, 54, 5905–5918. [Google Scholar] [CrossRef]

	



Kalakh, S.; Mouihate, A. The promyelinating properties of androstenediol in gliotoxin-induced demyelination in rat corpus callosum. Neuropathol. Appl. Neurobiol. 2015, 41, 964–982. [Google Scholar] [CrossRef]

	



Azin, M.; Goudarzvand, M.; Mirnajafi-Zadeh, J.; Javan, M. Field potential recording from rat hippocampus provides a functional evaluation method for assessing demyelination and myelin repair. Neurol. Res. 2013, 35, 837–843. [Google Scholar] [CrossRef]

	



Hall, S.M. The effect of injections of lysophosphatidyl choline into white matter of the adult mouse spinal cord. J. Cell Sci. 1972, 10, 535–546. [Google Scholar] [CrossRef]

	



Blakemore, W.F.; Eames, R.A.; Smith, K.J.; McDonald, W.I. Remyelination in the spinal cord of the cat following intraspinal injections of lysolecithin. J. Neurol. Sci. 1977, 33, 31–43. [Google Scholar] [CrossRef]

	



Bachstetter, A.D.; Van Eldik, L.J.; Schmitt, F.A.; Neltner, J.H.; Ighodaro, E.T.; Webster, S.J.; Patel, E.; Abner, E.L.; Kryscio, R.J.; Nelson, P.T. Disease-related microglia heterogeneity in the hippocampus of Alzheimer’s disease, dementia with Lewy bodies, and hippocampal sclerosis of aging. Acta Neuropathol. Commun. 2015, 3, 32. [Google Scholar] [CrossRef] [PubMed]

	



Kettenmann, H.; Hanisch, U.K.; Noda, M.; Verkhratsky, A. Physiology of microglia. Physiol. Rev. 2011, 91, 461–553. [Google Scholar] [CrossRef] [PubMed]

	



Savage, J.C.; Carrier, M.; Tremblay, M.E. Morphology of Microglia Across Contexts of Health and Disease. Methods Mol. Biol. 2019, 2034, 13–26. [Google Scholar]

	



Mei, F.; Wang, H.; Liu, S.; Niu, J.; Wang, L.; He, Y.; Etxeberria, A.; Chan, J.R.; Xiao, L. Stage-specific deletion of Olig2 conveys opposing functions on differentiation and maturation of oligodendrocytes. J. Neurosci. Off. J. Soc. Neurosci. 2013, 33, 8454–8462. [Google Scholar] [CrossRef]

	



Dolgova, N.; Wei, Z.; Spink, B.; Gui, L.; Hua, Q.; Truong, D.; Zhang, Z.; Zhang, Y. Low-Field Magnetic Stimulation Accelerates the Differentiation of Oligodendrocyte Precursor Cells via Non-canonical TGF-beta Signaling Pathways. Mol. Neurobiol. 2021, 58, 855–866. [Google Scholar] [CrossRef]

	



Braun, R.; Klein, R.; Walter, H.L.; Ohren, M.; Freudenmacher, L.; Getachew, K.; Ladwig, A.; Luelling, J.; Neumaier, B.; Endepols, H.; et al. Transcranial direct current stimulation accelerates recovery of function, induces neurogenesis and recruits oligodendrocyte precursors in a rat model of stroke. Exp. Neurol. 2016, 279, 127–136. [Google Scholar] [CrossRef]

	



McTigue, D.M.; Horner, P.J.; Stokes, B.T.; Gage, F.H. Neurotrophin-3 and brain-derived neurotrophic factor induce oligodendrocyte proliferation and myelination of regenerating axons in the contused adult rat spinal cord. J. Neurosci. Off. J. Soc. Neurosci. 1998, 18, 5354–5365. [Google Scholar] [CrossRef]

	



Ikeda, O.; Murakami, M.; Ino, H.; Yamazaki, M.; Koda, M.; Nakayama, C.; Moriya, H. Effects of brain-derived neurotrophic factor (BDNF) on compression-induced spinal cord injury: BDNF attenuates down-regulation of superoxide dismutase expression and promotes up-regulation of myelin basic protein expression. J. Neuropathol. Exp. Neurol. 2002, 61, 142–153. [Google Scholar] [CrossRef]

	



Linker, R.; Gold, R.; Luhder, F. Function of neurotrophic factors beyond the nervous system: Inflammation and autoimmune demyelination. Crit. Rev. Immunol. 2009, 29, 43–68. [Google Scholar] [CrossRef]

	



Fletcher, J.L.; Wood, R.J.; Nguyen, J.; Norman, E.M.L.; Jun, C.M.K.; Prawdiuk, A.R.; Biemond, M.; Nguyen, H.T.H.; Northfield, S.E.; Hughes, R.A.; et al. Targeting TrkB with a Brain-Derived Neurotrophic Factor Mimetic Promotes Myelin Repair in the Brain. J. Neurosci. Off. J. Soc. Neurosci. 2018, 38, 7088–7099. [Google Scholar] [CrossRef] [PubMed]

	



Azin, M.; Mirnajafi-Zadeh, J.; Javan, M. Fibroblast Growth Factor-2 Enhanced The Recruitment of Progenitor Cells and Myelin Repair in Experimental Demyelination of Rat Hippocampal Formations. Cell J. 2015, 17, 456–540. [Google Scholar] [PubMed]

	



Darmani, G.; Bergmann, T.O.; Butts Pauly, K.; Caskey, C.F.; de Lecea, L.; Fomenko, A.; Fouragnan, E.; Legon, W.; Murphy, K.R.; Nandi, T.; et al. Non-invasive transcranial ultrasound stimulation for neuromodulation. Clin. Neurophysiol. 2022, 135, 51–73. [Google Scholar] [CrossRef] [PubMed]

	



Sarica, C.; Nankoo, J.F.; Fomenko, A.; Grippe, T.C.; Yamamoto, K.; Samuel, N.; Milano, V.; Vetkas, A.; Darmani, G.; Cizmeci, M.N.; et al. Human Studies of Transcranial Ultrasound neuromodulation: A systematic review of effectiveness and safety. Brain Stimul. 2022, 15, 737–746. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, K.; Darmani, G.; Fomenko, A.; Xia, X.; Tran, S.; Nankoo, J.F.; Shamli Oghli, Y.; Wang, Y.; Lozano, A.M.; Chen, R. Induction of Human Motor Cortex Plasticity by Theta Burst Transcranial Ultrasound Stimulation. Ann. Neurol. 2022, 91, 238–252. [Google Scholar] [CrossRef]

	



Nicodemus, N.E.; Becerra, S.; Kuhn, T.P.; Packham, H.R.; Duncan, J.; Mahdavi, K.; Iovine, J.; Kesari, S.; Pereles, S.; Whitney, M.; et al. Focused transcranial ultrasound for treatment of neurodegenerative dementia. Alzheimers Dement. 2019, 5, 374–381. [Google Scholar] [CrossRef]

	



Badran, B.W.; Caulfield, K.A.; Stomberg-Firestein, S.; Summers, P.M.; Dowdle, L.T.; Savoca, M.; Li, X.; Austelle, C.W.; Short, E.B.; Borckardt, J.J.; et al. Sonication of the anterior thalamus with MRI-Guided transcranial focused ultrasound (tFUS) alters pain thresholds in healthy adults: A double-blind, sham-controlled study. Brain Stimul. 2020, 13, 1805–1812. [Google Scholar] [CrossRef]

	



Fomenko, A.; Chen, K.S.; Nankoo, J.F.; Saravanamuttu, J.; Wang, Y.; El-Baba, M.; Xia, X.; Seerala, S.S.; Hynynen, K.; Lozano, A.M.; et al. Systematic examination of low-intensity ultrasound parameters on human motor cortex excitability and behavior. eLife 2020, 9, e54497. [Google Scholar] [CrossRef]

	



Sanguinetti, J.L.; Hameroff, S.; Smith, E.E.; Sato, T.; Daft, C.M.W.; Tyler, W.J.; Allen, J.J.B. Transcranial Focused Ultrasound to the Right Prefrontal Cortex Improves Mood and Alters Functional Connectivity in Humans. Front. Hum. Neurosci. 2020, 14, 52. [Google Scholar] [CrossRef]

	



Beisteiner, R.; Matt, E.; Fan, C.; Baldysiak, H.; Schonfeld, M.; Philippi Novak, T.; Amini, A.; Aslan, T.; Reinecke, R.; Lehrner, J.; et al. Transcranial Pulse Stimulation with Ultrasound in Alzheimer’s Disease-A New Navigated Focal Brain Therapy. Adv. Sci. 2020, 7, 1902583. [Google Scholar] [CrossRef]

	



Monti, M.M.; Schnakers, C.; Korb, A.S.; Bystritsky, A.; Vespa, P.M. Non-Invasive Ultrasonic Thalamic Stimulation in Disorders of Consciousness after Severe Brain Injury: A First-in-Man Report. Brain Stimul. 2016, 9, 940–941. [Google Scholar] [CrossRef] [PubMed]

	



Pourabdolhossein, F.; Mozafari, S.; Morvan-Dubois, G.; Mirnajafi-Zadeh, J.; Lopez-Juarez, A.; Pierre-Simons, J.; Demeneix, B.A.; Javan, M. Nogo receptor inhibition enhances functional recovery following lysolecithin-induced demyelination in mouse optic chiasm. PLoS ONE 2014, 9, e106378. [Google Scholar] [CrossRef]

	



Mousavi Majd, A.; Ebrahim Tabar, F.; Afghani, A.; Ashrafpour, S.; Dehghan, S.; Gol, M.; Ashrafpour, M.; Pourabdolhossein, F. Inhibition of GABA A receptor improved spatial memory impairment in the local model of demyelination in rat hippocampus. Behav. Brain Res. 2018, 336, 111–121. [Google Scholar] [CrossRef] [PubMed]

	



Kalakh, S.; Mouihate, A. Enhanced remyelination during late pregnancy: Involvement of the GABAergic system. Sci. Rep. 2019, 9, 7728. [Google Scholar] [CrossRef]

	



Xavier, L.L.; Viola, G.G.; Ferraz, A.C.; Da Cunha, C.; Deonizio, J.M.; Netto, C.A.; Achaval, M. A simple and fast densitometric method for the analysis of tyrosine hydroxylase immunoreactivity in the substantia nigra pars compacta and in the ventral tegmental area. Brain Res. Brain Res. Protoc. 2005, 16, 58–64. [Google Scholar] [CrossRef] [PubMed]

	



Leon Chavez, B.A.; Guevara, J.; Galindo, S.; Luna, J.; Ugarte, A.; Villegas, O.; Mena, R.; Eguibar, J.R.; Martinez-Fong, D. Regional and temporal progression of reactive astrocytosis in the brain of the myelin mutant taiep rat. Brain Res. 2001, 900, 152–155. [Google Scholar] [CrossRef]








[image: Ijms 23 10034 g001 550] 





Figure 1. Evaluation of lesion size and axonal integrity 7 days after LPC-induced demyelination. (A) Immunofluorescent images of NF (green) and MBP (red) at the demyelination lesion in the hippocampus. (B) The percentage area covered by NF+ fibers. (C) The percentage area covered by MBP+ fibers. (D) The percentage of juxtaposed NF+ and MBP+ fibers. (E) The LIPUS-treated rats had a significantly higher remyelination index compared with the sham and LPC-treated rats. * and # denote significant differences from the sham and the LPC groups, respectively (**, p < 0.01; ***, p < 0.001; #, p < 0.05; ###, p < 0.001, n = 5). Scale bar = 100 μm. LPC: lysolecithin, LIPUS: low-intensity pulsed ultrasound, NF: neurofilament, and MBP: myelin basic protein. 
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Figure 2. LIPUS treatment reduced astrocytic activation and microglial cell density in the vicinity of the demyelination lesion. Immunofluorescent staining image of the astrocytic marker GFAP (A) and the microglial marker Iba1 (B). (C) LIPUS decreased the density of the astrocytic marker GFAP. LIPUS significantly decreased the percentage area covered by GFAP (D) and reduced the GFAP optical density (E) in the vicinity of the demyelinated area of the hippocampus in LPC-treated rats. (F) The LIPUS group showed a significantly reduced density of Iba1+ cells in the vicinity of the demyelination lesion compared to the LPC group. * and # denote significant differences from the sham and LPC groups, respectively (*, p <0.05; **, p < 0.01; ***, p < 0.001; #, p < 0.05; ##, p < 0.01; ###, p < 0.001, n = 5). Scale bar = 100 μm. LPC: lysolecithin, LIPUS: low-intensity pulsed ultrasound, GFAP, glial fibrillary acidic protein, and Iba1: ionized calcium-binding adaptor molecule 1. 
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Figure 3. Group-specific patterns in Iba1+ microglial morphologies. (A) Five microglial morphologies were analyzed: ramified microglia, hypertrophic microglia, dystrophic microglia, rod-shaped microglia, and amoeboid microglia. Microglial counts are provided for the demyelination lesion in the hippocampus for (B) ramified, (C) hypertrophic, (D) dystrophic, (E) rod-shaped, and (F) amoeboid morphologies. (G) The number of microglia in each of the five distinct classes was plotted as a percentage of the total microglial number for the three groups. The magnification is ×200. # denotes significant differences from the sham and LPC groups, respectively (**, p < 0.01; ***, p < 0.001; #, p < 0.05; ###, p < 0.001, n = 5). LPC: lysolecithin, LIPUS: low-intensity pulsed ultrasound, and Iba1: ionized calcium-binding adaptor molecule 1. 
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Figure 4. A reduction in Olig2+ cells and an increase in CC-1+ cells and the BDNF level were observed in LPC-induced lesions following LIPUS treatment. (A) Representative immunofluorescent staining of Olig2+ (green) and CC-1+ (red) in the vicinity of the demyelination lesion. Scale bar = 100 μm. Quantification of (B) Olig2+ and (C) CC-1+ cell numbers in the LPC and LPC+LIPUS groups compared to the sham group. (D) Representative immunostaining for BDNF in LPC-induced lesions. Left column: scale bar = 500 μm and, in the right column, 250 μm. (E) The fluorescence intensities of BDNF were significantly decreased in the LPC group compared with the sham group. Compared with the levels observed in the LPC group, the BDNF expression significantly increased in the LPC+LIPUS group. * and # denote significant differences from the sham and LPC groups, respectively (**, p < 0.01; ***, p < 0.001; ###, p < 0.001, n = 5). Scale bar = 100 μm. LPC: lysolecithin, LIPUS: low-intensity pulsed ultrasound, and BDNF: brain-derived neurotrophic factor. 
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Figure 5. The schematic diagram indicates the potential mechanism through which LIPUS treatment enhances remyelination in a LPC-induced model of demyelination in the hippocampus. Several resident cells impact remyelination after LIPUS treatment, including microglia, astrocytes, oligodendrocyte progenitor cells (OPCs), and oligodendrocytes. Our results demonstrate that LIPUS treatment promotes remyelination in the demyelination lesion. These effects are related to increased expression levels of BDNF and MBP and the inhibition of glial cell activation in LPC-induced demyelination. ↑ and ↓ denote increased and decreased expression, respectively. LPC: lysolecithin, LIPUS: low-intensity pulsed ultrasound, BDNF: brain-derived neurotrophic factor, and MBP: myelin basic protein. 






Figure 5. The schematic diagram indicates the potential mechanism through which LIPUS treatment enhances remyelination in a LPC-induced model of demyelination in the hippocampus. Several resident cells impact remyelination after LIPUS treatment, including microglia, astrocytes, oligodendrocyte progenitor cells (OPCs), and oligodendrocytes. Our results demonstrate that LIPUS treatment promotes remyelination in the demyelination lesion. These effects are related to increased expression levels of BDNF and MBP and the inhibition of glial cell activation in LPC-induced demyelination. ↑ and ↓ denote increased and decreased expression, respectively. LPC: lysolecithin, LIPUS: low-intensity pulsed ultrasound, BDNF: brain-derived neurotrophic factor, and MBP: myelin basic protein.



[image: Ijms 23 10034 g005]







[image: Ijms 23 10034 g006 550] 





Figure 6. Experimental protocols. (A) Schematic diagram of LPC injections into the hippocampus. (B) The time course of the study. Rats were treated daily with LIPUS for 5 days and then sacrificed at seven days following LPC administration. 
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