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Abstract

:

Aerobic training is known to influence cognitive processes, such as memory and learning, both in animal models and in humans. Particularly, in vitro and in vivo studies have shown that aerobic exercise can increase neurogenesis in the dentate gyrus, improve hippocampal long-term potentiation (LTP), and reduce age-related decline in mnemonic function. However, the underlying mechanisms are not yet fully understood. Based on this evidence, the aim of our study was to verify whether the application of two aerobic training protocols, different in terms of speed and speed variation, could modulate synaptic plasticity in a young murine model. Therefore, we assessed the presence of any functional changes by extracellular recordings in vitro in mouse hippocampal slices and structural alterations by transmission electron microscopy (TEM). Our results showed that an aerobic training protocol, well designed in terms of speed and speed variation, significantly contributes to improving synaptic plasticity and hippocampal ultrastructure, optimizing its benefits in the brain. Future studies will aim to clarify the underlying biological mechanisms involved in the modulation of synaptic plasticity induced by aerobic training.
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1. Introduction


Physical exercise has positive effects on general health and reduces the incidence of pathological conditions such as diabetes, osteoporosis, cardiovascular diseases, obesity, and other chronic disorders [1,2,3]. The positive effects of exercise on brain activity have long been discussed, although only recently scientific evidence based on neuroimaging approaches demonstrated the effectiveness of physical activity in improving cognitive health across the human lifespan [4,5].



The beneficial effects of exercise, particularly aerobic exercise, on the brain and behavior were initially studied in animal models and focused largely on the impact of exercise on hippocampal structure, which plays a key role in learning and memory formation [6,7,8]. Evidence has suggested that wheel running and treadmill training improve spatial learning in rodents and promote increased neuron density in the hippocampal areas CA1 and CA3 [9,10,11]. Furthermore, aerobic exercise is known to increase cell proliferation and neurogenesis in the dentate gyrus, as well as improve synaptic plasticity and spatial learning in both rats and mice [12,13,14]. Interestingly, exercise-induced changes in the hippocampus were associated with improved performance in spatial memory tasks [15].



Similar results have been found in human studies, showing that aerobic exercise increases hippocampal volume and reduces age-related decline in memory function [16,17,18]. In addition, several intervention studies have exhibited improved cognitive performance in elderly subjects undergoing a physical activity program that produces significant increases in cardiorespiratory fitness, strongly supporting the impact of training on cognitive processes [19].



Over the decades, our knowledge of the neuronal and molecular processes of memory has greatly improved, providing a basis for the identification of therapeutic strategies to slow and/or prevent age-related cognitive decline in humans [20,21]. Among these, exercise has been suggested as an effective non-pharmacological approach to preserve cognitive function and treat neurodegenerative and/or psychiatric conditions [22]. In this regard, Do et al. recently studied the effects of voluntary exercise on hypothalamic neurodegeneration in a mouse model of Alzheimer’s disease, in which metabolic abnormalities, such as increased energy expenditure through enhanced oxygen consumption and increased caloric intake, were observed prior to the accumulation of amyloid plaques [23]. Interestingly, the authors observed a significant reduction in the expression of inflammatory and apoptotic markers in the hypothalamus of mice subjected to 4 weeks of voluntary wheeled exercise, suggesting a hypothalamus-mediated mechanism whereby exercise could counteract Alzheimer’s disease-related neurodegeneration [23].



In recent years, several mechanisms have been proposed to explain the positive impacts of aerobic exercise, including increased cerebral blood flow, changes in neurotransmitter release, structural changes in the central nervous system (CNS), and altered arousal levels [24]. A more recent proposal points to neurotrophic factors as possible agonists in facilitating improved motor performance [25]. Among these, brain-derived neurotrophic factor (BDNF) could play a key role, as observed in previous studies showing that motor performance in rat models with middle cerebral artery occlusion was impaired following pharmacological interruption of BDNF production or, conversely, improved when BDNF production was enhanced [26,27].



Importantly, regular physical activity is now generally accepted to promote the release of myokines and metabolites into the circulation, which can cross the blood–brain barrier at the level of brain capillaries and influence the functions of neurons and glial cells, thus modifying neurotransmission in different regions of the brain [28]. In this regard, an important role has recently been attributed to irisin, a myokine produced by cleavage of the precursor fibronectin type III domain-containing 5 (FNDC5) during exercise [29]. Particularly, Lourenco et al. observed a reduced expression of FNDC5/irisin in the hippocampus and cerebrospinal fluid of animal models of Alzheimer’s disease, correlated with a significant impairment of long-term potentiation (LTP), a phenomenon of synaptic plasticity, and object recognition memory [30]. Surprisingly, increased FNDC5/irisin levels promoted improved synaptic plasticity and counteracted memory impairment, highlighting the protective role of exercise in neurodegeneration [30].



Despite the latest evidence, prescribing specific exercises to maximize their positive effects on cognitive processes is not yet possible, because the levels of molecules released during muscle contraction change during and after exercise. In addition, it is not yet clear how brain functioning can vary with the type, intensity, and timing of exercise [22].



Based on this evidence, the aim of our work was to verify whether aerobic training can modulate synaptic plasticity in a young murine model, evaluating the presence of any functional changes by extracellular in vitro recordings in mouse hippocampal slices and structural alterations by transmission electron microscopy (TEM). Therefore, we applied two different continuous aerobic training protocols to assess whether any effects observed at the hippocampal level could depend on the use of different training protocols in terms of speed and speed variation.




2. Materials and Methods


2.1. Animals


Eighteen 1-month-old male mice, belonging to the wild-type BALB/c strain, were used, following the procedures established by the European Union Council Directive 2010/63/EU for animal experiments [31]. All experimental protocols were approved by the Italian Ministry of Public Health (authorization no. 86/2018-PR).



Animals were divided into two groups (five mice per group), each subjected to a different aerobic training protocol, and a third control group (eight mice), which did not perform any type of training. The health status of animals was monitored daily by resident veterinarians and experimenters, considering weight, coat and skin condition, and body functions. All experimental animals were kept under the same housing conditions and diet.




2.2. Training Protocols


The two experimental groups underwent aerobic training using a RotaRod (Cat N 47600, Ugo Basile srl, Milan, Italy). It features 5 cylinders with a diameter of 3 cm and a circumference of 9.42 cm covered by rubber to ensure an optimal grip for the rodents. A total of 6 panels with a diameter of 25 cm divided the 5 lanes, each with a 57 mm width, allowing 5 animals to run simultaneously. An attached display showed the types and speeds of rotation, the time elapsed since the start of the training session, and the time since the last fall. Finally, a control panel allowed the angular speed to be varied within a range (2–80 laps for minute, RPM) and the time intervals for the increasing speed modes from 6 sec to 10 min.



We administered two aerobic training protocols, progressive continuous (PC) and uniform continuous (UC), differing in terms of speed and speed variations, as described in our previous work [32] and summarized in Table 1. The PC protocol consisted of 18 min of training at a gradual speed of rotation, increasing from low to high intensity (10–32 RPM). During the UC training protocol, a rate of 13 RPM was set for 26 min. Training sessions were conducted three times a week for 12 weeks, for a total of 36 days of activity. The animals were raised on a light/dark cycle of 12/12 h, and training was carried out in the morning, between 10:00 and 11:00 a.m.




2.3. Extracellular Recordings in Mouse Hippocampal Slices


The animals belonging to the different experimental groups were sacrificed after 12 weeks of training, as were the sedentary animals. All efforts were made to minimize the number of animals used and their suffering. Under anesthesia with halothane (2-Brom-2-chlor-1,1,1-trifuor-ethan), mice were sacrificed, and their brains were quickly removed and placed in cold, oxygenated artificial cerebral spinal fluid (ACSF) containing the following (in mM): NaCl, 124; KCl, 2; KH2PO4, 1.25; MgSO4, 2; CaCl2, 2; NaHCO3, 26; and glucose, 10. The hippocampus was rapidly dissected and cut transversely into 450 μm thick slices using a McIlwain tissue chopper (Mickle Laboratory Engineering Co., Gomshall, UK). Then, hippocampal slices were transferred to a tissue chamber, where they were laid in an interface between oxygenated ACSF and humidified gas (95% O2, 5% CO2) at 32–34 °C (pH = 7.4), constantly superfused at flow rate of 1.2 mL/min.



Extracellular recordings of the population spikes (PSs) were made in the stratum pyramidale of the CA1 subfield, with glass microelectrodes filled with 2 M NaCl (resistance 5–10 MΩ). Orthodromic stimuli (10–500 mA, 20–90 ms, 0.1 Hz) were delivered through a platinum electrode placed in the stratum radiatum (Schaffer collaterals). The test stimulus intensity of 50 ms square pulses was adjusted to give a PS of 2–4 mV at 0.03 Hz. The PS amplitude was calculated every minute as the average of six recordings performed every 10 s. A high-frequency stimulation (HFS, 100 Hz, 1 s), after the recording of stable signals (15–20 min), was given to assess changes in PS amplitude, which was expressed as a percentage of the basal PS amplitude. Signals were fed to an Axoclamp-2A amplifier (Foster City, CA, USA), acquired through a digital/analogic system (Digidata 1440A, Axon Instruments, Foster City, CA, USA) and analyzed with pCLAMP10 software (Axon Instruments, Foster City, CA, USA).




2.4. TEM Evaluation


For TEM evaluation, 1 mm3 of hippocampal tissue from cerebral biopsies was fixed in 4% paraformaldehyde and post-fixed in 2% osmium tetroxide [33]. After washing with 0.1 M phosphate buffer, the sample was dehydrated by a series of incubations in 30%, 50%, and 70% ethanol. Dehydration was continued by incubation steps in 95% ethanol, absolute ethanol, and propylene oxide, after which samples were embedded in Epon (Agar Scientific Ltd., Parsonage Lane, Stansted, Essex CM24 8GF, UK) [34]. Ultra-thin sections, 80 nm thick, were mounted on copper grids and examined with a transmission electron microscope (Model JEM-1400 series 120 kV, JEOL USA, Inc. 11 Dearborn Road Peabody, MA, USA).




2.5. Statistical Analysis


Statistical analysis was performed using GraphPad Prism 8 Software (Prism 8.0.1, La Jolla, CA, USA). For electrophysiological experiments, data were expressed as the mean ± SEM, with n representing the number of slices analyzed. Data were compared with two-way ANOVA and Tukey’s multiple comparison tests and were considered significantly different if p < 0.05.





3. Results


3.1. Synaptic Plasticity Following Continuous Aerobic Training


The effects of two continuous aerobic training protocols, differing in terms of speed and speed variation, on the synaptic plasticity expression were analyzed in the CA1 region of hippocampal slices from trained mice compared to sedentary mice which did not perform any type of training.



Figure 1a shows how the influence of training on synaptic plasticity varied depending on the protocol administered. Particularly, we obtained optimal results for the PC training protocol, which seemed to positively modulate synaptic plasticity throughout the electrophysiological recording, with significantly higher PS amplitude values than those of the other experimental groups. In contrast, no improvement in synaptic plasticity was observed in the hippocampal slices of mice trained with the UC protocol, which was inhibited in the first twenty minutes after HFS, whereas PS amplitude values remained stable until the end of the electrophysiological recording with values similar to those of the CTRL group.



Figure 1b shows the following PS amplitude values at four different experimental times and their significance: basal synaptic transmission (BST), before HFS (CTRL: 100.7 ± 0.4, PC-trained: 101.0 ± 0.2, UC-trained: 102.1 ± 0.3); at min 15, immediately after HFS (CTRL: 321.0 ± 14.3, PC-trained: 374.2 ± 13.0, UC-trained: 257.0 ± 18.7; CTRL vs. PC-trained, ** p < 0.01; CTRL vs. UC-trained, *** p < 0.001; PC-trained vs. UC-trained, **** p < 0.0001); at min 45 (CTRL: 224.0 ± 9.4, PC-trained: 270.0 ± 13.0, UC-trained: 209.7 ± 15.7; CTRL vs. PC-trained, * p < 0.05; PC-trained vs. UC-trained, ** p < 0.01); and at min 65 (CTRL: 218.1 ± 10.0, PC-trained: 248.6 ± 11.5, UC-trained: 188.7 ± 14.7; PC-trained vs. UC-trained, ** p < 0.01).




3.2. Ultrastructural Hippocampal Evaluation of the Sedentary and Trained Mice


TEM evaluation was performed to assess the presence of any relevant differences in hippocampal slices taken from sedentary and trained mice.



Ultrastructural analysis of the hippocampus of the CTRL group (Figure 2a–c) showed normal tissue organization with well-preserved nerve and glial cells. Nerve extensions were well represented, rich in neurotubules and neurofilaments, with slight vacuolization at the axonal level. In addition, synapses were well represented and with well-preserved morphology.



Continuous aerobic training influenced hippocampal structure differently depending on the type of protocol performed by the animals.



Particularly, ultrastructural analysis of the hippocampus of PC-trained mice (Figure 3a–d) showed features very similar to those of the CTRL group, with well-organized neuronal and glial cells and nerve processes rich in neurotubules and neurofilaments. In addition, brain tissue showed numerous highly preserved myelin bundles, and mitochondria were free of morphological changes. In contrast, some morphological changes were found in the brain tissue of UC-trained mice (Figure 3e–h), including a slight vacuolization caused by axonal swelling and a reduction in the number of neurotubules and neurofilaments. Finally, TEM evaluation showed a reduced number of myelin bundles and frequent mitochondrial alterations.





4. Discussion


Regular exercise induces profound health benefits for the body through mechanisms involving various physiological adaptations, including neural, immunological, vascular, and metabolic systems [35,36]. Interestingly, emerging data from studies in animal models and humans indicate that aerobic exercise benefits brain function and may prevent or delay the onset of neurodegenerative conditions by inducing structural and functional changes in the hippocampus, an area of the brain important for learning and memory [37,38]. Indeed, synaptic changes, which underlie cognitive processes, are known to depend on physiological mechanisms such as LTP, which is particularly present in the hippocampus [39]. Furthermore, it has been reported that the improvement in synaptic plasticity depends on the type of training provided [34,40]. Therefore, to better understand the mechanisms underlying the effects of aerobic exercise on the hippocampus and more generally on synaptic plasticity, in the present study we subjected young mice to two training protocols, PC and UC, differing in speed and speed variation.



First, we performed a functional evaluation by analyzing the effects of aerobic training on the synaptic plasticity expression by means of in vitro extracellular recordings in the CA1 region of mouse hippocampal slices. Our results showed that only the PC training protocol appeared to exert positive effects on synaptic plasticity throughout the electrophysiological recording, because we observed a significant increase in PS amplitude values after HFS compared to the other experimental groups. These data are in agreement with the results of our previous study, in which the administration of a PC training protocol has been shown to positively modulate hippocampal plasticity not only in young mice, but also reverses the blockage of the LTP induction phase typical of aged mice [41]. Additional scientific evidence confirms the beneficial effects of aerobic training on hippocampal synaptic plasticity. For example, Li et al. recently evaluated the effectiveness of a four-week aerobic training protocol on memory and the expression of proteins involved in synaptic plasticity in diabetic mice [42]. In addition to observing a significant reduction in fasting blood glucose and an improvement in insulin resistance, the authors found an increase in proteins associated with synaptic plasticity, pointing to aerobic exercise as a valid strategy to counteract the cognitive decline that characterizes diabetic mice [42].



In contrast, the UC training protocol did not induce any improvement in synaptic plasticity compared to sedentary mice of the same age. Particularly, PS amplitude values were significantly reduced in the first twenty minutes after HFS, whereas they reached values comparable to those of the CTRL group in the remaining time of electrophysiological recording. Notably, although the two trained groups did not differ significantly from the sedentary group after 65 min, a significant difference between them was found at the end of the electrophysiological recordings. This result suggests the importance of designing an appropriate training protocol to optimize the beneficial effects at the hippocampal level.



Electrophysiological data were confirmed by TEM evaluation, which showed that synaptic plasticity was affected differently depending on the type of protocol performed by the animals. Specifically, ultrastructural analysis of the hippocampus of PC-trained mice showed features very similar to those of the CTRL group, highlighting the presence of well-organized neuronal and glial cells and nerve processes rich in neurotubules and neurofilaments. Synapses were also well represented and with well-preserved morphology, in addition to the presence of numerous highly preserved myelin bundles and mitochondria without morphological changes. In contrast, the hippocampal tissue of the UC-trained mice exhibited some morphological changes, such as slight axonal vacuolization and a reduction in the number of neurotubules and neurofilaments, as well as a reduced number of myelin bundles and frequent mitochondrial changes.



In agreement with other experimental evidence, our results show that the benefits of exercise on cognitive function and neuroplasticity depend on the type of training protocol used. The underlying molecular and cellular mechanisms are not yet known. However, most scientific evidence agrees that the benefits of aerobic exercise may depend on an increase in growth factors and the increased expression of markers of synaptic plasticity, such as synaptophysin and postsynaptic density protein 95 (PSD-95) in the hippocampus [43]. In this context, the PI3K/AKT/mTOR pathway could play a crucial role, because exercise-induced activation of this pathway has been reported to promote the expression of PSD-95, improving memory performance [44,45]. Studies in rodents have also shown that early exercise increases axonal and neuronal density and improves the expression of BDNF and its tropomyosin-related receptor kinase B (TrkB) in hippocampal formation [11,46]. In agreement, Redila et al. observed that young, physically active rats show increased neurogenesis and dendritic arborization in the dentate gyrus compared to sedentary rats [47]. Interestingly, Serra and colleagues have suggested that exercise increases the expression of neurotrophic factors and stimulates neuronal growth, resulting in a neural reserve to be used in later life [48]. This hypothesis is supported by previous research in humans, which has shown a correlation between physical activity at an early age and long-term benefits on brain function [49].




5. Conclusions


Our data show that the use of an aerobic training protocol, such as the PC protocol, properly designed in terms of speed and speed variation, helps to maintain brain health and cognition. Interestingly, an adequate aerobic training protocol can induce important structural and functional changes in the hippocampus, the brain area responsible for learning and memory. This underlines the importance of physical exercise in counteracting age-related cognitive decline and suggests its key role in preventing the onset of cognitive impairment. Further studies will be required to understand the underlying cellular and molecular mechanisms, as well as the role of key biochemical mediators involved in the modulation of synaptic plasticity induced by aerobic training.







Author Contributions


Conceptualization, I.C., R.B., V.T. and G.D.; investigation, I.C., R.B. and G.P.; data curation, I.C., R.B. and M.S.; writing—original draft preparation, I.C. and R.B.; writing—review and editing, C.F., V.T. and G.D.; supervision, V.T. and G.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors acknowledge the Centre of Space Bio-medicine, “Tor Vergata” University of Rome for supporting this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Warburton, D.E.R.; Bredin, S.S.D. Health benefits of physical activity: A systematic review of current systematic reviews. Curr. Opin. Cardiol. 2017, 32, 541–556. [Google Scholar] [CrossRef]

	



Cariati, I.; Bonanni, R.; Onorato, F.; Mastrogregori, A.; Rossi, D.; Iundusi, R.; Gasbarra, E.; Tancredi, V.; Tarantino, U. Role of physical activity in bone-muscle crosstalk: Biological aspects and clinical implications. J. Funct. Morphol. Kinesiol. 2021, 6, 55. [Google Scholar] [CrossRef] [PubMed]

	



Bang, D.-H.; Son, Y.-L. Effect of intensive aerobic exercise on respiratory capacity and walking ability with chronic stroke patients: A randomized controlled pilot trial. J. Phys. Ther. Sci. 2016, 28, 2381–2384. [Google Scholar] [CrossRef] [PubMed]

	



Cassilhas, R.C.; Tufik, S.; de Mello, M.T. Physical exercise, neuroplasticity, spatial learning and memory. Cell. Mol. Life Sci. 2016, 73, 975–983. [Google Scholar] [CrossRef]

	



Gomez-Pinilla, F.; Hillman, C. The influence of exercise on cognitive abilities. Compr. Physiol. 2013, 3, 403–428. [Google Scholar] [CrossRef] [PubMed]

	



van Praag, H.; Shubert, T.; Zhao, C.; Gage, F.H. Exercise enhances learning and hippocampal neurogenesis in aged mice. J. Neurosci. 2005, 25, 8680–8685. [Google Scholar] [CrossRef]

	



Clark, P.J.; Brzezinska, W.J.; Thomas, M.W.; Ryzhenko, N.A.; Toshkov, S.A.; Rhodes, J.S. Intact neurogenesis is required for benefits of exercise on spatial memory but not motor performance or contextual fear conditioning in C57BL/6J mice. Neuroscience 2008, 155, 1048–1058. [Google Scholar] [CrossRef]

	



Van der Borght, K.; Havekes, R.; Bos, T.; Eggen, B.J.L.; Van der Zee, E.A. Exercise improves memory acquisition and retrieval in the Y-maze task: Relationship with hippocampal neurogenesis. Behav. Neurosci. 2007, 121, 324–334. [Google Scholar] [CrossRef]

	



Anderson, B.J.; Rapp, D.N.; Baek, D.H.; McCloskey, D.P.; Coburn-Litvak, P.S.; Robinson, J.K. Exercise influences spatial learning in the radial arm maze. Physiol. Behav. 2000, 70, 425–429. [Google Scholar] [CrossRef]

	



Vaynman, S.; Ying, Z.; Gomez-Pinilla, F. Hippocampal BDNF mediates the efficacy of exercise on synaptic plasticity and cognition. Eur. J. Neurosci. 2004, 20, 2580–2590. [Google Scholar] [CrossRef] [PubMed]

	



Uysal, N.; Tugyan, K.; Kayatekin, B.M.; Acikgoz, O.; Bagriyanik, H.A.; Gonenc, S.; Ozdemir, D.; Aksu, I.; Topcu, A.; Semin, I. The effects of regular aerobic exercise in adolescent period on hippocampal neuron density, apoptosis and spatial memory. Neurosci. Lett. 2005, 383, 241–245. [Google Scholar] [CrossRef]

	



Farmer, J.; Zhao, X.; van Praag, H.; Wodtke, K.; Gage, F.H.; Christie, B.R. Effects of voluntary exercise on synaptic plasticity and gene expression in the dentate gyrus of adult male Sprague-Dawley rats in vivo. Neuroscience 2004, 124, 71–79. [Google Scholar] [CrossRef]

	



Kronenberg, G.; Bick-Sander, A.; Bunk, E.; Wolf, C.; Ehninger, D.; Kempermann, G. Physical exercise prevents age-related decline in precursor cell activity in the mouse dentate gyrus. Neurobiol. Aging 2006, 27, 1505–1513. [Google Scholar] [CrossRef]

	



Liu, H.; Zhao, G.; Cai, K.; Zhao, H.; Shi, L. Treadmill exercise prevents decline in spatial learning and memory in APP/PS1 transgenic mice through improvement of hippocampal long-term potentiation. Behav. Brain Res. 2011, 218, 308–314. [Google Scholar] [CrossRef]

	



Herting, M.M.; Nagel, B.J. Aerobic fitness relates to learning on a virtual Morris Water Task and hippocampal volume in adolescents. Behav. Brain Res. 2012, 233, 517–525. [Google Scholar] [CrossRef]

	



Chaddock, L.; Hillman, C.H.; Buck, S.M.; Cohen, N.J. Aerobic fitness and executive control of relational memory in preadolescent children. Med. Sci. Sports Exerc. 2011, 43, 344–349. [Google Scholar] [CrossRef] [PubMed]

	



Erickson, K.I.; Voss, M.W.; Prakash, R.S.; Basak, C.; Szabo, A.; Chaddock, L.; Kim, J.S.; Heo, S.; Alves, H.; White, S.M.; et al. Exercise training increases size of hippocampus and improves memory. Proc. Natl. Acad. Sci. USA 2011, 108, 3017–3022. [Google Scholar] [CrossRef]

	



Etnier, J.L.; Nowell, P.M.; Landers, D.M.; Sibley, B.A. A meta-regression to examine the relationship between aerobic fitness and cognitive performance. Brain Res. Rev. 2006, 52, 119–130. [Google Scholar] [CrossRef]

	



Bherer, L.; Erickson, K.I.; Liu-Ambrose, T. A review of the effects of physical activity and exercise on cognitive and brain functions in older adults. J. Aging Res. 2013, 2013, 657508. [Google Scholar] [CrossRef]

	



Erickson, K.I.; Hillman, C.; Stillman, C.M.; Ballard, R.M.; Bloodgood, B.; Conroy, D.E.; Macko, R.; Marquez, D.X.; Petruzzello, S.J.; Powell, K.E. Physical activity, cognition, and brain outcomes: A review of the 2018 physical activity guidelines. Med. Sci. Sports Exerc. 2019, 51, 1242–1251. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Yan, T.; Chu, J.M.-T.; Chen, Y.; Dunnett, S.; Ho, Y.-S.; Wong, G.T.-C.; Chang, R.C.-C. The beneficial effects of physical exercise in the brain and related pathophysiological mechanisms in neurodegenerative diseases. Lab. Investig. 2019, 99, 943–957. [Google Scholar] [CrossRef] [PubMed]

	



Cariati, I.; Masuelli, L.; Bei, R.; Tancredi, V.; Frank, C.; D’Arcangelo, G. Neurodegeneration in niemann-pick type c disease: An updated review on pharmacological and non-pharmacological approaches to counteract brain and cognitive impairment. Int. J. Mol. Sci. 2021, 22, 6600. [Google Scholar] [CrossRef]

	



Do, K.; Laing, B.T.; Landry, T.; Bunner, W.; Mersaud, N.; Matsubara, T.; Li, P.; Yuan, Y.; Lu, Q.; Huang, H. The effects of exercise on hypothalamic neurodegeneration of Alzheimer’s disease mouse model. PLoS ONE 2018, 13, e0190205. [Google Scholar] [CrossRef]

	



Gligoroska, J.P.; Manchevska, S. The effect of physical activity on cognition—Physiological mechanisms. Mater. Sociomed. 2012, 24, 198–202. [Google Scholar] [CrossRef]

	



Mackay, C.P.; Kuys, S.S.; Brauer, S.G. The effect of aerobic exercise on brain-derived neurotrophic factor in people with neurological disorders: A systematic review and meta-analysis. Neural Plast. 2017, 2017, 4716197. [Google Scholar] [CrossRef] [PubMed]

	



Ploughman, M.; Windle, V.; MacLellan, C.L.; White, N.; Doré, J.J.; Corbett, D. Brain-derived neurotrophic factor contributes to recovery of skilled reaching after focal ischemia in rats. Stroke 2009, 40, 1490–1495. [Google Scholar] [CrossRef] [PubMed]

	



Schäbitz, W.-R.; Berger, C.; Kollmar, R.; Seitz, M.; Tanay, E.; Kiessling, M.; Schwab, S.; Sommer, C. Effect of brain-derived neurotrophic factor treatment and forced arm use on functional motor recovery after small cortical ischemia. Stroke 2004, 35, 992–997. [Google Scholar] [CrossRef]

	



Pedersen, B.K. Physical activity and muscle-brain crosstalk. Nat. Rev. Endocrinol. 2019, 15, 383–392. [Google Scholar] [CrossRef]

	



Boström, P.; Wu, J.; Jedrychowski, M.P.; Korde, A.; Ye, L.; Lo, J.C.; Rasbach, K.A.; Boström, E.A.; Choi, J.H.; Long, J.Z.; et al. A PGC1-α-dependent myokine that drives brown-fat-like development of white fat and thermogenesis. Nature 2012, 481, 463–468. [Google Scholar] [CrossRef]

	



Lourenco, M.V.; Frozza, R.L.; de Freitas, G.B.; Zhang, H.; Kincheski, G.C.; Ribeiro, F.C.; Gonçalves, R.A.; Clarke, J.R.; Beckman, D.; Staniszewski, A.; et al. Exercise-linked FNDC5/irisin rescues synaptic plasticity and memory defects in Alzheimer’s models. Nat. Med. 2019, 25, 165–175. [Google Scholar] [CrossRef]

	



Louhimies, S. Directive 86/609/EEC on the protection of animals used for experimental and other scientific purposes. Altern. Lab. Anim. 2002, 30, 217–219. [Google Scholar] [CrossRef] [PubMed]

	



Pallone, G.; Palmieri, M.; Cariati, I.; Bei, R.; Masuelli, L.; D’Arcangelo, G.; Tancredi, V. Different continuous training modalities result in distinctive effects on muscle structure, plasticity and function. Biomed. Rep. 2020, 12, 267–275. [Google Scholar] [CrossRef]

	



Palmieri, M.; Cariati, I.; Scimeca, M.; Pallone, G.; Bonanno, E.; Tancredi, V.; D’Arcangelo, G.; Frank, C. Effects of short-term aerobic exercise in a mouse model of Niemann-Pick type C disease on synaptic and muscle plasticity. Ann. Ist. Super. Sanita 2019, 55, 330–337. [Google Scholar] [CrossRef] [PubMed]

	



Cariati, I.; Scimeca, M.; Tancredi, V.; D’Amico, A.G.; Pallone, G.; Palmieri, M.; Frank, C.; D’Arcangelo, G. Effects of different continuous aerobic training protocols in a heterozygous mouse model of Niemann-Pick type C disease. J. Funct. Morphol. Kinesiol. 2020, 5, 53. [Google Scholar] [CrossRef]

	



Guiney, H.; Machado, L. Benefits of regular aerobic exercise for executive functioning in healthy populations. Psychon. Bull. Rev. 2013, 20, 73–86. [Google Scholar] [CrossRef]

	



Ruegsegger, G.N.; Booth, F.W. Health benefits of exercise. Cold Spring Harb. Perspect. Med. 2018, 8, a029694. [Google Scholar] [CrossRef]

	



Zhang, D.; Lu, Y.; Zhao, X.; Zhang, Q.; Li, L. Aerobic exercise attenuates neurodegeneration and promotes functional recovery —Why it matters for neurorehabilitation & neural repair. Neurochem. Int. 2020, 141, 104862. [Google Scholar] [CrossRef]

	



Firth, J.; Stubbs, B.; Vancampfort, D.; Schuch, F.; Lagopoulos, J.; Rosenbaum, S.; Ward, P.B. Effect of aerobic exercise on hippocampal volume in humans: A systematic review and meta-analysis. Neuroimage 2018, 166, 230–238. [Google Scholar] [CrossRef]

	



Bettio, L.; Thacker, J.S.; Hutton, C.; Christie, B.R. Modulation of synaptic plasticity by exercise. Int. Rev. Neurobiol. 2019, 147, 295–322. [Google Scholar] [CrossRef]

	



Cariati, I.; Bonanni, R.; Pallone, G.; Annino, G.; Tancredi, V.; D’Arcangelo, G. Modulation of synaptic plasticity by vibratory training in young and old mice. Brain Sci. 2021, 11, 82. [Google Scholar] [CrossRef]

	



De Domenico, E.; D’Arcangelo, G.; Faraoni, I.; Palmieri, M.; Tancredi, V.; Graziani, G.; Grimaldi, P.; Tentori, L. Modulation of GDF11 expression and synaptic plasticity by age and training. Oncotarget 2017, 8, 57991–58002. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Liu, Y.; Liu, B.; Li, F.; Hu, J.; Wang, Q.; Li, M.; Lou, S. Mechanisms of aerobic exercise upregulating the expression of hippocampal synaptic plasticity-associated proteins in diabetic rats. Neural Plast. 2019, 2019, 7920540. [Google Scholar] [CrossRef] [PubMed]

	



Cassilhas, R.C.; Lee, K.S.; Fernandes, J.; Oliveira, M.G.M.; Tufik, S.; Meeusen, R.; de Mello, M.T. Spatial memory is improved by aerobic and resistance exercise through divergent molecular mechanisms. Neuroscience 2012, 202, 309–317. [Google Scholar] [CrossRef]

	



Kang, E.B.; Cho, J.Y. Effects of treadmill exercise on brain insulin signaling and β-amyloid in intracerebroventricular streptozotocin induced-memory impairment in rats. J. Exerc. Nutr. Biochem. 2014, 18, 89–96. [Google Scholar] [CrossRef]

	



Pazini, F.L.; Cunha, M.P.; Rosa, J.M.; Colla, A.R.S.; Lieberknecht, V.; Oliveira, Á.; Rodrigues, A.L.S. Creatine, similar to ketamine, counteracts depressive-like behavior induced by corticosterone via PI3K/Akt/mTOR pathway. Mol. Neurobiol. 2016, 53, 6818–6834. [Google Scholar] [CrossRef]

	



Gomes da Silva, S.; Unsain, N.; Mascó, D.H.; Toscano-Silva, M.; de Amorim, H.A.; Silva Araújo, B.H.; Simões, P.S.R.; da Naffah-Mazzacoratti, M.G.; Mortara, R.A.; Scorza, F.A.; et al. Early exercise promotes positive hippocampal plasticity and improves spatial memory in the adult life of rats. Hippocampus 2012, 22, 347–358. [Google Scholar] [CrossRef]

	



Redila, V.A.; Christie, B.R. Exercise-induced changes in dendritic structure and complexity in the adult hippocampal dentate gyrus. Neuroscience 2006, 137, 1299–1307. [Google Scholar] [CrossRef] [PubMed]

	



Serra, F.T.; Carvalho, A.D.; Araujo, B.H.S.; Torres, L.B.; Cardoso, F.D.S.; Henrique, J.S.; Placencia, E.V.D.; Lent, R.; Gomez-Pinilla, F.; Arida, R.M.; et al. Early exercise induces long-lasting morphological changes in cortical and hippocampal neurons throughout of a sedentary period of rats. Sci. Rep. 2019, 9, 13684. [Google Scholar] [CrossRef] [PubMed]

	



Dik, M.; Deeg, D.J.H.; Visser, M.; Jonker, C. Early life physical activity and cognition at old age. J. Clin. Exp. Neuropsychol. 2003, 25, 643–653. [Google Scholar] [CrossRef]








[image: Jfmk 06 00101 g001 550] 





Figure 1. Synaptic plasticity in the CA1 hippocampal subfield of trained and sedentary mice. (a) Percentage population spike (PS) amplitude as a function of time after high-frequency stimulation (HFS), applied at time t = 15 (arrow), is shown in CTRL (black line, n = 15), in PC-trained (red line, n = 9), and in UC-trained (blue line, n = 8) mice slices. The insert shows representative recordings obtained from slices of each experimental group. The first curve of each group refers to the basal synaptic transmission (BST) and it was recorded before the HFS application, whereas the other curves refer to PS at times 15, 45 and 65 min after the HFS. (b) The PS amplitude values of BST, at min 15 (immediately after HFS), at min 45 and at min 65 from the HFS, are shown for each experimental group. Bars in the plot are means ± SEM of values obtained from different slices. Note that a significant statistical difference was reported between trained and control groups at min 15 (CTRL vs. PC-trained, ** p < 0.01; CTRL vs. UC-trained, *** p < 0.001; PC-trained vs. UC-trained, **** p < 0.0001), at min 45 (CTRL vs. PC-trained, * p < 0.05; PC-trained vs. UC-trained, ** p < 0.01) and at min 65 (PC-trained vs. UC-trained, ** p < 0.01). 
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Figure 2. Ultrastructural evaluation by transmission electron microscopy (TEM) of the hippocampus of sedentary mice. (a) TEM evaluation of the hippocampus of CTRL mice not subjected to continuous aerobic training showed normal tissue organization with well-preserved nerve and glial cells. (b) Nerve processes were well represented, rich in neurotubules and neurofilaments, with slight vacuolization at the axonal level. (c) Synapses were well represented with well-preserved morphology. Scale bar represents 2 μm (N: nucleus; V: vessel; *: synapse). 
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Figure 3. Transmission electron microscopy (TEM) evaluation of the hippocampus of trained mice. (a,c) Ultrastructural analysis of the hippocampus of PC-trained mice showed well-preserved tissue organization, with well-organized neuronal and glial cells and nerve processes rich in neurotubules and neurofilaments. (b,d) Numerous highly preserved myelin bundles (arrows) and mitochondria without morphological changes (asterisk) were observed. (e,g) Ultrastructural analysis of the hippocampus of UC-trained mice showed some morphological changes, such as slight vacuolization at the axonal level and few neurotubules and neurofilaments. (f,h) A reduced number of myelin bundles (arrow) and frequent mitochondrial alteration (asterisk) were detected. Scale bars represent 5 or 0.5 μm. 
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Table 1. A schematic description of the two different aerobic exercise protocols used to train mice.
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	PC Protocol
	UC Protocol





	Main features
	Incremental speed changes with gradually increasing exercise intensity. Intensity increases in 2 RPM intervals from 10 to 32 RPM, with 12 speed changes
	Single session training at 9 RPM, without speed changes



	Training session duration
	18 min
	26 min



	Weekly frequency
	3 times a week
	3 times a week



	Training period
	12 weeks
	12 weeks







PC: progressive continuous; UC: uniform continuous; RPM: laps per minute.
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