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Running exercise, one of the strategies to protect brain function, has positive effects on neurons and synapses in the cortex and hippocampus. However, white matter, as an important structure of the brain, is often overlooked, and the effects of long-term running exercise on white matter are unknown. Here, 14-month-old male Sprague–Dawley (SD) rats were divided into a middle-aged control group (18-month-old control group), an old control group (28-month-old control group), and a long-term runner group (28-month-old runner group). The rats in the runner group underwent a 14-month running exercise regime. Spatial learning ability was tested using the Morris water maze, and white matter volume, myelinated fiber parameters, total mature oligodendrocyte number, and white matter capillary parameters were investigated using stereological methods. The levels of growth factors related to nerve growth and vascular growth in peripheral blood and the level of neurite outgrowth inhibitor-A (Nogo-A) in white matter were measured using an enzyme-linked immunosorbent assay (ELISA). The present results indicated that long-term running exercise effectively delayed the age-related decline in spatial learning ability and the atrophy of white matter by protecting against age-related changes in myelinated fibers and oligodendrocytes in the white matter. Moreover, long-term running exercise prevented age-related changes in capillaries within white matter, which might be related to the protective effects of long-term exercise on aged white matter.
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INTRODUCTION

Using stereological methods, previous studies showed no significant loss of neocortical neurons with human aging (Pakkenberg and Gundersen, 1997; Pakkenberg et al., 2003). In addition, there was no significant loss of neurons in the hippocampus and parahippocampal region with aging in rats (Rapp and Gallagher, 1996; Rapp et al., 2002). However, stereological studies and imaging studies have found that white matter changes with normal aging (Tang et al., 1997; Guttmann et al., 1998; Jernigan et al., 2001). In our previous studies, we found decreased white matter volume and loss of myelinated fibers within white matter in aged human brains and aged rat brains (Tang et al., 1997; Yang et al., 2009). Moreover, we also found a decrease in the number of mature oligodendrocytes with age, leading us to hypothesize that demyelination is the main cause of myelinated fiber loss in aged rat white matter (Li et al., 2009; Chen et al., 2011). Besides in normal aging, Nasrabady et al. (2018) found that the abnormalities of myelin and oligodendrocytes in the white matter were the important changes in Alzheimer’s disease (AD) pathology. The myelin formed by mature oligodendrocytes is widely known to enhance the speed and efficacy of axonal conduction, and demyelination reduces the efficiency of signal transmission in neural circuits and impairs brain function (Peters and Sethares, 2002; Peters, 2009). Recently, it was reported that white matter was involved in executive function and the formation and consolidation of spatial learning and memory ability (Steadman et al., 2020). Thus, white matter changes might be one of the key causes of brain function decline with normal aging.

Unlike neurons in the cortex, the myelin sheaths and oligodendrocytes in the white matter are able to regenerate and may be repaired through drug treatments and behavior interventions. Overwhelming evidence has revealed that physical exercise can prevent the decline in cognition associated with aging (van Gelder et al., 2004; Weuve et al., 2004; Singh-Manoux et al., 2005; Mora and Valencia, 2018; Juarez and Samanez-Larkin, 2019). Furthermore, Marks et al. (2007) and Gons et al. (2013) found that physical activity protected white matter integrity in aged brain. Changes in white matter integrity reflect changes in myelinated fibers in the white matter, and changes in myelinated fibers are related to changes in myelin sheaths and mature oligodendrocytes. In our previous study, using stereological methods, we found that running exercise could prevent demyelination in the white matter of transgenic AD mice (Zhang L. et al., 2017). However, using diffusion tensor imaging (DTI), Clark et al. (2019) found that 6 months of aerobic exercise could not improve cerebral white matter microstructure in older adults. Thus, whether running exercise could delay the changes in myelinated fibers, myelin sheaths, and mature oligodendrocytes in the white matter of the aging brain is unclear.

If running exercise could delay the age-related changes in the white matter of the aging brain, what are the mechanisms underlying exercise-induced changes in white matter? Previous studies have indicated that cerebral capillary density deficits are associated with regional hypoperfusion in aged brains and that a decline in cerebral blood flow is linearly related to age (Riddle et al., 2003; Stoquart-ElSankari et al., 2007). White matter, compared to other brain tissues, has a lower capillary density and is more susceptible to hypoxic–ischemic injury (Anstrom et al., 2002; Thore et al., 2007). In our previous study, we found a marked loss of capillaries in the white matter of rats with aging, which might have important implications for age-related white matter changes and age-related cognitive impairments (Shao et al., 2010). Similarly, Hase et al. (2019) found more vascular pathology changes in aged white matter than young. A large amount of evidence has indicated that exercise has positive effects on brain blood vessels; for example, exercise has been shown to induce angiogenesis and increase cerebral blood volume in the rat primary motor cortex (Swain et al., 2003), increase capillary density and enhance cerebrovascular integrity in the rat striatum (Ding et al., 2006), increase endothelial cell proliferation in the adult rat hippocampus and prefrontal cortex (Ekstrand et al., 2008), and reverse age-related declines in blood vessels in the rat substantia nigra (Villar-Cheda et al., 2009). Murugesan et al. (2012) reported that there was no change in the capillary density of white matter in aged mice after 4 weeks training. In our previous studies, using stereological methods, we found that running exercise remediated the loss of the capillaries in white matter in a rat model of depression and in APP/PS1 transgenic AD mice (Chen et al., 2016; Zhang Y. et al., 2017). In addition, Trigiani et al. (2020) found that exercise could prevent the collapsing capillaries within white matter and reduced CBF induced by a high cholesterol diet. The effect of running on the capillaries in white matter is controversial. Whether long-term running exercise has a protective effect on the capillaries in aged white matter needs to be investigated. In addition, previous studies have shown that exercise could increase brain-derived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF) in peripheral blood (Morland et al., 2017; Pedersen, 2019), and exercise-induced high peripheral VEGF and BDNF levels might improve hippocampal perfusion and volumes in older adults (Maass et al., 2016). We speculated that the effect of long-term running exercise on capillaries in white matter might also be related to the growth factors in peripheral blood. However, Nofuji et al. (2008) reported that long-term exercise decreased the BDNF level in peripheral blood. Thus, whether long-term running exercise has a protective effect on the growth factors in peripheral blood of aged rats needs to be investigated.

To address the above issues, 14-month-old Sprague–Dawley (SD) rats were used to study the effects of exercise on aged white matter.



MATERIALS AND METHODS


Animals and Running Procedures

All SD rats were provided by the laboratory animal center of Chongqing Medical University. Rats were housed in a central animal facility with a controlled temperature (22 ± 2°C) and a consistent light/dark cycle (12 h/12 h). Food and water were available ad libitum. All procedures conformed to the standards set forth in the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH publications No. 85-23).

In total, 30 14-month-old SD male rats were randomly assigned to a middle-aged control group (n = 10), an aged control group (n = 10), and an aged running group (n = 10). The rats in the middle-aged control group were housed in sedentary conditions from 14 to 18 months old (referred to as the 18-month-old control group). The rats in the aged control group were housed in sedentary conditions from 14 to 28 months old (referred to as the 28-month-old control group). The rats in the aged running group underwent treadmill exercise from 14 to 28 months old (referred to as the 28-month-old runner group). A straight six-lane treadmill (600 mm × 95 mm × 115 mm per lane) with electrical stimulation connected to a manual control system (Beijing Sunny Instruments Co. Ltd. China) was used. During the first 2 weeks, the rats were acclimated to running on the treadmill, and the running speed was gradually increased from 5 to 20 m/min for 20 min per day. After the acclimation period, the running speed was maintained at 20 m/min, 20 min per day, 5 days per week for 14 months (Redila and Christie, 2006; Stranahan et al., 2007).



Spatial Learning Ability Testing

The Morris water maze was used to test the spatial learning ability of each group of rats. The apparatus used for the Morris water maze was a circular pool with a diameter of 1.5 m and an automatic tracking and analysis system (SLY-R01& WMS, Beijing Sunny Instruments Co. Ltd., China). The pool was filled with black water dyed with ink, and the water temperature was controlled at 22 ± 2°C during the experiment.

The rats were trained to swim to a circular platform submerged 1.5 cm beneath the water. The platform was randomly placed into a testing pool, but the platform location was kept constant throughout testing. The overall testing lasted 5 days, with four trials per day. The four starting positions, which were labeled A, B, C, and D at the boundaries of the four different quadrants, were the same on each day. The order of starting positions in the four trials was the same on the same day for all rats. However, the order of starting positions was randomly determined on different testing days. In each trial, the rat was placed into the testing pool at one of four designated starting positions and allowed to swim for a maximum of 180 s until it found the platform and remained on the platform for 15 s. If a rat failed to find the platform within 180 s, it was guided to the platform and stayed on the platform for 15 s. The interval time of adjacent tests for the same rat was no less than 15 min. The time elapsed until the platform was reached (escape latency) was recorded.



Tissue Processing

After the Morris water maze test was performed, five rats in each group were chosen at random and deeply anesthetized by intraperitoneal injection of 1% pentobarbital sodium (0.4 ml/100 g). Then, the rats were perfusion fixed with 4% paraformaldehyde. After perfusion, the brain was removed and separated from the cerebellum, brain stem, and cranial nerves under the pavimentum cerebri. Right or left hemispheres were randomly selected, postfixed with 2% paraformaldehyde and 2.5% glutaraldehyde for more than 24 h, and used to analyze the white matter volume and the myelinated fibers and capillaries within the white matter. The remaining hemispheres were stored in 4% paraformaldehyde and used to analyze the total number of 2′-3′-cyclic nucleotide 3′-phosphodiesterase-positive cells (CNPase+ cells). The other five rats in each group were anesthetized with 1% pentobarbital sodium (0.4 ml/100 g), the heart was exposed, and blood was obtained from the right ventricle. After 1 h, the blood was centrifuged at 2,000 rpm/min for 20 min at room temperature, and the supernatant was carefully collected, stored at −20°C and used for enzyme-linked immunosorbent assay (ELISA). The rats were sacrificed, and the fresh white matter tissue of the brain was isolated. The protein in white matter was extracted by radioimmunoprecipitation assay (RIPA) lysis buffer (P0013K, Beyotime, China) with phenylmethanesulfonyl fluoride (PMSF, ST506, Beyotime, China), stored at −20°C and used for ELISA.



Estimation of White Matter Volume

The hemispheres postfixed with 2% paraformaldehyde and 2.5% glutaraldehyde were embedded in 6% agar and cut into 1-mm-thick coronal slabs, starting randomly at the rostral pole. Then, all caudal surfaces of slabs were photographed using a dissecting microscope (Figure 1A). An equidistant point grid was randomly placed on each photograph (Figure 1B). The grid points hitting the white matter were counted. The white matter volume was calculated according to Cavalieri’s principle (Gundersenn et al., 1988; Tang et al., 1997):
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FIGURE 1. (A) The successive 1 mm-thick coronary slabs of one hemisphere. (B) For estimating the total volume of the white matter, an equidistant point grid is superimposed at random onto the photograph of the successive 1-mm-thick coronary slabs, and the number of the points hitting the white matter is counted, as indicated by the arrows. Bar = 0.5 mm. (C) For sampling the tissue blocks of the white matter, a transparent equidistant point grid is randomly placed on the successive 1-mm-thick coronary slabs, and those points hitting the white matter are sampled. The arrow shows a point hitting the white matter. Bar = 0.5 mm. (D) An illustration of the method used to estimate the myelinated fibers in the white matter is shown. (1) For estimating the length of the myelinated fibers, an unbiased counting frame is superimposed at random onto the image captured with a transmission electron microscope (TEM). The myelinated fiber profiles are counted if they are completely inside the counting frame or partly inside the counting frame but only touching the counting lines (dotted lines). *Two myelinated fiber profiles that are counted. The myelinated fibers are excluded if they touch the exclusion lines (solid lines). ^Two myelinated fiber profiles that are excluded. Bar = 2 μm. (2) The myelinated fiber diameter is measured, as marked by d. L denotes the longest axis of the myelinated fiber. Bar = 1 μm. (3) For estimating the volume of the myelinated fibers, a transparent equidistant counting grid is superimposed onto the image captured with TEM. The number of points hitting the myelinated fibers is counted. ◯The points hitting a myelinated fiber. Bar = 2 μm. (E) An illustration of the way to count the number of CNPase+ cells with the optical disector technique is shown. (1) The CNPase+ cells in the guard zone are not counted. (2) The CNPase+ cells with nuclei that are clearly in focus in the counting zone, but not in focus in the guard zone, are counted. The arrow shows the CNPase+ cell that is counted. (F) An illustration of the way to estimate the capillaries in the white matter is shown. (1) For estimating the lengths of capillaries, an unbiased counting frame is superimposed at random onto the image captured with a light microscope. The capillary profiles are counted if they are completely inside the counting frame or partly inside the counting frame but only touching the counting lines (green lines), as indicated by *. The capillary profiles are excluded if they touch the exclusion lines (red lines). Bar = 40 μm. (2) For estimating the volume of the capillaries, a transparent equidistant counting grid is superimposed onto the image captured with a light microscope. The number of points hitting the capillary profiles is counted, as indicated by ◯. Bar = 40 μm. (3) For estimating the surface area of the capillaries, transparent equidistant test lines are superimposed onto the image captured with a light microscope. The number of intersections between the test lines and capillary luminal surfaces is counted, as indicated by ×. Bar = 40 μm.
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where Vwm indicates the total volume of the white matter, t indicates the slab thickness (1 mm), a(p) indicates the area associated with each grid point (0.10 mm2), and ΣPwm indicates the total number of grid points hitting the white matter per rat.



White Matter Sampling and Specimen Preparation

The 1-mm-thick coronary slabs used to estimate the parameters of myelinated fibers within the white matter were randomly sampled every two slabs, and the first slab was randomly sampled in the first two slabs. Transparent equidistant points were randomly superimposed on the caudal surface of the sampled slabs (Figure 1C). Based on the points that hit the white matter, six or seven tissue blocks (approximately 1 mm3) were randomly sampled per rat. This systematic random sampling provided an equal sampling probability for the white matter (Howard and Reed, 1998). The sampled tissue blocks were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde for 2 h at 4°C; rinsed three times with 0.1 M phosphate-buffered saline (pH 7.2); postfixed with 1% 0.1 M phosphate-buffered osmium tetroxide (OsO4) for 2 h at 4°C; gradually dehydrated using 50% ethanol, 70% ethanol, and 90% ethanol solutions, followed by a 90% ethanol and 90% acetone mixture, and a 100% acetone solution; infiltrated with epoxy resin 618 (Chenguang chemical industry, Sichuan, China) for 3 h at 37°C; and embedded in Epon according to the isector technique (Nyenggard and Gundersen, 1992). This technique assures that isotropic, uniform, and random sections are obtained so that the fibers in each direction in three-dimensional space have the same probability of being sampled. Then, the tissue blocks were re-embedded in an oven for 16 h at 37°C, 12 h at 45°C, and 14 h at 60°C. One section with a thickness of 60 nm was cut from each Epon block with an ultramicrotome and viewed with a transmission electron microscope (TEM, Hitachi-7500, Hitachi. Ltd, Japan) at 6,000 × magnification. A set of six fields were randomly sampled and photographed in each section and used to estimate the parameters of myelinated fibers within the white matter.

The remaining 1-mm-thick coronary slabs were used to estimate the parameters of capillaries in the white matter. Eight or nine tissue blocks (approximately 3–4 mm3) were randomly sampled per rat as above and dehydrated three times in 30% sucrose solutions. Then, according to the principle of the isector technique, the tissue blocks were embedded with optimal cutting temperature (OCT) compound (SAKURA, 4583, Japan) and sectioned at 6 μm in the parallel direction using a freezing microtome (LEICA CM1950, Germany), and the process was repeated four times in different directions. Collagen IV was used to mark the basement membrane of the vessel. These sections were microwave-heated in citric acid buffer solution for 15 min; soaked in 3% H2O2 for 10 min at room temperature; successively incubated with normal goat serum for 30 min at 37°C, anti-rat collagen IV antibody (ab6586; Abcam, Cambridge, United Kingdom) diluted to 1:300 for 8 h at 4°C, secondary antibody solution (biotinylated goat-anti-rabbit IgG) for 30 min at 37°C, and S-A/HRP for 30 min at 37°C; and finally developed in diaminobenzidine (DAB, ZLI-9032, ZSGB; Beijing, China) for approximately 10 min. Then, the sections were observed with light microscopy at 1,000 × magnification. A set of three to six fields in each section were randomly sampled and photographed and used to estimate the parameters of capillaries within the white matter. Vessels with diameters less than 10 μm were defined as capillaries (Alba et al., 2004).



Sampling of Serial Tissue Sections and Immunohistochemical Staining

The remaining hemispheres, stored in 4% paraformaldehyde and used to analyze the total number of CNPase+ cells, were successively dehydrated for 24 h in 10% sucrose, 20% sucrose, and 30% sucrose. After dehydration, the hemispheres were embedded in OCT compound (SAKURA, 4583, United States) and then coronally sliced at 50-μm equidistant intervals with a cryo-ultramicrotome (Leica Microsystems, CM1950, Germany), starting randomly at the rostral pole. One section was sampled every 20 sections, and the first section was sampled randomly from the first 20 sections. Therefore, the section sampling fraction (ssf) was 1/20. On average, 14–15 sections were sampled per rat brain. The sampled serial tissue sections were labeled with the anti-CNPase antibody. These sections were treated with acetone for 30 min at room temperature; soaked in 3% H2O2 for 1 h at room temperature; successively incubated with 10% normal goat serum for 1 h at 37°C, anti-mouse CNPase antibody (SAB4200693; Sigma, United States) diluted to 1:900 for 72 h at 4°C, secondary antibody solution (biotinylated goat-anti-mouse IgG) for 2 h at 37°C, and S-A/HRP for 2 h at 37°C, developed in diaminobenzidine (DAB, ZLI-9032, ZSGB; Beijing, China) for approximately 10 min; and counterstained with Mayer’s hematoxylin to label nuclei. Then, the sections were analyzed with the Visiopharm Image Analysis & Stereology System (VIS, New CAST, Denmark), and the total number of CNPase+ cells in the white matter was counted with the optical disector technique.



Enzyme-Linked Immunosorbent Assay

The protein concentrations were measured by a bicinchoninic acid (BCA) protein assay kit. Then, the levels of growth factors related to nerve growth and vascular growth in peripheral blood, such as BDNF, nerve growth factor (NGF), vascular endothelial growth factor A (VEGF), insulin-like growth factor 1 (IGF-1), and fibroblast growth factor 1 (FGF1), were measured with a Rat BDNF PicoKine ELISA kit (EK0308, BOSTER, China), Rat NGF/NGF beta PicoKine ELISA kit (EK0471, BOSTER, China), Rat VEGF PicoKine ELISA kit (EK0540, BOSTER, China), Rat IGF-1 PicoKine ELISA kit (EK0377, BOSTER, China), and Rat FGF1 PicoKine ELISA kit (EK1173, BOSTER, China), respectively. The level of Neurite outgrowth inhibitor-A (Nogo-A) was measured with a Rat Nogo-A ELISA (RAB1919, Sigma-Aldrich, United States).



Estimation of Myelinated Fibers in the White Matter


The Length Density and Total Length of Myelinated Fibers in the White Matter

An unbiased counting frame was randomly superimposed onto each photograph captured by TEM (Figures 1D1,2). The number of myelinated fiber profiles was counted according to forbidden line rules (Figure 1D1) (Gundersenn et al., 1988), and the diameters of myelinated fibers were measured as previously described (Figure 1D2) (Tang et al., 1997). The length density of myelinated fibers in the white matter, Lv(mf-wm), was calculated according to the following formula (Tang et al., 1997):
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where ΣQ(mf) indicates the total number of myelinated fiber profiles counted per rat, and ΣA(frame) indicates the total area of counting frames used per rat.

The total length of myelinated fibers in the white matter equaled the length density value of myelinated fibers multiplied by the total white matter volume per rat, Vwm.



The Volume Density and Total Volume of Myelinated Fibers in the White Matter

A transparent equidistant counting grid was randomly superimposed onto each photograph captured by TEM (Figure 1D3). The number of points that hit the white matter and the number of points that hit the myelinated fibers in the white matter were counted. The volume density of myelinated fibers in the white matter, Vv(mf-wm), was estimated according to the following formula (Tang et al., 1997):
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where ΣP(mf) indicates the total number of points hitting the myelinated fibers in the white matter per rat, and ΣP(frame) indicates the total number of points hitting the white matter per rat.

The total volume of myelinated fibers in the white matter equaled the volume density value of myelinated fibers multiplied by the total white matter volume per rat, Vwm.



Estimation of the Number of CNPase+ Cells in the White Matter

2′3′-Cyclic nucleotide 3′-phosphodiesterase (CNPase) is the myelin-specific protein synthesized by oligodendrocytes, which gradually increases in expression during oligodendrocyte maturation (Jahn et al., 2009). CNPase accounts for about 4% of the total CNS myelin proteins, and it can therefore reflect the maturation and myelination of oligodendrocytes. In this study, the number of CNPase+ cells in the white matter was counted with the optical disector technique. The contour of the white matter was traced and delineated using stereological analysis software (New CAST, Denmark) at 4 × magnification. The size of the counting frame was set to 300 μm2, the area sampling fraction (asf) was set to 3%, the height of the guard zone was set to 5 μm, and the height of the counting zone was set to 7 μm. The numbers of CNPase+ cells in the white matter from each section were counted at 100 × magnification (N.A. 1.40) (Hao et al., 2003; Zhao et al., 2013) (Figure 1E). The average thickness of each section during counting was measured at approximately 17 μm. Therefore, the thickness sampling fraction (tsf) was 7/17 = 0.412. The total number of CNPase+ cells in the white matter per rat was estimated using an optical fractionator (Gundersenn et al., 1988; Gundersen et al., 1999; Hao et al., 2003; Zhao et al., 2013) as follows:
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where ΣQ is the total number of CNPase+ cells in the white matter per rat, ssf is the section sampling fraction, asf is the area sampling fraction, and tsf is the thickness sampling fraction.



Estimation of Capillaries in the White Matter


The Length Density and Total Length of Capillaries in the White Matter

An unbiased counting frame was randomly superimposed onto each photograph captured with light microscopy (Figure 1F1). The length density of capillaries in the white matter, Lv(cap-wm), was calculated as follows (Gundersenn et al., 1988; Shao et al., 2010; Qiu et al., 2011):
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where ΣQ(cap) indicates the total number of capillaries in the white matter counted per rat, and ΣA(frame) indicates the total area of counting frames used per rat.

The total length of capillaries in the white matter equaled the length density value of capillaries multiplied by the total white matter volume per rat, Vwm (Gundersenn et al., 1988; Shao et al., 2010; Qiu et al., 2011).



The Volume Density and Total Volume of Capillaries in the White Matter

A transparent equidistant counting grid was randomly superimposed onto each photograph captured by light microscopy (Figure 1F2). The number of points that hit the white matter and the number of points that hit the capillaries in the white matter were counted. The volume density of capillaries in the white matter, Vv(cap-wm), was estimated as follows (Gundersenn et al., 1988; Shao et al., 2010; Qiu et al., 2011):
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where ΣP(cap) indicates the total number of points hitting the capillaries in the white matter per rat, and ΣP(wm) indicates the total number of points hitting the white matter per rat.

The total volume of capillaries in the white matter equaled the volume density value of capillaries multiplied by the total white matter volume per rat, Vwm (Gundersenn et al., 1988; Shao et al., 2010; Qiu et al., 2011).



The Surface Area Density and Total Surface Area of Capillaries in the White Matter

Transparent equidistant test lines were randomly superimposed onto each photograph captured with light microscopy (Figure 1F3). The intersection numbers between the test lines and the luminal surface of the capillaries were counted, and the total length of the test lines in the white matter was recorded. The surface area density of capillaries in the white matter, Sv(cap-wm), was estimated according to the following formula (Gundersenn et al., 1988; Shao et al., 2010; Qiu et al., 2011):
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where ΣI(cap) indicates the intersection numbers between the test lines and capillaries, and ΣL(wm) indicates the total length of the test lines in the white matter.

The total surface area of capillaries in the white matter equaled the surface area density value of capillaries multiplied by the total white matter volume per rat, Vwm (Gundersenn et al., 1988; Shao et al., 2010; Qiu et al., 2011).



Data Analysis

All data are presented as the mean ± SD. Statistical analyses were performed using SPSS (ver. 19.0, SPSS Inc., Chicago, United States). The Shapiro–Wilk test was used to analyze whether the group means of the data from the Morris water test and the stereological data were normally distributed. Repeated-measures analysis of variance (ANOVA) was used to compare the data from the Morris water test. One-way ANOVA was used to compare the stereological data. The Pearson correlation coefficient was calculated to investigate the relationship between exercise-induced improvement of spatial learning and exercise-induced increase of the white matter, and the myelinated fibers, and capillaries within white matter. A significant difference was considered when p < 0.05.



RESULTS


Long-Term Treadmill Running Exercise Delays the Decline in Spatial Learning Ability With Aging

Figure 2A shows the traces of the tracked location of the rats in the Morris water maze test. There was no significant difference in the swimming speed among the three groups (0.26 ± 0.04 m/s in the 18 m control group, 0.22 ± 0.03 m/s in the 28 m control group, and 0.25 ± 0.03 m/s in the 28 m runner group). With the increase in training days, the time elapsed for each group to find the platform (escape latency) was gradually decreased (Figure 2B). Compared with the 28-month-old control group, the 18-month-old control group and 28-month-old runner group found the platform more quickly (p < 0.05; p < 0.05; Figure 2B). However, there was no significant difference in the time to find the platform between the 18-month-old control and 28-month-old runner groups (Figure 2B).
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FIGURE 2. (A) Tracked locations of the rats in the Morris water test. The Roman numerals (I,II,III, and IV) represent the first, second, third, and fourth quadrant of the Morris water maze, respectively. (B) The mean escape latency in the 18-month-old control group (18 m control), 28-month-old control group (28 m control), and 28-month-old running group (28 m runner). The error bars show the SD. ∗p < 0.05 when the 28 m control is compared to the 18 m control.#p < 0.05 when the 28 m control is compared to the 28 m runner.




Long-Term Treadmill Running Exercise Delays the Atrophy of White Matter With Aging

The 28-month-old control group had a smaller white matter volume compared to the 18-month-old control group (p < 0.01; Figure 3A). After running exercise, the total volume of the white matter in the 28-month-old runner group was significantly larger than that in the 28-month-old control group (p < 0.01; Figure 3A). However, the white matter volume of the 28-month-old runner group was not different from that of the 18-month-old control group (Figure 3A).
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FIGURE 3. (A) The total volume of the white matter and the total volume of myelinated fibers within the white matter of the three groups: the 18-month-old control group (18 m control), 28-month-old control group (28 m control), and 28-month-old runner group (28 m runner). (B) The total length of myelinated fibers in the white matter in the three groups. (C) The mean diameter of the myelinated fibers in the white matter in the three groups. (D) The absolute size distribution on a log scale of the myelinated fiber diameter in the white matter of the 28-month-old control group (◯) and 28-month-old runner group (•). The difference between the two groups is also shown (▼). (E) The absolute size distribution on a log-scale of the myelinated fiber diameter in the white matter of the 18-month-old control group (◯) and 28-month-old runner group (•). The difference between the two groups is also shown (▼). (F) The total number of CNPase+ cells in the white matter of the three groups. The error bars show the SD. ∗∗p < 0.01. ↑p < 0.01.




Long-Term Treadmill Running Exercise Delays the Loss of Myelinated Fibers in White Matter

The 18-month-old control group and 28-month-old runner group had a larger volume in the myelinated fibers of the white matter compared to the 28-month-old control group (p < 0.01 and p < 0.01; Figure 3A). However, there was no significant difference in the total volume of myelinated fibers within the white matter between the 18-month-old control and 28-month-old runner groups (Figure 3A).

The total length of the myelinated fibers within the white matter was significantly shorter in the 28-month-old control group than that in the 18-month-old control group, but the total length of the myelinated fibers within the white matter of the 28-month-old runner group was significantly longer than that in the 28-month-old control group (p < 0.01 and p < 0.01; Figure 3B). However, there was no significant difference in the total length of myelinated fibers within the white matter between the 18-month-old control and 28-month-old runner groups (Figure 3B).

There was no significant difference in the mean diameter of myelinated fibers within the white matter among the three groups (Figure 3C).

The total length of the myelinated fibers with a diameter from 0.5 to 0.8 μm was significantly longer in the 28-month-old runner group than in the 28-month-old control group (p < 0.01; Figure 3D). However, there were no significant differences between the 18-month-old control group and 28-month-old runner group in the absolute size distribution on a log scale of myelinated fiber diameter (Figure 3E).



Long-Term Treadmill Running Exercise Delays the Loss of Mature Oligodendrocytes in White Matter With Aging

The 28-month-old control group had significantly fewer CNPase+ cells within the white matter than the 18-month-old control group, but the 28-month-old runner group had significantly more CNPase+ cells within the white matter than the 28-month-old control group (p < 0.01 and p < 0.01; Figure 3F). However, there was no significant difference in the total number of CNPase+ cells within the white matter between the 18-month-old control group and the 28-month-old runner group (Figure 3F).



Long-Term Treadmill Running Exercise Delays the Loss of Capillaries in White Matter With Aging

The total length of the capillaries within the white matter of the 28-month-old control group was significantly shorter than that of the 18-month-old control group and the 28-month-old control group (p < 0.01 and p < 0.01; Figure 4A). The total length of the capillaries with a diameter from 7 to 10 μm in the 28-month-old control group was significantly shorter than in the 18-month-old control group and the 28-month-old runner group (p < 0.05 and p < 0.05; Figure 4B). However, the total length of the capillaries and the absolute size distribution on a log scale of capillary diameter within the white matter of the 18-month-old control group was similar to that of the 28-month-old runner group (Figures 4A,B), which indicated that the decrease in capillary length of white matter in the 28-month-old control group was mainly due to the loss of medium- and large-diameter capillaries (7–10 μm) and that running exercise could increase the medium- and large-diameter capillaries.


[image: image]

FIGURE 4. (A) The total length of the capillaries in the white matter of the three groups: the 18-month-old control group (18 m control), 28-month-old control group (28 m control), and 28-month-old runner group (28 m runner). (B) The absolute distributions of the total length of the capillaries within the white matter of the three groups. (C) The total surface area of the capillaries in the white matter of the three groups. (D) The absolute distributions of the total surface area of the capillaries within the white matter of the three groups. (E) The total volume of the capillaries in the white matter of the three groups. (F) The absolute distributions of the total volume of the capillaries within the white matter of the three groups. ∗p < 0.05 when 28 m control is compared to 18 m control. ∗∗p < 0.01 when 28 m control is compared to 18 m control.#p < 0.05 when 28 m control is compared to 28 m runner. ##p < 0.01 when 28 m control is compared to 28 m runner. ^p < 0.05 when 18 m control is compared to 28 m runner.


Compared with the 28-month-old control group, the 18-month-old control group and 28-month-old runner group had a larger surface area of the capillaries within the white matter (p < 0.01 and p < 0.01; Figure 4C). The total surface areas of the capillaries with a diameter from 7 to 10 μm in the 28-month-old control group were significantly smaller than those in the 18-month-old control group, and those in the 28-month-old runner group were significantly larger than those in the 28-month-old control group (p < 0.05 and p < 0.05; Figure 4D). However, there was no significant difference between the 18-month-old control and 28-month-old runner groups in the total surface area of the capillaries within the white matter and in the absolute size distribution on a log scale of capillary diameter (Figures 4C,D). The results indicated that the decrease in capillary surface area of white matter in the 28-month-old control group was mainly due to the loss of medium- and large-diameter capillaries (7–10 μm) and that running exercise could increase the medium- and large-diameter capillaries.

The total volume of the capillaries within the white matter of the 28-month-old control group was significantly smaller than that of the 18-month-old control group and the 28-month-old runner group (p < 0.01 and p < 0.05; Figure 4E). However, there were no significant differences in the total volume of capillaries within the white matter between the 18-month-old control group and the 28-month-old runner group (Figure 4E). The total volume of capillaries with a diameter from 7 to 10 μm was significantly smaller in the 28-month-old control group than in the 18-month-old control group (p < 0.05; Figure 4F). The total volume of capillaries with diameters from 8 to 10 μm was significantly smaller in the 28-month-old runner group than in the 18-month-old control group (p < 0.05), and the total volume of capillaries with diameters from 7 to 8 μm was significantly larger in the 28-month-old runner group than in the 28-month-old control group (p < 0.05; Figure 4F). All the results indicated that the decrease in capillary volume of white matter in the 28-month-old control group was mainly due to the loss of medium- and large-diameter capillaries (7–10 μm). However, running exercise could only increase the medium diameter capillaries (7–8 μm) within the white matter.



Correlations Between Behavioral Tests and Stereological Measurements

As shown in Table 1, the exercise-induced behavioral improvement was significantly correlated with the exercise-induced increases in the white matter volume, the length and volume of myelinated fibers within the white matter, and the length, surface area, and volume of the capillaries within the white matter. Moreover, the exercise-induced increases in the white matter volume and the length and volume of myelinated fibers within the white matter were significantly correlated with the exercise-induced increases in the length, surface area, and volume of the capillaries within the white matter.


TABLE 1. Correlations between behavioral tests and stereological measurements.
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Long-Term Treadmill Running Exercise Increases Brain-Derived Neurotrophic Factor in the Peripheral Blood of Aged Rats and Decreases the Level of Nogo-A in Aged White Matter

There were no significant differences in the levels of FGF, VEGF, IGF-1, or NGF in the peripheral blood between the 28-month-old control group and the 28-month-old runner group. However, the level of BDNF in the peripheral blood was significantly higher in the 28-month-old runner group than in the 28-month-old control group (p < 0.01; Table 2).


TABLE 2. The levels of growth factors related to nerve growth and vascular growth.

[image: Table 2]
Finally, white matter NOGO-A levels were significantly lower in the 28-month-old runner group than in the 28-month-old control group (p < 0.01; Table 2).



DISCUSSION

Brain function diminishes with increasing age (Watson et al., 2010; Thorvaldsson et al., 2011; Singh-Manoux et al., 2011). As early as Gallagher and Pelleymounter (1988) reported spatial learning ability deficits in aged rats. In the current study, 28-month-old rats performed worse than the 18-month-old rats in the Morris water maze test (escape latency), indicating that the spatial learning ability of rats declined with aging. Overwhelming evidence has revealed that physical exercise can prevent the decline in brain functions associated with aging (Mora and Valencia, 2018; Juarez and Samanez-Larkin, 2019). Running exercise is widely accepted as a simple and affordable method of physical activity. In the current study, 14-month-old male SD rats were subjected to a running protocol for 14 months. We found that the escape latency of the 28-month-old runner group was significantly shorter than that of the 28-month-old control group. Moreover, there were no significant differences in the escape latency between the 18-month-old control group and the 28-month-old runner group. Our results strongly indicate that long-term treadmill exercise could delay the age-related decline in spatial learning ability.

A growing body of research suggests that spatial learning ability is associated with myelin (Wu et al., 2018; Hasan et al., 2019). Myelin is widely known to enhance the speed and efficacy of axonal conduction, and demyelination reduces the efficiency of signal transmission in neural circuits and impairs brain function (Peters and Sethares, 2002; Peters, 2009). In our previous studies, we also found that the decline in spatial learning ability with aging in rats was associated with age-related changes in myelinated fibers (Lu et al., 2014). Myelinated fibers and myelin are distributed in multiple brain regions. The standard view is that spatial learning ability is closely related to the hippocampus, but white matter, as the largest area of myelin distribution, is often overlooked. The latest research reported that water maze learning was related to oligodendrogenesis and de novo myelination in the cortex and associated white matter tracts, and preventing oligodendrogenesis could impair memory consolidation of the water maze (Steadman et al., 2020), which indicated that oligodendrocytes and myelin sheaths in white matter were involved in the formation and maintenance of spatial learning and memory. Using stereological methods, Pakkenberg and Gundersen (1997) found that there was no significant neocortical neuron loss with aging, but stereological studies and imaging studies have indicated that white matter changes with normal aging (Tang et al., 1997; Guttmann et al., 1998; Jernigan et al., 2001; Stadlbauer et al., 2012). In our previous studies, we found decreased white matter volume and loss of myelinated fibers within the white matter of aged human brains and aged rat brains (Tang et al., 1997; Yang et al., 2009). Oligodendrocytes, a very important component of white matter, make up approximately 75% of neuroglial cells in subcortical white matter (Moris and Leblond, 1970; Sandell and Peters, 2003). The myelinated fibers in the central nervous system are formed by axons, which are wrapped by oligodendrocytes. Therefore, the structural and functional integrity of oligodendrocytes is important for the myelin sheath and myelinated fibers in the brain white matter. Moreover, oligodendrocytes are vulnerable to injury, particularly in demyelinating diseases (Smith and Lassmann, 2002). In our previous studies, we found fewer mature oligodendrocytes and more demyelination in the white matter of aged rat brains (Li et al., 2009; Chen et al., 2011). In the current study, we found that the total volumes of white matter and myelinated fibers within the white matter, the total length of myelinated fibers, and the total number of oligodendrocytes within the white matter of rats were reduced with age, strongly indicating that there were significant age-related white matter changes.

We found that long-term running exercise delayed the spatial learning ability decline in aged rats. Therefore, we sought to examine whether running exercise could delay the age-related changes in white matter. In a previous study using an imaging analysis method, Colcombe et al. (2006) found that older adults who participated in aerobic fitness training had a larger white matter volume than those who did not participate in aerobic fitness training. In the current study, using the stereological method, we found that after 14 months of long-term running exercise, the total white matter volume in the exercise group was significantly larger than that in the same age group that was not exposed to the exercise protocol, clearly indicating that long-term running exercise could delay the atrophy of the white matter in the aged rat brain. Using DTI, Marks et al. (2007) found that exercise might protect the white matter integrity against aging in select brain regions, and Scholz et al. (2009) found evidence for training-related changes in the white matter structure. However, using the same means, Clark et al. (2019) found that 6 months of aerobic exercise could not improve cerebral white matter microstructure in older adults. The DTI technique is mainly based on random motion of water molecules in the axons of myelinated fibers and can only indirectly, but not accurately, reflect changes in the myelinated fibers in the white matter. In the current study, using unbiased stereological methods, we quantified the parameters of myelinated fibers in the white matter and found that after 14 months of long-term running exercise, the total volume and total length of myelinated fibers within white matter in the exercise group were significantly larger than those in the same age group not exposed to the exercise protocol. Our results indicate that long-term running exercise could prevent the loss of myelinated fibers in the white matter of aged rat brains. Our previous studies showed that small-diameter myelinated fibers might contribute to the significant age-related loss of myelinated fibers in both the human brain and rat brain (Tang et al., 1997; Yang et al., 2009). Therefore, we further investigated the mean diameter of myelinated fibers within the white matter of the rat brain and the absolute size distribution on a log scale of myelinated fiber diameter. We found that running exercise had no significant effects on the mean diameter of myelinated fibers within the white matter of aged rat brains. Moreover, after 14 months of long-term running exercise, the total length of myelinated fibers with a diameter from 0.5 to 0.8 μm in the exercise rats was significantly longer than that in the rats of the same age not exposed to exercise. Our results suggest that long-term running exercise could prevent the loss of small-diameter myelinated fibers in the white matter of aged rat brains. Taken together with the above results, our observations demonstrated that long-term running exercise could delay the atrophy of white matter and prevent the age-related loss of myelinated fibers in the white matter of aged rat brains. In our previous study, we found that running exercise could prevent demyelination in the white matter of transgenic AD mice (Zhang L. et al., 2017). Our current results, together with our previous findings, indicated that running exercise could protect the white matter microstructure both in normal aging and in age-related degeneration diseases.

In the central nervous system, myelin is formed by oligodendrocytes. Exercise has been reported to positively influence oligodendrogenesis in the intact spinal cord and increase the number of oligodendrocytes in the spinal cord injury area (Oh et al., 2009; Krityakiarana et al., 2010). In the present study, we found that after 14 months of long-term running exercise, the total number of mature oligodendrocytes within the white matter in the exercise group was significantly larger than that in the group of the same age not exposed to exercise. We speculated that long-term running exercise might protect against the age-related loss of myelinated fibers in the white matter by preventing the degeneration of oligodendrocytes in the white matter. Recently, it has been reported that running exercise also protects oligodendrocytes in other model animals. Graham et al. (2019) found that exercise increased the oligodendrocytes in the white matter of a mouse model of obesity. Recently, our team found that running exercise significantly increased the number of CNPase-positive oligodendrocytes in the medial prefrontal cortex of the chronic unpredictable stress rat model (Luo et al., 2019).

Cerebral blood flow (CBF) decreases with normal aging (Kashimada et al., 1994; Buijs et al., 1998). Small vessel changes are a leading cause of cognitive decline and functional loss in the elderly (Pantoni, 2010). In our previous study, we used collagen IV to mark the basement membrane of the vessel and found that the total length, total volume, and total surface area of the capillaries in the white matter of aged female rat (27 months) brains were significantly lower than those of young female rat (7 months) brains (Shao et al., 2010). In the current study, we also used collagen IV to mark the basement membranes of the vessels and found that the total length, total volume, and total surface area of the capillaries in the white matter of aged male rat (28 months) brains were significantly lower than those of middle-aged male rat (18 months) brains. In addition, we further investigated the absolute distributions of the length, surface area, and volume of capillaries on a log scale of capillary diameter and found that the length, surface area, and volume of capillaries with diameters from 7 to 10 μm in the 28-month-old rat brains were significantly lower than those in the 18-month-old rat brains. These findings further indicated that there were changes in small blood vessels in the white matter of aged rats. Ainslie et al. (2008) demonstrated that exercise could increase CBF and velocity throughout healthy human aging. In addition, a large amount of evidence indicates that exercise has positive effects on angiogenesis, capillary density, and the cerebrovascular integrity of the brain (Ding et al., 2006; Ekstrand et al., 2008; Villar-Cheda et al., 2009). In the current study, after 14 months of long-term running exercise, the total length, total surface area, and total volume of the capillaries within the white matter in the exercise group were significantly larger than those in the non-exercise group of the same age. These results indicate that long-term running exercise could protect the capillaries in the white matter of aged rats. Previous studies showed that the capillary densities in the motor cortex and hippocampus were increased after a period of exercise both in young and aged rodents (Kleim et al., 2002; Swain et al., 2003; Ding et al., 2006; Villar-Cheda et al., 2009; Rhyu et al., 2010; Murugesan et al., 2012). There have been a few studies on the effects of running on capillaries in the white matter of the brain. Murugesan et al. (2012) reported that 4 weeks of running exercise could increase the capillary density within the hippocampus of aged mice, whereas there was no change in the capillary density of the white matter of aged mice after exercise. Our results seem to be inconsistent with those of Murugesan et al. (2012). There might be three reasons for the difference. First, different animals were used. In the study of Murugesan et al. (2012), the C57Bl/6J mice were used, whereas SD rats were used in our study. Second, different intervention times were used. The running regimen was from the ages of 22–24 months and carried out 5 days per week for only 1 month in the study of Murugesan et al. (2012) whereas the running regimen was from the age of 14 months and carried out 5 days per week for 14 consecutive months in our study. Finally, different quantitative methods were used. In the study of Murugesan et al. (2012), they used CD31 to mark the vessels and analyzed the capillary length per unit volume and the number of branch points using a confocal 3-D rendering approach, whereas we used collagen IV to mark the vessels and analyzed the total length, total surface area, and total volume of capillaries using stereological methods. Although short-term running might not have any effect on white matter capillaries in aged mice, long-term running had a protective effect on white matter capillaries in aged rats. Then, we further investigated the absolute distributions of the length, surface area, and volume of the capillaries on a log scale of the capillary diameter. After 14 months of long-term running exercise, the length and surface area of the capillaries with a diameter from 7 to 10 μm and the volume of the capillaries with a diameter from 7 to 8 μm were significantly larger in the exercise group than in the no-exercise group of the same age. A previous study indicated that the density of the smallest arteries increased in the early phase of exercise, with the small arteries diminishing and the larger arterioles increasing as the exercise continued (Bloor, 2005). In our study, the running regimen was carried out for 14 consecutive months, and the volume, length, and surface area of the larger capillaries were significantly increased, which suggested that long-term running exercise may promote angiogenesis in the white matter of aged brains. Taken together, we speculate that the exercise-induced protection of capillaries in the white matter of aged rats might be associated with the protective effects of exercise on the white matter of aged rats.

Nogo-A is a cytokine that inhibits myelination and is expressed in mature oligodendrocytes (Pernet et al., 2008). In previous studies, silencing Nogo-A promoted remyelination in demyelinating diseases (Yang et al., 2010), and deficits in Nogo-A promoted the repair ability of aged brain injury model mice (Marklund et al., 2009). In the current study, the level of Nogo-A in the white matter was significantly lower in the exercise group than in the group of the same age not exposed to exercise. We speculate that running exercise might protect oligodendrocytes and myelinated fibers in the white matter of aged rats by inhibiting the expression of Nogo-A in the white matter. We also investigated the levels of IGF-1, VEGF, NGF, FGF, and BDNF in the peripheral blood of aged rats but found no significant differences in the levels of IGF-1, VEGF, NGF, and FGF in the peripheral blood between the exercise group and the control group of the same age. However, the level of BDNF in the peripheral blood in the exercise group was significantly higher than that in the non-exercise group of the same age. Previous studies have shown that exercise could increase BDNF, VEGF, and IGF-1 in peripheral blood (Maass et al., 2016; Morland et al., 2017; Pedersen, 2019). Thus, with the exception of BDNF, our results appeared to be inconsistent with previous studies. We speculated that long-term running exercise might have a more lasting and effective effect on BDNF in peripheral blood rather than VEGF and IGF-1. Is there a relationship between an increase in BDNF and a decrease in NogoA? Nogo-A can bind to the Nogo-66 receptor (NgR), Josephson et al. (2003) found that kainic acid led to a marked downregulation of NgR mRNA levels in brain during a time when BDNF mRNA was upregulated instead. The relationship between BDNF and NgR seems to be consistent with our study. A previous study found that exercise could increase the CBF in the hippocampus through increasing BDNF in peripheral blood (Maass et al., 2016). In addition, increased CBF in brain could promote the release of BDNF from cerebral endothelial cells (Borror, 2017). Although we did not measure BDNF level in brain in this study, evidences from previous studies suggested that exercise increased the growth factors in the brain (Pedersen, 2019). Previous studies indicated that BDNF could increase the production of nitric oxide acting through its receptor tropomyosin-related kinase B (Biojone et al., 2015). In our previous study, we found that 4 weeks of running exercise increased nitric oxide synthase activity, nitric oxide content, and the capillary parameters in the rat hippocampus, and the protective effect of running exercise on the capillaries was weakened when the synthesis of endogenous nitric oxide was blocked (Qi et al., 2020). Therefore, we speculated that the exercise-induced increase in BDNF in the peripheral blood might promote the production of nitric oxide and angiogenesis, and then increase the release of BDNF from cerebral endothelial cells, thus promoting the regeneration of oligodendrocytes and myelination through inhibiting the NogoA downstream signaling pathway in the white matter of aged rats.



CONCLUSION

The present results indicated that long-term running exercise could effectively delay the age-related decline in spatial learning ability and delay the atrophy of white matter through protecting against age-related changes in myelinated fibers and oligodendrocytes in the white matter. Moreover, long-term running exercise was found to prevent age-related changes in the capillaries within the white matter, which might be related to the protective effects of long-term exercise on aged white matter. It should be noted that the lack of a young runner group was the limitation of the study. In our present study, 14 months of moderate and regular running exercise starting at middle-aged rats could have protective effects on the spatial learning ability and white matter of aged rats. The current results suggested that if we keep long-term moderate and regular exercise, even starting at middle-aged time, we could delay the aging progress of our brain.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care and Research Committee of Chongqing Medical University.



AUTHOR CONTRIBUTIONS

YT and CL contributed to the conception and design of the study. LC and F-lC wrote the manuscript. LC, F-lC, WL, LZ, C-xH, SY, XQ, Y-yZ, and S-rW performed the animal experimental operation and data analysis. All the authors contributed to the article and approved the submitted version.



FUNDING

The study was funded by the National Natural Science Foundation of China (NSFC, 81671259; NSFC, 81871073; NSFC, 81801269).



REFERENCES

Ainslie, P. N., Cotter, J. D., George, K. P., Lucas, S., Murrell, C., Shave, R., et al. (2008). Elevation in cerebral blood flow velocity with aerobic fitness throughout healthy human ageing. J. Physiol. 586, 4005–4010. doi: 10.1113/jphysiol.2008.158279

Alba, C., Vidal, L., Díaz, F., Villena, A., and de Vargas, I. P. (2004). Ultrastructural and quantitative age-related changes in capillaries of the dorsal lateral geniculate nucleus. Brain Res. Bull. 64, 145–153. doi: 10.1016/j.brainresbull.2004.06.006

Anstrom, J. A., Brown, W. R., Moody, D. M., Thore, C. R., Challa, V. R., and Block, S. M. (2002). Anatomical analysis of the developing cerebral vasculature in premature neonates: absence of precapillary arteriole-to-venous shunts. Pediatr. Res. 52, 554–560. doi: 10.1203/00006450-200210000-00015

Biojone, C., Casarotto, P. C., Joca, S. R., and Castrén, E. (2015). Interplay between nitric oxide and brain-derived neurotrophic factor in neuronal plasticity. CNS Neurol. Disord. Drug Targets 14, 979–987. doi: 10.2174/1871527314666150909113727

Bloor, C. M. (2005). Angiogenesis during exercise and training. Angiogenesis 8, 263–271. doi: 10.1007/s10456-005-9013-x

Borror, A. (2017). Brain-derived neurotrophic factor mediates cognitive improvements following acute exercise. Med. Hypotheses 106, 1–5. doi: 10.1016/j.mehy.2017.06.024

Buijs, P. C., Krabbe-Hartkamp, M. J., Bakker, C. J., de Lange, E. E., Ramos, L. M., Breteler, M. M., et al. (1998). Effect of age on cerebral blood flow: measurement with ungated two-dimensional phase-contrast MR angiography in 250 adults. Radiology 209, 667–674. doi: 10.1148/radiology.209.3.9844657

Chen, L., Lu, W., Yang, Z., Yang, S., Li, C., Shi, X., et al. (2011). Age-related changes of the oligodendrocytes in rat cerebral white matter. Anat. Rec. 294, 487–493. doi: 10.1002/ar.21332

Chen, L. M., Zhang, A. P., Wang, F. F., Tan, C. X., Gao, Y., Huang, C. X., et al. (2016). Running exercise protects the capillaries in white matter in a rat model of depression. J. Comp. Neurol. 524, 3577–3586. doi: 10.1002/cne.24017

Clark, C. M., Guadagni, V., Mazerolle, E. L., Hill, M., Hogan, D. B., Pike, G. B., et al. (2019). Effect of aerobic exercise on white matter microstructure in the aging brain. Behav. Brain Res. 373:112042. doi: 10.1016/j.bbr.2019.112042

Colcombe, S. J., Erickson, K. I., Scalf, P. E., Kim, J. S., Prakash, R., McAuley, E., et al. (2006). Aerobic exercise training increases brain volume in aging humans. J. Gerontol. A Biol. Sci. Med. Sci. 61, 1166–1170. doi: 10.1093/gerona/61.11.1166

Ding, Y. H., Li, J., Yao, W. X., Rafols, J. A., Clark, J. C., and Ding, Y. (2006). Exercise preconditioning upregulates cerebral integrins and enhances cerebrovascular integrity in ischemic rats. Acta Neuropathol. 112, 74–84. doi: 10.1007/s00401-006-0076-6

Ekstrand, J., Hellsten, J., and Tingström, A. (2008). Environmental enrichment, exercise and corticosterone affect endothelial cell proliferation in adult rat hippocampus and prefrontal cortex. Neurosci. Lett. 442, 203–207. doi: 10.1016/j.neulet.2008.06.085

Gallagher, M., and Pelleymounter, M. A. (1988). Spatial learning deficits in old rats: a model for memory decline in the aged. Neurobiol. Aging 9, 549–556. doi: 10.1016/s0197-4580(88)80112-x

Gons, R. A., Tuladhar, A. M., de Laat, K. F., van Norden, A. G., van Dijk, E. J., Norris, D. G., et al. (2013). Physical activity is related to the structural integrity of cerebral white matter. Neurology 81, 971–976. doi: 10.1212/WNL.0b013e3182a43e33

Graham, L. C., Grabowska, W. A., Chun, Y., Risacher, S. L., Philip, V. M., Saykin, A. J., et al. (2019). Exercise prevents obesity-induced cognitive decline and white matter damage in mice. Neurobiol. Aging 80, 154–172. doi: 10.1016/j.neurobiolaging.2019.03.018

Gundersen, H. J., Jensen, E. B., Kiêu, K., and Nielsen, J. (1999). The efficiency of systematic sampling in stereology–reconsidered. J. Microsc. 193(Pt 3), 199–211. doi: 10.1046/j.1365-2818.1999.00457.x

Gundersenn, H. J. G., Bendtsen, T. F., Korbo, L., Marcussen, N., Møller, A., Nielsen, K., et al. (1988). Some new, simple and efficient stereological methods and their use in pathological research and diagnosis. AMPIS 96, 379–394. doi: 10.1111/j.1699-0463.1988.tb05320.x

Guttmann, C. R., Jolesz, F. A., Kikinis, R., Killiany, R. J., Moss, M. B., Sandor, T., et al. (1998). White matter changes with normal aging. Neurology 50, 972–978. doi: 10.1212/wnl.50.4.972

Hao, J., Janssen, W. G. M., Tang, Y., Roberts, J., Mckay, H., Lasley, B., et al. (2003). Estrogen increases number of spinophilin-immunoreactive spines in the hippocampus of young and aged female rhesus monkeys. J. Comp. Neurol. 465, 540–550. doi: 10.1002/cne.10837

Hasan, M., Kanna, M. S., Jun, W., Ramkrishnan, A. S., Iqbal, Z., Lee, Y., et al. (2019). Schema-like learning and memory consolidation acting through myelination. FASEB J. 33, 11758–11775. doi: 10.1096/fj.201900910R

Hase, Y., Ding, R., Harrison, G., Hawthorne, E., King, A., Gettings, S., et al. (2019). White matter capillaries in vascular and neurodegenerative dementias. Acta. Neuropathol. Commun. 7:16. doi: 10.1186/s40478-019-0666-x

Howard, C. V., and Reed, M. G. (1998). Unbiased Stereology: Three Dimensional Measurement in Microscopy. New York, NY: Springer-Verlag, 19–37.

Jahn, O., Tenzer, S., and Werner, H. B. (2009). Myelin proteomics: molecular anatomy of an insulating sheath. Mol. Neurobiol. 40, 55–72. doi: 10.1007/s12035-009-8071-2

Jernigan, T. L., Archibald, S. L., Fennema-Notestine, C., Gamst, A. C., Stout, J. C., Bonner, J., et al. (2001). Effects of age on tissues and regions of the cerebrum and cerebellum. Neurobiol. Aging 22, 581–594. doi: 10.1016/s0197-4580(01)00217-2

Josephson, A., Trifunovski, A., Schéele, C., Widenfalk, J., Wahlestedt, C., Brené, S., et al. (2003). Activity-induced and developmental downregulation of the Nogo receptor. Cell Tissue Res. 311, 333–342. doi: 10.1007/s00441-002-0695-8

Juarez, E. J., and Samanez-Larkin, G. R. (2019). Exercise, dopamine, and cognition in older Age. Trends. Cogn. Sci. 23, 986–988. doi: 10.1016/j.tics.2019.10.006

Kashimada, A., Machida, K., Honda, N., Mamiya, T., Takahashi, T., Kamano, T., et al. (1994). Measurement of cerebral blood flow in normal subjects by phase contrast MR imaging. Nihon Igaku Hoshasen Gakkai Zasshi 54, 1116–1125.

Kleim, J. A., Cooper, N. R., and VandenBerg, P. M. (2002). Exercise induces angiogenesis but does not alter movement representations within rat motor cortex. Brain Res. 934, 1–6. doi: 10.1016/s0006-8993(02)02239-4

Krityakiarana, W., Espinosa-Jeffrey, A., Ghiani, C. A., Zhao, P. M., Topaldjikian, N., Gomez-Pinilla, F., et al. (2010). Voluntary exercise increases oligodendrogenesis in spinal cord. Int. J. Neurosci. 120, 280–290. doi: 10.3109/00207450903222741

Li, C., Yang, S., Zhang, W., Lu, W., Nyengaard, J. R., Morrison, J. H., et al. (2009). Demyelination induces the decline of the myelinated fiber length in aged rat white matter. Anat. Rec. 292, 528–535. doi: 10.1002/ar.20884

Lu, W., Yang, S., Chen, L., Qiu, X., Huang, C. X., Wu, H., et al. (2014). Stereological investigation of the age-related changes of the myelinated fibers in the hippocampus of male rats. Anat. Rec. 297, 1490–1497. doi: 10.1002/ar.22936

Luo, Y., Xiao, Q., Wang, J., Jiang, L., Hu, M., Jiang, Y., et al. (2019). Running exercise protects oligodendrocytes in the medial prefrontal cortex in chronic unpredictable stress rat model. Transl. Psychiatry 9:322. doi: 10.1038/s41398-019-0662-8

Maass, A., Düzel, S., Brigadski, T., Goerke, M., Becke, A., Sobieray, U., et al. (2016). Relationships of peripheral IGF-1, VEGF and BDNF levels to exercise-related changes in memory, hippocampal perfusion and volumes in older adults. Neuroimage 131, 142–154. doi: 10.1016/j.neuroimage.2015.10.084

Marklund, N., Morales, D., Clausen, F., Hånell, A., Kiwanuka, O., Pitkänen, A., et al. (2009). Functional outcome is impaired following traumatic brain injury in aging Nogo-A/B-deficient mice. Neuroscience 163, 540–551. doi: 10.1016/j.neuroscience.2009.06.042

Marks, B. L., Madden, D. J., Bucur, B., Provenzale, J. M., White, L. E., Cabeza, R., et al. (2007). Role of aerobic fitness and aging on cerebral white matter integrity. Ann. N. Y. Acad. Sci. 1097, 171–174. doi: 10.1196/annals.1379.022

Mora, J. C., and Valencia, W. M. (2018). Exercise and older adults. Clin. Geriatr. Med. 34, 145–162. doi: 10.1016/j.cger.2017.08.007

Moris, S., and Leblond, C. P. (1970). Electron microscopic identification of three classes of oligodendrocytes and a preliminary study of their proliferative activity in the corpus callosum of young rats. J. Comp. Neurol. 139, 1–29. doi: 10.1002/cne.901390102

Morland, C., Andersson, K. A., Haugen, ØP., Hadzic, A., Kleppa, L., Gille, A., et al. (2017). Exercise induces cerebral VEGF and angiogenesis via the lactate receptor HCAR1. Nat. Commun. 8:15557. doi: 10.1038/ncomms15557

Murugesan, N., Demarest, T. G., Madri, J. A., and Pachter, J. S. (2012). Brain regional angiogenic potential at the neurovascular unit during normal aging. Neurobiol. Aging 33, 1004.e1–1004.e16. doi: 10.1016/j.neurobiolaging.2011.09.022

Nasrabady, S. E., Rizvi, B., Goldman, J. E., and Brickman, A. M. (2018). White matter changes in Alzheimer’s disease: a focus on myelin and oligodendrocytes. Acta. Neuropathol. Commun. 6:22. doi: 10.1186/s40478-018-0515-3

Nofuji, Y., Suwa, M., Moriyama, Y., Nakano, H., Ichimiya, A., Nishichi, R., et al. (2008). Decreased serum brain-derived neurotrophic factor in trained men. Neurosci. Lett. 437, 29–32.

Nyenggard, J. R., and Gundersen, H. J. G. (1992). The isector: a simple and direct method for generating isotropic, uniform random sections from small specimens. J. Microsc. 165, 427–431.

Oh, M. J., Seo, T. B., Kwon, K. B., Yoon, S. J., Elzi, D. J., Kim, B. G., et al. (2009). Axonal outgrowth and Erk1/2 activation by training after spinal cord injury in rats. J. Neurotrauma 26, 2071–2082. doi: 10.1089/neu.2008.0800

Pakkenberg, B., and Gundersen, H. J. (1997). Neocortical neuron number in humans: effect of sex and age. J. Comp. Neurol. 384, 312–320.

Pakkenberg, B., Pelvig, D., Marner, L., Bundgaard, M. J., Gundersen, H. J., Nyengaard, J. R., et al. (2003). Aging and the human neocortex. Exp. Gerontol. 38, 95–99. doi: 10.1016/s0531-5565(02)00151-1

Pantoni, L. (2010). Cerebral small vessel disease: from pathogenesis and clinical characteristics to therapeutic challenges. Lancet Neurol. 9, 689–701. doi: 10.1016/S1474-4422(10)70104-6

Pedersen, B. K. (2019). Physical activity and muscle-brain crosstalk. Nat. Rev. Endocrinol. 15, 383–392. doi: 10.1038/s41574-019-0174-x

Pernet, V., Joly, S., Christ, F., Dimou, L., and Schwab, M. E. (2008). Nogo-A and myelin-associated glycoprotein differently regulate oligodendrocyte maturation and myelin formation. J. Neurosci. 28, 7435–7444. doi: 10.1523/JNEUROSCI.0727-08.2008

Peters, A. (2009). The effects of normal aging on myelinated nerve fibers in monkey central nervous system. Front. Neuroanat 3:11. doi: 10.3389/neuro.05.011.2009

Peters, A., and Sethares, C. (2002). Aging and the myelinated fibers in prefrontal cortex and corpus callosum of the monkey. J. Comp. Neurol. 442, 277–291. doi: 10.1002/cne.10099

Qi, Y., Wang, S., Luo, Y., Huang, W., Chen, L., Zhang, Y., et al. (2020). Exercise-induced nitric oxide contributes to spatial memory and hippocampal capillaries in rats. Int. J. Sports Med. doi: 10.1055/a-1195-2737 [Epub ahead of print].

Qiu, X., Li, C., Jiang, R., Chen, L., Huang, C. X., Yang, S., et al. (2011). The effects of short-term enriched environment on capillaries of the middle-aged rat cortex. Neurosci. Lett. 505, 186–190. doi: 10.1016/j.neulet.2011.10.019

Rapp, P. R., and Gallagher, M. (1996). Preserved neuron number in the hippocampus of aged rats with spatial learning deficits. Proc. Natl. Acad. Sci. U.S.A. 93, 9926–9930. doi: 10.1073/pnas.93.18.9926

Rapp, P. R., PDeroche, P. S., Mao, Y., and Burwell, R. D. (2002). Neuron number in the parahippocampal region is preserved in aged rats with spatial learning deficits. Cereb. Cortex 12, 1171–1179. doi: 10.1093/cercor/12.11.1171

Redila, V. A., and Christie, B. R. (2006). Exercise-induced changes in dendritic structure and complexity in the adult hippocampal dentate gyrus. Neuroscience 137, 1299–1307. doi: 10.1016/j.neuroscience.2005.10.050

Rhyu, I. J., Bytheway, J. A., Kohler, S. J., Lange, H., Lee, K. J., Boklewski, J., et al. (2010). Effects of aerobic exercise training on cognitive function and cortical vascularity in monkeys. Neuroscience 167, 1239–1248. doi: 10.1016/j.neuroscience.2010.03.003

Riddle, D. R., Sonntag, W. E., and Lichtenwalner, R. J. (2003). Microvascular plasticity in aging. Ageing Res. Rev. 2, 149–168. doi: 10.1016/s1568-1637(02)00064-8

Sandell, J. H., and Peters, A. (2003). Disrupted myelin and axon loss in the anterior commissure of the aged rhesus monkey. J. Comp. Neurol. 466, 14–30. doi: 10.1002/cne.10859

Scholz, J., Klein, M. C., Behrens, T. E., and Johansen-Berg, H. (2009). Training induces changes in white-matter architecture. Nat. Neurosci. 12, 1370–1371. doi: 10.1038/nn.2412

Shao, W. H., Li, C., Chen, L., Qiu, X., Zhang, W., Huang, C. X., et al. (2010). Stereological investigation of age-related changes of the capillaries in white matter. Anat. Rec. 293, 1400–1407. doi: 10.1002/ar.21184

Singh-Manoux, A., Dugravot, A., Kauffmann, F., Elbaz, A., Ankri, J., Nabi, H., et al. (2011). Association of lung function with physical, mental and cognitive function in early old age. Age 33, 385–392. doi: 10.1007/s11357-010-9189-x

Singh-Manoux, A., Hillsdon, M., Brunner, E., and Marmot, M. (2005). Effects of physical activity on cognitive functioning in middle age: evidence from the Whitehall II prospective cohort study. Am. J. Public Health 95, 2252–2258. doi: 10.2105/AJPH.2004.055574

Smith, K. J., and Lassmann, H. (2002). The role of nitric oxide in multiple sclerosis. Lancet Neurol. 1, 232–241. doi: 10.1016/s1474-4422(02)00102-3

Stadlbauer, A., Ganslandt, O., Salomonowitz, E., Buchfelder, M., Hammen, T., Bachmair, J., et al. (2012). Magnetic resonance fiber density mapping of age-related white matter changes. Eur. J. Radiol. 81, 4005–4012. doi: 10.1016/j.ejrad.2012.05.029

Steadman, P. E., Xia, F., Ahmed, M., Mocle, A. J., Penning, A. R. A., Geraghty, A. C., et al. (2020). Disruption of oligodendrogenesis impairs memory consolidation in adult mice. Neuron 105, 150–164.e6. doi: 10.1016/j.neuron.2019.10.013

Stoquart-ElSankari, S., Balédent, O., Gondry-Jouet, C., Makki, M., Godefroy, O., and Meyer, M. E. (2007). Aging effects on cerebral blood and cerebrospinal fluid flows. J. Cereb. Blood Flow Metab. 27, 1563–1572. doi: 10.1038/sj.jcbfm.9600462

Stranahan, A. M., Khalil, D., and Gould, E. (2007). Running induces widespread structural alterations in the hippocampus and entorhinal cortex. Hippocampus 17, 1017–1022. doi: 10.1002/hipo.20348

Swain, R. A., Harris, A. B., Wiener, E. C., Dutka, M. V., Morris, H. D., Theien, B. E., et al. (2003). Prolonged exercise induces angiogenesis and increases cerebral blood volume in primary motor cortex of the rat. Neuroscience 117, 1037–1046. doi: 10.1016/s0306-4522(02)00664-4

Tang, Y., Nyengaard, J. R., Pakkenberg, B., and Gundersen, H. J. (1997). Age-induced white matter changes in the human brain: a stereological investigation. Neurobiol. Aging 18, 609–615. doi: 10.1016/s0197-4580(97)00155-3

Thore, C. R., Anstrom, J. A., Moody, D. M., Challa, V. R., Marion, M. C., and Brown, W. R. (2007). Morphometric analysis of arteriolar tortuosity in human cerebral white matter of preterm, young, and aged subjects. J. Neuropathol. Exp. Neurol. 66, 337–345. doi: 10.1097/nen.0b013e3180537147

Thorvaldsson, V., Macdonald, S. W., Fratiglioni, L., Winblad, B., Kivipelto, M., Laukka, E. J., et al. (2011). Onset and rate of cognitive change before dementia diagnosis: findings from two Swedish population-based longitudinal studies. J. Int. Neuropsychol. Soc. 17, 154–162. doi: 10.1017/S1355617710001372

Trigiani, L. J., Lacalle-Aurioles, M., Bourourou, M., Li, L., Greenhalgh, A. D., Zarruk, J. G., et al. (2020). Benefits of physical exercise on cognition and glial white matter pathology in a mouse model of vascular cognitive impairment and dementia. Glia 68, 1925–1940. doi: 10.1002/glia.23815

van Gelder, B. M., Tijhuis, M. A., Kalmijn, S., Giampaoli, S., Nissinen, A., and Kromhout, D. (2004). Physical activity in relation to cognitive decline in elderly men: the FINE Study. Neurology 63, 2316–2321. doi: 10.1212/01.wnl.0000147474.29994.35

Villar-Cheda, B., Sousa-Ribeiro, D., Rodriguez-Pallares, J., Rodriguez-Perez, A. I., Guerra, M. J., and Labandeira-Garcia, J. L. (2009). Aging and sedentarism decrease vascularization and VEGF levels in the rat substantia nigra. Implications for Parkinson’s disease. J. Cereb. Blood Flow Metab. 29, 230–234. doi: 10.1038/jcbfm.2008.127

Watson, N. L., Rosano, C., Boudreau, R. M., Simonsick, E. M., Ferrucci, L., Sutton-Tyrrell, K., et al. (2010). Executive function, memory, and gait speed decline in well-functioning older adults. J. Gerontol. A Biol. Sci. Med. Sci. 65, 1093–1100. doi: 10.1093/gerona/glq111

Weuve, J., Kang, J. H., Manson, J. E., Breteler, M. M., Ware, J. H., and Grodstein, F. (2004). Physical activity, including walking, and cognitive function in older women. JAMA 292, 1454–1461. doi: 10.1001/jama.292.12.1454

Wu, D., Tang, X., Gu, L. H., Li, X. L., Qi, X. Y., Bai, F., et al. (2018). LINGO-1 antibody ameliorates myelin impairment and spatial memory deficits in the early stage of 5XFAD mice. CNS Neurosci. Ther. 24, 381–393. doi: 10.1111/cns.12809

Yang, S., Li, C., Lu, W., Zhang, W., Wang, W., and Tang, Y. (2009). The myelinated fiber changes in the white matter of aged female Long-Evans rats. J. Neurosci. Res. 87, 1582–1590. doi: 10.1002/jnr.21986

Yang, Y., Liu, Y., Wei, P., Peng, H., Winger, R., Hussain, R. Z., et al. (2010). Silencing Nogo-A promotes functional recovery in demyelinating disease. Ann. Neurol. 67, 498–507. doi: 10.1002/ana.21935

Zhang, L., Chao, F. L., Luo, Y. M., Xiao, Q., Jiang, L., Zhou, C. N., et al. (2017). Exercise prevents cognitive function decline and demyelination in the white matter of APP/PS1 transgenic AD mice. Curr. Alzheimer Res. 14, 645–655. doi: 10.2174/1567205014666161213121353

Zhang, Y., Chao, F. L., Zhou, C. N., Jiang, L., Zhang, L., Chen, L. M., et al. (2017). Effects of exercise on capillaries in the white matter of transgenic AD mice. Oncotarget 8, 65860–65875. doi: 10.18632/oncotarget.19505

Zhao, Y. Y., Shi, X. Y., Zhang, L., Wu, H., Chao, F. L., Huang, C. X., et al. (2013). Enriched environment induces higher CNPase positive cells in aged rat hippocampus. Neurosci. Lett. 555, 177–181. doi: 10.1016/j.neulet.2013.09.032

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Chen, Chao, Lu, Zhang, Huang, Yang, Qiu, Yang, Zhao, Wang, Li and Tang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Long-Term Running Exercise Delays Age-Related Changes in White Matter in Rats



		INTRODUCTION



		MATERIALS AND METHODS



		Animals and Running Procedures



		Spatial Learning Ability Testing



		Tissue Processing



		Estimation of White Matter Volume



		White Matter Sampling and Specimen Preparation



		Sampling of Serial Tissue Sections and Immunohistochemical Staining



		Enzyme-Linked Immunosorbent Assay



		Estimation of Myelinated Fibers in the White Matter



		The Length Density and Total Length of Myelinated Fibers in the White Matter



		The Volume Density and Total Volume of Myelinated Fibers in the White Matter



		Estimation of the Number of CNPase+ Cells in the White Matter







		Estimation of Capillaries in the White Matter



		The Length Density and Total Length of Capillaries in the White Matter



		The Volume Density and Total Volume of Capillaries in the White Matter



		The Surface Area Density and Total Surface Area of Capillaries in the White Matter







		Data Analysis







		RESULTS



		Long-Term Treadmill Running Exercise Delays the Decline in Spatial Learning Ability With Aging



		Long-Term Treadmill Running Exercise Delays the Atrophy of White Matter With Aging



		Long-Term Treadmill Running Exercise Delays the Loss of Myelinated Fibers in White Matter



		Long-Term Treadmill Running Exercise Delays the Loss of Mature Oligodendrocytes in White Matter With Aging



		Long-Term Treadmill Running Exercise Delays the Loss of Capillaries in White Matter With Aging



		Correlations Between Behavioral Tests and Stereological Measurements



		Long-Term Treadmill Running Exercise Increases Brain-Derived Neurotrophic Factor in the Peripheral Blood of Aged Rats and Decreases the Level of Nogo-A in Aged White Matter







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Aging Neuroscience

Long-Term Running Exercise
Delays Age-Related Changes
in White Matter in Rats









OPS/images/logo.jpg
’ frontiers
in Aging Neuroscience





OPS/images/fnagi-12-590530-t002.jpg
Peripheral blood

White matter

Fibroblast growth Vascular endothelial Brain-derived Insulin-like Nerve growth Neurite outgrowth
factor 1 (FGF1) growth factor (VEGF) neurotrophic factor growth factor factor (NGF) inhibitor-A (NOGO-A)
(ng/L) (pg/L) (BDNF) (ng/L) (IGF-1) (ng/L) (ng/L) (pg/mg)
28 m control 684.4 + 46.3 99.4 +10.8 124.9 £ 10.3 34.8+2.0 490 +38.8 925.4 +131.2
28 m runner 670.3+41.3 103.1 £8.5 154.0 £ 8.7* 35.7 £ 21 472.4 £32.7 334.9 + 61.3*

*p < 0.01.





OPS/images/fnagi-12-590530-t001.jpg
M (escape latency) V (wm) L (mf) V (mf)

M (escape latency) r=-0.661*p = 0.007 r=-0.735"p =0.002 r=-0.751"p =0.001
L (cap) r=-0.578"p = 0.024 r=0.901*p < 0.001 r=0.924*p < 0.001 r=0.899*p < 0.001
S (cap) r=-0.659" p = 0.008 r=0.776" p = 0.001 r=0.846"p < 0.001 r=0.818"p < 0.001
V (cap) r =—0.653"p = 0.008 r=0.669" p = 0.006 r=0.633"p =0.011 r=0.547* p=0.044

M (escape latency) is the mean value of the escape latencies in Morris water maze; V (wm) is the volume of white matter; L (mf) is the length of myelinated fibers within

white matter; V (mf) is the volume of myelinated fibers within white matter; L (cap) is the length of capillaries within white matter; S (cap) is the length of capillaries within
white matter; V (cap) is the volume of capillaries within white matter.*Significance.





OPS/images/fnagi-12-590530-g001.jpg
E
=-
T~
._l

v

—
—
ek
—
—
—
e
—
—
—
e
+—t
—
—t
=X+
—

A

@& + + @ + + @& +

@ + +

+ o+

(1)

+
+
+
2
+A
4.
+
+3

+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ £
+ #
+
+ +
+ +
+ o+
+ +

+++++++++++++++

(1)





OPS/images/fnagi-12-590530-g003.jpg
>

The total volume (mm?)

The length of myelinated fibers (km) O

140 ;

120 ;

30 1

20 -

-10 1

-20

white matter

= 18m control
[ 28m control
BN 28m runner

myelinated fibers

0.2 04 0.6 08 1.0 1.2 14 16 1.8 2.0
The diameter of the myelinated nerve fiber (um)

The length of myelinated fibers (km)

30 7

20 1

The total length of myelinated

fibers in white matter (km)

"%

mmm 18m control
—28m control
BN 28m runner

—— 18m control
—+— 28m runner
—v— difference

0.2 04 06 08 1.0 1.2 14 1.6 1.8 2.0

The diameter of the myelinated nerve fiber (um)

-1 The mean diameter of myelinated ¢

The total number of CNPase™

fibers in white matter (um)

cells in white matter (X 10%)

1.0,

0.8+

0.6

0.4+

0.2

T e
S N &

mmm 18m control
[ 28m control
BN 28m runner

= 18m control
[ 28m control
B 28m runner






OPS/images/fnagi-12-590530-e000.jpg
Vwm:Zx[xu(p)xZPwm

0]





OPS/images/cross.jpg
3,

i





OPS/images/fnagi-12-590530-g002.jpg
18m control

28m control

28m runner

w

Escape latency (s)

L e e
o 8 & 8 8 8 8 & 8

—c— 18m control
—v— 28m control
-%- 28m runner

Day of test





OPS/images/fnagi-12-590530-e001.jpg
Lv (mf —wm) = 2 x

> Q(mf)
> A (frame)






OPS/images/fnagi-12-590530-e002.jpg
W (mf — wm)

_ X Pmp)
= X P(frame)






OPS/images/fnagi-12-590530-g004.jpg
—
b w, = ]
=) * a < &
(=) (=)
1 e 1 < M
-] KX~
4 55 o~ — 4 -}
e~ - [ '
g 2 -
15 B 1o & S
° = - - ©
= B
v g 19 s ©
41 W) < |
w < (" wn
St [~
© n
w 2 0 = ©
4 T D [
T2 T3 -
Z g
3T & = 33T 5 o ® Al -+
EEZ ty 3 EE S e 2 EEZ &
885 “© = 88 8 _ @ 88 5
O O & M o O & 1 - = o O &
288 A= g 88 ¢ 0 H g 88 @
o0 00 o0 ~ 0 0 o N o0 00 o0 (]
- NN - N N - NN
1 e 1 i ' ¢
v~ v v~
. . . i . | L 1 1 1 1 g 1.‘ L 1 1 1 1 o v
g ) -~
0w N o v 0 oF S X ® g B©W < S &8 & =2 & 8
- moa = = e 2 S & & & & 8
(ur) woyNQLISIP IZIS N[osqe AY) ul (;uur) wonNLISIP IZIS AN[OSE YY) Ul (Jwrur) wonNGLISIP JZIS ANOSqE Y Ul
m Soueqided yo ySud| [ejoL. A saueqnded Jo vaae adgyIns [B)oL w suwmnj Areqided Jo awinjoA [e)o
° T & =T N TTE
£ £ g £E¢8 EEg
g g BB g g
e o 3 885 e © 3
[ F I ] o O = [ F ]
g8 & g 8 8 g 8 g
mmm 28 & = 8&
#7 7
* *
*
¥
! 3
S 2 8 2 g < n o wn o w0 o S B T . T
) <+ o) (o} v i S ~ w ~ =] i v = = = =
v v
(wn) sarrequdes aapew aga (c;orw) savreqided ropewn
& (;umd) sarreqnde) ) ewW NYM T
0 [)SUI[ [B)0) d <
JO ot B0} 9 L )IYAM JO JUWIN[OA [B)0) YL

J0 BA.IR IDBLINS [8)0) YL

The diameters of capillary (um)





OPS/images/fnagi-12-590530-e003.jpg
1

N:ZQXQX

)

o

i)
o

“)





OPS/images/fnagi-12-590530-e004.jpg
Ly (cap—wm) = 2 x

> Qleap)
S A(frame)

5)





OPS/images/fnagi-12-590530-e005.jpg
W (cap — wm)

_ X Pleap)
> P(wm)

©)





OPS/images/fnagi-12-590530-e006.jpg
Sv (cap —wm) = 2 x

2 I (cap)
> Liwm)






