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Abstract

:

Parkinson’s disease (PD) is an age-related neurodegenerative disease caused by a selective loss of dopaminergic (DA) neurons in the substantia nigra (SN). Microglial activation is implicated in the pathogenesis of PD. This study aimed to characterize the role of microglial activation in aging-related nigral DA neuron loss and motor deficits in mice. We showed that, compared to 3-month-old mice, the number of DA neurons in the SN and the expression of dopamine transporter (DAT) in the striatum decreased during the period of 9 to 12 months of age. Motor deficits and microglial activation in the SN were also evident during these months. The number of DA neurons was negatively correlated with the degrees of microglial activation. The inhibition of age-related microglial activation by ibuprofen during these 3 months decreased DA neuron loss in the SN. Eliminating the microglia prevented systemic inflammation-induced DA neuron death. Forcing mice to run during these 3 months inhibited microglial activation and DA neuron loss. Blocking the brain-derived neurotrophic factor (BDNF) signaling eliminated the exercise-induced protective effects. In conclusion, nigral DA neurons were susceptible to local microglial activation. Running exercise upregulated BDNF-TrkB signaling and inhibited microglial activation during aging. Long-term exercise can be considered as a non-pharmacological strategy to ameliorate microglial activation and related neurodegeneration.






Keywords:


microglial activation; dopaminergic neurons; exercise; brain-derived neurotrophic factor












1. Introduction


Pathologically, Parkinson’s disease (PD) is characterized by a chronic and selective loss of DA neurons in the substantia nigra (SN). The precise mechanism for dopaminergic (DA) neuron loss in the SN is unclear. In addition to aging, the most important risk factor for idiopathic PD [1], inflammation is closely related to DA neuron death in the SN [2,3,4]. The levels of pro-inflammatory cytokines are elevated in the cerebrospinal fluid, serum, striatum, and SN of PD patients [4]. Using a positron emission tomography scan with radiotracers for activated microglia and dopamine transporter (DAT), a negative correlation between these two markers in the DA nigrostriatal system has been reported in early PD patients [5]. These findings suggest that microglial activation and neuroinflammation are intimately associated with the survival of DA neurons in the SN.



Microglial activation is a common phenomenon in multiple neurodegenerative diseases [6,7]. Microglia are innate immune cells that patrol their surroundings by thin processes extending from the cell body, to maintain homeostasis of the central nervous system (CNS) under physiological conditions. Upon exposure to stimulatory signals, microglia will transform (so-called activation), including changes in morphology, gene expression, secretion content, and behavior, in order to execute their innate immune function [8]. It has been shown that systemic inflammation can be transduced to the CNS through inflammatory mediators, which trigger microglial activation. Microglia with a prior experience of activation are susceptible to meeting subsequent stimulation with exaggerated responses, which contributes to the pathogenesis of age-related neurodegenerative diseases [6,7,9,10].



Regular physical exercise is beneficial to many aspects of health, including brain function. Exercise is known to enhance adult hippocampal neurogenesis and neuroplasticity, improve learning and memory, delay cognitive decline, and inhibit neuroinflammation [11,12,13,14,15,16,17,18,19,20,21,22]. In 6-hydroxydopamine and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) PD rodent models, exercise enhances functional recovery and attenuates the loss of striatal dopamine [15,23,24,25]. Although the underlying mechanism remains unclear, neurotrophic factors such as brain-derived neurotrophic factor (BDNF) have been implicated in the beneficial effects of exercise [12,26]. BDNF is mainly synthesized in the CNS [27] and plays a key role in the development of the nervous system [28,29]. It has been shown that patients with neurodegenerative diseases had reduced levels of BDNF in their brains [30,31]. Increased expressions of BDNF after exercise have been demonstrated in various PD rodent models [32,33,34]. The exercise-induced upregulation of BDNF has been suggested as a promising therapeutic agent for PD [35].



This study aimed to characterize the role of microglial activation in progressive DA neuron loss in the SN of mice during aging. Initially, we characterized the changes of microglial activation and the number of DA neurons in the SN of different ages of male C57BL/6 mice. By using pharmacological and exercise-based approaches, the role of microglial activation and related neurotoxicity were examined in the SN and striatum of mice. The role of the BDNF-tropomyosin receptor kinase (TrkB) signaling pathway in the exercise-induced regulation of microglial activation was also investigated.




2. Materials and Methods


2.1. Animals


Animal experiments were approved by the National Cheng Kung University Institutional Animal Care and Use Committee (approval number 101065) and were in accordance with local and national guidelines. Male C57BL/6J mice (at 3, 6, 9, and 12 months old) were obtained from the National Laboratory Animal Center, Tainan Facility (https://www.nlac.narl.org.tw/eng/index.asp, accessed on 1 November 2021), accredited by the AAALAC. The mice were housed, with 4 to 5 per cage, at the National Cheng Kung University Laboratory Animal Center with a stable temperature (24 ± 1 °C), a 12-h light/dark cycle (light on at 7 a.m.), and unlimited access to food and water. The housing conditions and animal health were monitored by the Laboratory Animal Center, NCKU.




2.2. Treadmill Running Training


Mice were randomly divided into three groups: (1) 12-month-old sedentary (Sed) mice; (2) 12-month-old mice that had undergone 1 month of treadmill running (TR), beginning when they were 11 months old (TR(1Mo)); (3) 12-month-old mice that had undergone 3 months of treadmill running beginning when they were 9 months old (TR(3Mo)). The detailed protocol for TR has been described elsewhere [12]. During the familiarization phase, all the TR mice were trained for 10 min/day for 5 days to run on a level, motor-driven treadmill (T510E, Diagnostic and Research Instruments Co., Taoyuan, Taiwan) to reduce environmental and handling stress. For the Sed and TR(3Mo) groups, the familiarization phase began 1 week before they were 9 months old, and the running speed was set at 9 m/min; for the TR(1Mo) group, it began 1 week before they were 11 months old and the running speed was set at 8 m/min. Following the familiarization week, TR mice were run at a speed 1 m/min faster than that used in the familiarization phase for 20–60 min/day (an increment of 10 min/day), 5 days for the first week, followed by 60 min/day at the same speed, 5 days/week for the next 3 weeks. For the TR(3Mo) group, the speed was increased by 1 m/min every month. The running speed fulfilled the intensity criterion of mild exercise. The training was from 5 p.m. to 6 p.m., the last hour of the light cycle, to harmonize with the circadian activity of the mice. Each mouse was assigned to a fixed lane during the training program, to minimize the confounder of novelty. There were a few occasions on which mice were excluded from the study because they were not compliant with the training (e.g., they refused to run or they kept jumping out of their running lane). Sed mice were placed on an immobile treadmill next to the TR treadmill for the training period. One day after the conclusion of TR, the mice were sacrificed by an overdose of isoflurane, and the brains were removed and processed as described in Section 2.7.




2.3. Ibuprofen Supplement


Ibuprofen (I4883, Sigma-Aldrich, St. Louis, MO, USA) was freshly dissolved in drinking water (10 mg/mL), which was provided daily to 9-month-old mice for 3 months. Control mice were given regular drinking water only.




2.4. Ki20227 and Lipopolysaccharide Administration


Ki20227, a selective colony-stimulating factor 1 receptor (also known as macrophage colony-stimulating factor receptor and CD115) inhibitor, blocks macrophage differentiation and inhibits microglial viability [36]. One microliter of Ki20227 (100 μg/μL, in 0.1% DMSO, 4481, R&D Systems, Minneapolis, MN, USA) was injected into the right SN (stereotaxic coordinates in mm from the bregma: anterior/posterior, −3.0; lateral, −1.2; ventral, −4.4) of 3-month-old mice. An equal volume of saline was injected into the left SN to create an internal sham control. The infusion was controlled using a syringe pump at a rate of 0.1 μL/min. The needle was removed 20 min after the infusion was completed. The next day, mice were intraperitoneally (i.p.) injected with 1 mg/kg of lipopolysaccharide (LPS) (L2880, E. coli 055:B5 strain Sigma-Aldrich, St. Louis, MO, USA) to induce peripheral inflammatory and microglial activation [34]. Mice were sacrificed 3 days later by an overdose of isoflurane.




2.5. Beam Traversal Test


The beam traversal test was performed as described [37]. The mice were trained to traverse the length of a 1-meter acrylic beam consisting of four 25-centimeter sections decreasing in width from 3.5 cm to 0.5 cm in 1-centimeter decrements. Each mouse was trained for 2 days before the test. On the test day, a mesh grid (squares of 1 cm) of the corresponding width was placed 1 cm above the beam surface. The mouse was put on the mesh grid and was video-recorded while it was traversing the grid-surfaced beam. Each mouse underwent five trials. The time taken to traverse the beam and the number of erroneous steps (e.g., a paw slipping through the mesh grid or placed on the side rather than the top of the grid) were quantified and averaged over five trials for each mouse. The behavioral recordings were analyzed by another researcher who was not the executor of the beam traversal test.




2.6. Rotarod Test


An accelerating rotarod (Singa Technology Corp., Taipei, Taiwan) was utilized to determine the motor coordination of another set of mice. The rotarod consisted of a rotating spindle of 5 cm in diameter. Each mouse was trained for 2 days before the test. The mouse was placed on the rotating rod in a separate compartment at a speed of 5 rpm for an accumulated time of 3 min. On the test day, the rotarod speed was set to increase from 5 rpm to 40 rpm after 3 min. The tendency to fall off was automatically recorded by magnetic trip plates. The trial was stopped if the mouse fell off or if it stayed on for a maximum of 3 min.




2.7. Preparing Brain Tissue


The mice were anesthetized with an overdose of isoflurane and perfused ice-cold 0.1 M phosphate-buffered saline (PBS) into the left cardiac ventricle before the removal of their brains. The left hemisphere was dissected to collect the SN and striatum, frozen in liquid nitrogen, and stored at –80 °C until further processing. The right hemisphere was fixed in 4% paraformaldehyde at 4 °C for 48 h. The brain samples were then dehydrated in serial graded sucrose solutions (10%, 20%, 30%, and 35%, in 0.1 M phosphate buffer, pH 7.4) for a week in total and then embedded into FSC 22 frozen section media (3801480, Leica Biosystems, Nussloch, Germany). The brains were sequentially sliced into 30-micrometer coronal sections for immunohistochemistry and stored in cryoprotectant at –20 °C until they were used.




2.8. Immunohistochemistry


The free-floating 30-micrometer brain sections of interest were selected, washed with 0.3% Triton X-100 (X100, Sigma-Aldrich, St. Louis, MO, USA) in PBS, immersed in 3% H2O2 to abolish endogenous peroxidase activity, and blocked with 3% normal goat serum (Cat# 005-000-001, RRID: AB_2336983, Jackson ImmunoResearch Inc., West Grove, PA, USA) to reduce non-specific bindings of antibody for 1 h at room temperature. The sections were then incubated with rabbit anti-tyrosine hydroxylase (TH) (1:2000; MAB152, Millipore, Darmstadt, Germany) for DA neurons, rabbit anti-ionized calcium-binding adapter molecule-1 (Iba1) (1:2000; 019-19741, Wako Pure Chemical Industries, Osaka, Japan) for microglia, and goat anti-DAT (1:1000; SC-1433, Santa Cruz Biotechnology, Dallas, TX, USA) for DA neuron terminals. Sections were then incubated with appropriate biotin-conjugated secondary antibodies and avidin-biotin-peroxidase (PK-6100, Vectastain Elite ABC Kit, Vector Laboratories, Burlingame, CA, USA) using diaminobenzidine to visualize signals. In some cases, signals were enhanced using nickel ammonium sulfate [38]. The signals were evaluated based on the morphologies and intensities after subtracting the signals of the primary antibody-omitted negative controls. Tissue was mounted onto silane-coated slides (5116, Microslides, MUTO Pure Chemicals, Tokyo, Japan), allowed to dry overnight. The stained sections were dehydrated in graded ethanol with increasing concentrations and coverslipped with Micromount (3801731, Leica Biosystems, Nussloch, Germany).




2.9. Counting Cells


Most of the TH+ neurons in the central nervous system are located in the SN and the ventral tegmental area (VTA) of the ventral midbrain. We followed the criteria that have been described elsewhere [39,40], to separate these two regions. The entire SN, from 2.5 to 3.9 mm posterior to the bregma [41], was collected with an average of 40 coronal sections. The numbers of TH+ and Iba1+ cells were counted in every 6th section in the right SN, based on the principles of design-based stereology [42,43,44,45]. The two investigators who performed the cell counting, using different sets of non-repeating sections, were blinded to the experimental groups. The SN was first outlined with the 10× objective lens of a Zeiss microscope (Carl Zeiss, Oberkochen, Germany) and the number of positively stained cells was counted using a computer-controlled x-y-z motorized stage and 40× objective lens. The number of labeled cells per brain slide was divided by the slide selection ratio (6/40) to obtain the total number of cells in each SN.




2.10. Quantifying the Microglial Area


The areas of Iba1+ cells were measured in a fixed area or at every 6th section of the entire SN. Micrographs were taken with a Zeiss Axio microscope attached to a digital camera (Axiocam 305 color, Carl Zeiss, Oberkochen, Germany) controlled by a computer equipped with imaging software (Axiovision v 4.8, Carl Zeiss, Oberkochen, Germany). The Iba1+ areas were obtained using ImageJ software (version 1.51 w, NIH, Bethesda, MD, USA) by measuring the areas with Iba1+ intensities higher than a given background threshold. The background intensity threshold was fixed and used for all sections.




2.11. Quantifying DA Fibers in the Striatum


The striatal DA fibers were evaluated by quantitating the optical density of immunostained DAT+ signals in the striatum, using ImageJ software (version 1.51 w, NIH, Bethesda, MD, USA), by an investigator blind to the experimental groups. We only collected the central part of the striatum (1.54 mm anterior to and 0.94 mm posterior to the bregma [41]), which consisted of an average of 80 30-micrometer sections. The images of the DAT immunostained striatum were captured in every 12th section of the right striatum with a 2.5× objective lens. The same capture settings were applied for all sections. The optical density of the cortex was taken as a background and subtracted from the value of the DAT+ signal from the striatum. The average of the sections was calculated as the optical density in each striatum.




2.12. Transmission Electron Microscopy


Mice (6 and 12 months old) were anesthetized with an overdose of isoflurane and perfused from the left ventricle with 0.9% normal saline for 2 min, and then with ice-cold fixative buffer (4% paraformaldehyde and 1% glutaraldehyde in PBS, pH 7.6) for 10 min. The SN was quickly dissected out from the brain and placed in 2.5% buffered glutaraldehyde at 4 °C. Twenty-four hours later, the SN was embedded in 2% agarose, chilled at 4 °C for 30 min, and cut into 50-micrometer sections with a vibratome. After removing the agarose, the sections were incubated in 1% osmium tetroxide for 1 h. For immunostaining electron microscopy (immuno-EM), the 50-micrometer section was first immunostained with TH (1:500) (Millipore, Darmstadt, Germany) antibodies before being incubated in 1% osmium tetroxide. The stained sections were dehydrated in graded ethanol and embedded in epoxy resin at 60 °C for 24 h. The sample block was cut into 1-micrometer ultrathin sections using an ultramicrotome (Leica Reichert Ultracut, Leica Microsystems, Wetzlar, Germany) and then stained with uranyl acetate and lead citrate [46]. The stained section was viewed under a transmission electron microscope (JEM-1400, JEOL Ltd., Tokyo, Japan).




2.13. Western Blotting


The SNs were homogenized (1:1, weight: volume in brain tissue) in the RIPA buffer (1% NP40, 10 μg/mL aprotinin, 1 μg/mL leupeptin, 1 mM phenylmethanesulfonyl fluoride, 0.5 mM sodium vanadate, 137 mM NaCl, 20 mM Tris-HCl (pH 8.0)) containing a mixture of protease inhibitors (Complete Mini Protease Inhibitor Cocktail Tablets; Roche Diagnostics, Basel, Switzerland) and then centrifuged at 13,000× g at 4 °C for 30 min. The protein concentrations of the supernatants were adjusted to the same concentration. Supernatants (30 μg of total protein) were mixed with sample buffer containing 0.5 M of dithiothreitol, heated to 80 °C for 10 min, loaded into each well of 4–12% polyacrylamide gel (NP0321PK2, NuPAGE™, Thermo Fisher Scientific, Waltham, MA USA) and resolved at 120 V for 2 h. The separated proteins were transferred to a polyvinylidene fluoride membrane (1620117, Bio-Rad Laboratories, Hercules, CA, USA), blocked in 5% nonfat milk for an hour, and hybridized with primary antibodies: BDNF (1:1000; SC-33905, Santa Cruz Biotechnology, Dallas, TX, USA), TrkB (1:3000; BD610102, BD Biosciences, San Jose, CA, USA), NF-κB p65 (1:20,000; 8242 S, Cell Signaling, Danvers, MA, USA), Phospho-NF-κB p65 (1:20,000; 3036 S, Cell Signaling, Danvers, MA, USA), and β-actin (1:40,000; MAB1501, Millipore, Darmstadt, Germany). The bound antibodies were detected using an enhanced chemiluminescence substrate (NEL103E001EA, PerkinElmer, Waltham, MA, USA). The band densities were measured using an imaging system (BioChemi System, UVP, Upland, CA, USA) and analyzed with ImageJ software (version 1.51 w, NIH, Bethesda, MD, USA). For gel loading control, membranes were re-probed with monoclonal β-actin antibody (1:40,000; Millipore, Darmstadt, Germany).




2.14. Quantifying TNF and IL-6 in the SN


Mouse TNF (BMS607-3, Thermo Fisher Scientific, Waltham, MA, USA) and IL-6 (KMC0061, Thermo Fisher Scientific, Waltham, MA, USA) ELISA kits were used to quantify the levels of TNF and IL-6 in the mouse brain supernatants. The absorbance of each specimen was read at 450 nm in the spectrophotometer. Standard curves were obtained from known concentrations of TNF and IL-6, as provided by the kits.




2.15. Preparing TrkB shRNA and Gene-Expressing Lentivirus


The lentivirus production was performed as previously described [43]. Three sets of short hairpin (sh) RNA (shTrkB and shLacZ)-expressing lentiviral plasmids (pLKO.1-puro) were obtained from the National RNAi Core Facility of Academia Sinica, Taipei, Taiwan. The effectiveness of the shTrkB was validated by transfecting the shTrkB- and shLacZ-expressing plasmids into mouse neuroblastoma N2a cells and then using Western blotting to quantify the TrkB level. Transfected cells expressing the lowest level of TrkB protein were selected. The selected encoding sequences of shRNA against TrkB and LacZ were 5′-CAGCAACCTGCGGCACATAAA-3′ and 5′-TGTTCGCATTATCCGAACCAT-3′, respectively. The lentivirus was packaged by transiently co-transfecting shRNA expression plasmid, psPAX2 packaging plasmid, and pMD2G envelope plasmid into HEK293T cells. The medium was collected 48 h after post-transfection, and the debris was removed using low-speed centrifugation. High-titer stocks were prepared with ultracentrifugation at 100,000× g at 4 °C for 90 min. Viral pellets were suspended in a serum-free medium and stored at −70 °C.




2.16. Delivering shTrkB to the Striatum


To block the TR-related BDNF-TrkB signaling pathway, 9-month-old mice were injected with shTrkB or shLacZ viruses into the striatum one week before the TR familiarization phase. Viruses injected into the striatum can be retrogradely transported to nigral DA neurons through the nigrostriatal pathway, which avoids injuring the SN [47]. The shTrkB viral solution (1 μL) was injected into the right striatum (stereotaxic coordinates in mm from the bregma: anterior/posterior, +0.14; lateral, −2.0; ventral, −3.5) at a flow rate of 0.1 μL /min by a syringe pump. The needle was removed 10 min after the infusion was completed. The shLacZ viral solution (1 μL) was injected into the left striatum (stereotaxic coordinates in mm from the bregma: anterior/posterior, +0.14; lateral, +2.0; ventral, −3.5) and was the internal sham control. The mice were given two more shTrkB/shLacZ injections; one when they were 10-month-old and one when they were 11-month-old, to ensure that TrkB expression would be inhibited.




2.17. Statistical Analysis


Data are presented as mean ± standard deviation. Significance was set at p < 0.05. The number of TH+ cells, the intensity of DAT+ signals, area of Iba1+ signals, number of Iba1+ cells, scores of behavior tests, concentrations of cytokines, and levels of BDNF and TrkB in different TR groups were analyzed using one-way analysis of variance (ANOVA) followed by Bonferroni post hoc tests if the overall effect was significant. The associations between DA neurons and microglial activation were evaluated using the Pearson correlation. Unaired two-tailed Student’s t-tests were used to analyze the effects of ibuprofen supplementation. Paired two-tailed Student’s t-tests were used to analyze the effects of Ki20227 and LPS administration. Two-way ANOVA was used to analyze the effects TR(3Mo) and shTrkB and any possible interaction between them. Bonferroni post hoc tests were used if the main effects or interactions were significant. Statistical analyses were performed using the GraphPad Prism (version 7.04 for Windows, GraphPad Software, San Diego, CA, USA). The numbers of mice used in each experiment are shown in Table S1. Details of statistics results are shown in Table S2.





3. Results


3.1. Age-Related DA Neuron Loss in the SN Is Associated with Microglial Activation


To illustrate the effect of age on DA neurons in the SN, numbers of nigral neurons positively labeled by TH antibody were counted in 3-, 6-, 9-, and 12-month-old C57BL/6 mice. Results showed that overall TH+ signals in the SN decreased with age (Figure 1A). The number of TH+ neurons significantly decreased when mice reached 12 months old (Figure 1B). The DAT+ immunoreactive signals in the striatum of 9- and 12-month-old mice were lower than those of 3-month-old mice (Figure 1E,F).



We used Iba1 antibodies to label microglial cells and defined the degrees of microglial activation by the area (%) of Iba1+ immunoreactive signals and the number of Iba1+ cells in the sampled sections from the entire SN (Figure 1A). The area and number of Iba1+ cells in the SN were similar between the 3- and 6-month-old groups and gradually increased when they reached 9 and 12 months old (Figure 1C,D).



The age-related loss of DA neurons was accompanied by motor impairment. In the beam traversal test, the time to traverse the beam (Figure 1G) and the number of foot faults (Figure 1H) were greater after the mice turned 9 months old. The tendency to fall in the rotarod test was also shorter after the mice were 9 months of age (Figure 1I). The age-related neurodegeneration in the SN was characterized by electron microscopy (EM). Images derived from EM (Figure 2A–C) and TH+ immuno-EM (Figure 2D–F) revealed that neurons in the SN of 6-month-old mice typically contained a centrally localized nucleus and organized rough endoplasmic reticulum (rER) (Figure 2A,D, green arrows) in the cytoplasm, with most mitochondria similar in size (Figure 2A,D, red arrows). In contrast, neurons in the SN of 12-month-old mice showed disordered organelles. Frequently, the rER became elongated and branched (Figure 2B,C, green arrows) and the mitochondria became inhomogeneous in size (Figure 2B,C,E, red arrows). Lipofuscin-like electron-dense bodies accumulated in the cytoplasm (Figure 2B,C,E, blue arrows). Microglia-like cells were frequently evident next to the degenerating neuron (Figure 2C,E, yellow M). TH+ signals were overtly and homogenously expressed in the neuron cytoplasm of 6-month-old mice (Figure 2D, small black granules), which were largely decreased in the neuron of 12-month-old mice (Figure 2E). There were also degenerating TH+ neurons, characterized by fragmented nuclei, darkened cytoplasm, membrane-encapsulated apoptotic bodies, and degenerating debris, in the SN of 12-month-old mice (Figure 2F).



The associations between the number of DA neurons and microglial activation were evaluated using the Pearson correlation. The area (Figure 2G) and number (Figure 2H) of Iba1+ cells were negatively correlated with the number of TH+ neurons in the SN.




3.2. Blocking Microglial Activation Suppresses Age-Related and Lipopolysaccharide-Induced DA Neuron Loss in the SN


To demonstrate the causal relationship between microglial activation and DA neuron loss in the SN, we performed two experiments. In the first experiment, 9-month-old mice were supplied with ibuprofen in the drinking water for 3 months to inhibit microglial activation. This age range was selected because overt microglial activation was detected in mice from 9 to 12 months old (Figure 1C,D). Results showed that ibuprofen significantly decreased the area and number of Iba1+ cells in the SN (Figure 3A–C), as well as local levels of TNF (Figure 3D) and IL-6 (Figure 3E). Significantly, ibuprofen treatment ameliorated the age-related loss of DA neurons in the SN (Figure 3F,G) and the decline of DAT+ signals in the striatum (Figure 3H).



To demonstrate that microglial activation leads to DA neuron loss, in the second experiment, we injected LPS (i.p.) into 3-month-old mice to induce microglial activation as previously described [34]. One day before LPS injection, these mice had received an intra-SN injection of Ki20227, a selective colony-stimulating factor 1 receptor inhibitor that reduces microglia proliferation and viability [36], into their right SNs, while their left SNs received an equal volume of saline injection (Figure 4A). Results showed that three days after the LPS injection, the area and number of Iba1+ cells in the left SN (saline vehicle side) were increased (Figure 4B–D) with a reduced number of DA neurons (Figure 4E,F); however, in the right SN (Ki20227 side), the LPS-induced increases in the area and number of Iba1+ cells were significantly attenuated (Figure 4C,D) and the LPS-induced loss of TH+ cells was almost completely inhibited (Figure 4F). These results suggested that microglial activation is involved in DA neuron loss in the SN.




3.3. Running Exercise Ameliorates Age-Related Microglial Activation and DA Neuron


The effects of running exercise on age-related microglial activation and DA neuron loss in the SN were examined. Mice at 11 and 9 months old were given 1 and 3 months, respectively, of TR until they reached 12 months old (termed TR(1Mo) and TR(3Mo) groups, respectively). The age-related increases in the area and number of Iba1+ cells in the SN were almost completely inhibited in the TR(3Mo) group, but only partially in the TR(1Mo) group (Figure 5A–C). Likewise, the age-related increases of phosphorylated p65 (p-p65, Figure 5D), TNF (Figure 5E), and IL-6 (Figure 5F) were also attenuated in the TR(3Mo) group. The age-related decreases in the number of nigral TH+ cells (Figure 5G,H) and the density of striatal DAT+ signals (Figure 5I,J) were inhibited in the TR(3Mo) group. Finally, age-related motor impairments were significantly ameliorated in the TR(3Mo) group, as indicated by the shorter time to traverse and fewer foot faults in the beam traversal test, and a longer delay in the tendency to fall in the rotarod test than those of the Sed group (Figure 5K–M).




3.4. Inhibition of BDNF-TrkB Signaling Blocked the TR-Induced Protection against Age-Related Microglial Activation, DA Neuron Loss, and Motor Deficit


We investigated the role of the BDNF signaling pathway in TR-induced protection against age-related DA neuron loss because this pathway is enhanced by TR [12,34,48] and has been shown to inhibit microglial activation [43]. Compared to 12-month-old Sed mice, levels of BDNF (Figure 6B) and full-length TrkB (FL-TrkB, Figure 6C) were increased in the TR(3Mo) group, but in the TR(1Mo) group, only FL-TrkB levels were increased. The levels of truncated TrkB were also mildly affected in both TR groups (Tr-TrkB, Figure 6A).



The shTrkB treatment downregulated the levels of FL-TrkB in the SN (Figure 6D) and striatum (Figure S1A) of both Sed and TR(3Mo) mice. Importantly, the levels of FL-TrkB in the SN of TR(3Mo)-shTrkB group were comparable to those of Sed-shLacZ mice. The elimination of TR(3Mo)-induced increases in FL-TrkB levels completely blocked TR(3Mo)-induced inhibitions of age-related increases in the area and number of Iba1+ cells in the SN (Figure 6E-G) and striatum (Figure S1B,C), and levels of p-p65 in the SN (Figure 6H) and striatum (Figure S1D). Furthermore, the shTrkB treatment suppressed the TR(3Mo)-induced protection against age-related declines in the number of TH+ cells (Figure 6I,J) and the intensity of DAT+ signals (Figure S1E,F). Finally, the TR(3Mo)-induced protection against age-related motor deficit (tendency to fall in the rotarod test) was also suppressed by the shTrkB (Figure S1G).





4. Discussion


This study was designed to investigate the relationship between microglial activation and DA neuron loss in the SN during aging. We showed that the numbers of DA neurons were negatively correlated with degrees of microglial activation in the SN during aging. The microglial activation-related DA neuron death could be minimized by a long-term supplement of ibuprofen to decrease systemic inflammation and microglial activation in the SN, in agreement with previous observations that the inhibition of systemic and central inflammation by ibuprofen reduced DA neuron loss in PD animal models, as well as the risk of developing PD [49,50,51]. Furthermore, we demonstrated that microglial activation, caused by intraperitoneal LPS injection-induced systemic inflammation, led to DA neuron death in the SN, which could be blocked by eliminating microglial activation through intra-SN injection of Ki20227. These findings support a link between microglial activation and DA neuron death in the SN with the phenotypic consequence of motor impairment.



The fragmented nuclei and disordered organelles in the nigral DA neurons of 12-month-old mice were signs of degeneration. Lipofuscin granules and condensed apoptotic bodies were frequently evident in the DA neurons of middle-aged mice. Lipofuscin is a hallmark of dying neurons and is considered a precursor of neuronal death [1,52]. Interestingly, the inflammation-induced neuron loss in the SN was cell-type specific. The non-DA neuron subpopulations were less affected. In our estimation, the number of total neurons (i.e., NeuN+) in each side of the SN pars compacta was approximately 5000. Among them, about 4000 were DA neurons and 1000 were non-DA neurons. One week after LPS injection, the number of total neurons in the SN pars compacta reduced to about 4000, wherein 3000 were DA neurons and 1000 were non-DA neurons. The selective vulnerability of DA neurons has also been reported in aging non-human primates [1]. It appears that DA neurons are more vulnerable to inflammation-induced injury than are other types of neurons. Low levels of intracellular glutathione but high levels of dopamine, melanin, and lipids, all of which are prone to oxidation [1,53,54], render DA neurons highly susceptible to inflammatory insults.



It has been demonstrated that aging represents the most important risk factor for developing idiopathic PD, and DA neurons are preferentially vulnerable to aging [55,56]. The accumulated evidence indicates that the cause of age-related DA neuron loss in the SN is multifactorial [57]. These include oxidative stress [58,59,60,61], mitochondrial dysfunction [62,63,64], the impairment of protein clearance [65,66,67,68], and inflammation [1,69]. In this study, we focused on age-related systemic inflammation. It has been demonstrated that peripheral inflammatory signals can cross the blood-brain barrier and induce microglial activation [70], leading to the exaggerated synthesis of inflammatory cytokines and other mediators in the brain [71,72]. The age at which to see a significant DA neuron loss in C57BL mice varies among studies. In some studies, the number of DA neurons significantly decreased at either 9–12 months old [73,74,75] or 18–20 months old [76] in male C57BL mice. Our findings agree with the first group. However, some reports indicated no significant changes in the number of DA neurons up to 18 months old [77,78,79]. These differences in age-related DA deficits may be derived from different strains of C57BL mice (e.g., 6N or 6J) and/or housing conditions.



In addition to age, the male gender is also a known PD risk factor. It has been shown that age-related microglial activation and DA neuron loss were more pronounced in male mice than in females [40]. These differences could, at least partially, be attributed to the ovarian hormone, estrogen. The LPS-induced upregulations of Toll-like receptor 4, phosphorylated p38, and TNF in mouse BV2 microglial cells could be inhibited by the pretreatment of 17β-estradiol [40]. Likewise, an age-related decline in DA neuron firing activity was observed in 18-month-old male, but not female, mice [80]. This age-gender interaction was possibly linked to the PINK1- and PARK2-related adaptive response to age-related mitochondrial stress [80]. Therefore, only male mice were used in this study due to their higher degrees of microglial activation and DA neuron injury in the SN than those of female mice during aging.



The SN is one of the most sensitive brain regions to systemic inflammation [42,81]; this has been attributed to the high microglial density of the SN [42,82]. When encountering inflammatory signals, the regions with higher densities of microglia will accumulate higher levels of pro-inflammatory signals and, therefore, a higher degree of microglial activation. Because activated microglia chronically release neurotoxins [6], the brain regions with high densities of microglia are most vulnerable to inflammation.



Interestingly, Ki20227 has been shown to cause excessive microglial activation after cerebral ischemia, despite the blockage of microglial proliferation, resulting in increased neuronal degeneration [83]. The differential outcomes of Ki20227 in the cerebral ischemia model and our aging model may be due to different disease progressions. Physiologically, microglia play a vital role in maintaining the homeostasis of the brain by scavenging excess neurotoxins, removing cellular debris, and secreting neurotrophic factors [84,85]. In the ischemic brain, especially in the ischemic core, where cells die primarily due to necrosis, microglial phagocytic responses are vital in the removal of cell debris. Therefore, the elimination of microglia in the initial phase of ischemia may aggravate pathological progression [83]. However, in our aging model, Ki20227 eliminated microglia and related inflammatory responses; hence, it favored the survival of local DA neurons. Furthermore, it has been shown that in the ischemia model, the Ki20227 treatment polarized microglia toward the M1 phenotype, accompanied by increased concentrations of pro-inflammatory cytokines, such as IL-6 and TNF, and oxidative mediators [81], whereas the levels of anti-inflammatory cytokines, such as TGF-β, and antioxidant factors were decreased. Thus, microglia play an active and beneficial role in neuronal regeneration and functional recovery in the acute phase after injury [86]. However, chronic and hyperactivated microglia could induce secondary damage to intact tissue and inhibit post-injury repair.



In this study, we chose exercise training as a means of protecting DA neurons. The relationship between physical activities and PD has been investigated in a cohort of more than 210,000 participants [87]. According to participants’ physical activity intensities (i.e., light, moderate, and vigorous) at four age periods (i.e., 15–18, 19–29, and 35–39 years, and in the past 10 years before the diagnosis of PD), Xu et al. found that high levels of moderate to vigorous physical activities at ages 35–39 or in the past 10 years were dose-dependently associated with low PD risk. Individuals conducting moderate to vigorous physical activities in both periods had the highest protection (40% lower risk) than those who rarely performed moderate to vigorous exercise in both periods. Therefore, starting exercise in later life could still bring benefits in reducing the future risk of PD.



Long-term exercise increases the endogenous expression of BDNF and TrkB in the brain and enhances the proliferation of neural stem cells and neurite growth, as well as the survival of neuronal progenitor cells in the dentate gyrus [12,34,48]. It is well known that BDNF protects the brain from various insults. Most studies have attributed the neuroprotective effect of BDNF to the TrkB downstream pro-survival pathways [88,89]. Thus, even though BDNF has been reported to reduce inflammation in several brain injury models, the reduced inflammatory responses were generally considered a consequence of reduced neuron injury and death. Recently, the direct role of BDNF in regulating microglial activation has been demonstrated [43]. Through a series of pharmacological and genetic approaches in mouse and cultured cell models, Wu et al. showed that the expression level of TrkB in microglia determines the anti-microglial activation efficacy of BDNF [43]. Furthermore, the anti-microglial activation effect of BDNF involves the TrkB/Erk/CREB pathway. In line with these findings, we also found that reducing BDNF-TrkB signaling via shTrkB induced local microglial activation. Together, these results suggest that BDNF-TrkB signaling plays a critical role in modulating microglial activation during aging and represents an essential mechanism underlying the beneficial effects of exercise on brain function.




5. Conclusions


This study aimed to characterize the role of age-related microglial activation in the progressive DA neuron loss of aging mice. Initially, we found that the degrees of microglial activation were negatively correlated with the numbers of DA neuron loss in the SN of middle-aged mice, which loss causes impairments in motor balance and coordination function. Attenuating the effect of age-related microglial activation through pharmacological and exercise approaches, we found that the control of microglial activation reduced DA neuron loss in the SN of mice, indicating a pathogenic role of chronic microglial activation in PD. Furthermore, the running exercise regimen effectively inhibited microglial activation through the BDNF-TrkB signaling pathway. Exercise may serve as a non-pharmacological strategy to ameliorate neuroinflammation and aging-related neurodegenerative diseases.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells11030481/s1, Figure S1: Downregulation of TrkB with short hairpin (sh) TrkB blocked the treadmill-running (TR)-induced inhibition of age-related microglial activation and DAT+ reduction in the striatum and motor deficit of middle-aged mice; Figure S2: Full-length blots cropped for representative figures; Table S1: Sample sizes; Table S2: Details of statistical results.





Author Contributions


T.-F.W., S.-Y.W., B.-S.P., S.-F.T. and Y.-M.K. were the main researchers in this study and contributed to writing the manuscript. T.-F.W. and S.-Y.W. performed research and experiments. S.-Y.W. and B.-S.P. prepared the TrkB shRNA gene-expressing lentivirus. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by grants 109-2320-B-006-043-MY3 and 10-2320-B-006-021 from the Ministry of Science and Technology, Taiwan.




Institutional Review Board Statement


The study was conducted according to the guidelines of the National Cheng Kung University Institutional Animal Care and Use Committee approved protocol (IACUC number 101065 approved in August 2012).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in article and Supplementary Materials.




Acknowledgments


We thank the National RNAi Core Facility at Academia Sinica, Taipei, Taiwan for providing shRNA reagents and related services. We thank the Core Facility Center, NCKU, Tainan, Taiwan for providing the transmission electron microscope and related services.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Collier, T.J.; Kanaan, N.M.; Kordower, J.H. Ageing as a primary risk factor for Parkinson’s disease: Evidence from studies of non-human primates. Nat. Rev. Neurosci. 2011, 12, 359–366. [Google Scholar] [CrossRef] [PubMed]

	



Block, M.L.; Hong, J.S. Microglia and inflammation-mediated neurodegeneration: Multiple triggers with a common mechanism. Prog. Neurobiol. 2005, 76, 77–98. [Google Scholar] [CrossRef] [PubMed]

	



Block, M.L.; Zecca, L.; Hong, J.S. Microglia-mediated neurotoxicity: Uncovering the molecular mechanisms. Nat. Rev. Neurosci. 2007, 8, 57–69. [Google Scholar] [CrossRef] [PubMed]

	



Hirsch, E.C.; Hunot, S. Neuroinflammation in Parkinson’s disease: A target for neuroprotection? Lancet Neurol. 2009, 8, 382–397. [Google Scholar] [CrossRef]

	



Ouchi, Y.; Yoshikawa, E.; Sekine, Y.; Futatsubashi, M.; Kanno, T.; Ogusu, T.; Torizuka, T. Microglial activation and dopamine terminal loss in early Parkinson’s disease. Ann. Neurol. 2005, 57, 168–175. [Google Scholar] [CrossRef] [PubMed]

	



Lull, M.E.; Block, M.L. Microglial activation and chronic neurodegeneration. Neurotherapeutics 2010, 7, 354–365. [Google Scholar] [CrossRef] [PubMed]

	



Perry, V.H.; Holmes, C. Microglial priming in neurodegenerative disease. Nat. Rev. Neurol. 2014, 10, 217–224. [Google Scholar] [CrossRef]

	



Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Resting microglial cells are highly dynamic surveillants of brain parenchyma in vivo. Science 2005, 308, 1314–1318. [Google Scholar] [CrossRef]

	



Hart, A.D.; Wyttenbach, A.; Perry, V.H.; Teeling, J.L. Age related changes in microglial phenotype vary between CNS regions: Grey versus white matter differences. Brain Behav. Immun. 2012, 26, 754–765. [Google Scholar] [CrossRef]

	



Norden, D.M.; Muccigrosso, M.M.; Godbout, J.P. Microglial priming and enhanced reactivity to secondary insult in aging, and traumatic CNS injury, and neurodegenerative disease. Neuropharmacology 2015, 96, 29–41. [Google Scholar] [CrossRef]

	



Wang, T.F.; Tsai, S.F.; Zhao, Z.W.; Shih, M.M.; Wang, C.Y.; Yang, T.T.; Kuo, Y.M. Exercise-induced increases of corticosterone contribute to exercise-enhanced adult hippocampal neurogenesis in mice. Chin. J. Physiol. 2021, 64, 186–193. [Google Scholar] [CrossRef]

	



Wu, C.W.; Chang, Y.T.; Yu, L.; Chen, H.I.; Jen, C.J.; Wu, S.Y.; Lo, C.P.; Kuo, Y.M. Exercise enhances the proliferation of neural stem cells and neurite growth and survival of neuronal progenitor cells in dentate gyrus of middle-aged mice. J. Appl. Physiol. 2008, 105, 1585–1594. [Google Scholar] [CrossRef]

	



Prakash, R.S.; Voss, M.W.; Erickson, K.I.; Kramer, A.F. Physical activity and cognitive vitality. Annu. Rev. Psychol. 2015, 66, 769–797. [Google Scholar] [CrossRef] [PubMed]

	



Cotman, C.W.; Berchtold, N.C. Exercise: A behavioral intervention to enhance brain health and plasticity. Trends Neurosci. 2002, 25, 295–301. [Google Scholar] [CrossRef]

	



Tillerson, J.L.; Caudle, W.M.; Reveron, M.E.; Miller, G.W. Exercise induces behavioral recovery and attenuates neurochemical deficits in rodent models of Parkinson’s disease. Neuroscience 2003, 119, 899–911. [Google Scholar] [CrossRef]

	



Gobbo, O.L.; O’Mara, S.M. Exercise, but not environmental enrichment, improves learning after kainic acid-induced hippocampal neurodegeneration in association with an increase in brain-derived neurotrophic factor. Behav. Brain Res. 2005, 159, 21–26. [Google Scholar] [CrossRef] [PubMed]

	



van Praag, H. Exercise and the brain: Something to chew on. Trends Neurosci. 2009, 32, 283–290. [Google Scholar] [CrossRef]

	



Gleeson, M.; Bishop, N.C.; Stensel, D.J.; Lindley, M.R.; Mastana, S.S.; Nimmo, M.A. The anti-inflammatory effects of exercise: Mechanisms and implications for the prevention and treatment of disease. Nat. Rev. Immunol. 2011, 11, 607–615. [Google Scholar] [CrossRef]

	



He, X.F.; Liu, D.X.; Zhang, Q.; Liang, F.Y.; Dai, G.Y.; Zeng, J.S.; Pei, Z.; Xu, G.Q.; Lan, Y. Voluntary Exercise Promotes Glymphatic Clearance of Amyloid Beta and Reduces the Activation of Astrocytes and Microglia in Aged Mice. Front. Mol. Neurosci. 2017, 10, 144. [Google Scholar] [CrossRef]

	



van Praag, H.; Christie, B.R.; Sejnowski, T.J.; Gage, F.H. Running enhances neurogenesis, learning, and long-term potentiation in mice. Proc. Natl. Acad. Sci. USA 1999, 96, 13427–13431. [Google Scholar] [CrossRef]

	



Scheffer, D.D.L.; Latini, A. Exercise-induced immune system response: Anti-inflammatory status on peripheral and central organs. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165823. [Google Scholar] [CrossRef]

	



Hojman, P. Exercise protects from cancer through regulation of immune function and inflammation. Biochem. Soc. Trans. 2017, 45, 905–911. [Google Scholar] [CrossRef]

	



Faherty, C.J.; Raviie Shepherd, K.; Herasimtschuk, A.; Smeyne, R.J. Environmental enrichment in adulthood eliminates neuronal death in experimental Parkinsonism. Brain Res. Mol. Brain Res. 2005, 134, 170–179. [Google Scholar] [CrossRef]

	



Tajiri, N.; Yasuhara, T.; Shingo, T.; Kondo, A.; Yuan, W.; Kadota, T.; Wang, F.; Baba, T.; Tayra, J.T.; Morimoto, T.; et al. Exercise exerts neuroprotective effects on Parkinson’s disease model of rats. Brain Res. 2010, 1310, 200–207. [Google Scholar] [CrossRef]

	



Gerecke, K.M.; Jiao, Y.; Pani, A.; Pagala, V.; Smeyne, R.J. Exercise protects against MPTP-induced neurotoxicity in mice. Brain Res. 2010, 1341, 72–83. [Google Scholar] [CrossRef]

	



Liu, Y.F.; Chen, H.I.; Yu, L.; Kuo, Y.M.; Wu, F.S.; Chuang, J.I.; Liao, P.C.; Jen, C.J. Upregulation of hippocampal TrkB and synaptotagmin is involved in treadmill exercise-enhanced aversive memory in mice. Neurobiol. Learn. Mem. 2008, 90, 81–89. [Google Scholar] [CrossRef]

	



Conner, J.M.; Lauterborn, J.C.; Yan, Q.; Gall, C.M.; Varon, S. Distribution of brain-derived neurotrophic factor (BDNF) protein and mRNA in the normal adult rat CNS: Evidence for anterograde axonal transport. J. Neurosci. 1997, 17, 2295–2313. [Google Scholar] [CrossRef]

	



Tapia-Arancibia, L.; Aliaga, E.; Silhol, M.; Arancibia, S. New insights into brain BDNF function in normal aging and Alzheimer disease. Brain Res. Rev. 2008, 59, 201–220. [Google Scholar] [CrossRef]

	



Lu, B.; Nagappan, G.; Lu, Y. BDNF and synaptic plasticity, cognitive function, and dysfunction. Handb. Exp. Pharmacol. 2014, 220, 223–250. [Google Scholar] [CrossRef]

	



Zuccato, C.; Cattaneo, E. Brain-derived neurotrophic factor in neurodegenerative diseases. Nat. Rev. Neurol. 2009, 5, 311–322. [Google Scholar] [CrossRef]

	



Allen, S.J.; Watson, J.J.; Shoemark, D.K.; Barua, N.U.; Patel, N.K. GDNF, NGF and BDNF as therapeutic options for neurodegeneration. Pharmacol. Ther. 2013, 138, 155–175. [Google Scholar] [CrossRef]

	



Palasz, E.; Niewiadomski, W.; Gasiorowska, A.; Mietelska-Porowska, A.; Niewiadomska, G. Neuroplasticity and Neuroprotective Effect of Treadmill Training in the Chronic Mouse Model of Parkinson’s Disease. Neural Plast. 2019, 2019, 8215017. [Google Scholar] [CrossRef]

	



Hsueh, S.C.; Chen, K.Y.; Lai, J.H.; Wu, C.C.; Yu, Y.W.; Luo, Y.; Hsieh, T.H.; Chiang, Y.H. Voluntary Physical Exercise Improves Subsequent Motor and Cognitive Impairments in a Rat Model of Parkinson’s Disease. Int. J. Mol. Sci. 2018, 19, 508. [Google Scholar] [CrossRef]

	



Wu, S.Y.; Wang, T.F.; Yu, L.; Jen, C.J.; Chuang, J.I.; Wu, F.S.; Wu, C.W.; Kuo, Y.M. Running exercise protects the substantia nigra dopaminergic neurons against inflammation-induced degeneration via the activation of BDNF signaling pathway. Brain Behav. Immun. 2011, 25, 135–146. [Google Scholar] [CrossRef]

	



Palasz, E.; Wysocka, A.; Gasiorowska, A.; Chalimoniuk, M.; Niewiadomski, W.; Niewiadomska, G. BDNF as a Promising Therapeutic Agent in Parkinson’s Disease. Int. J. Mol. Sci. 2020, 21, 1170. [Google Scholar] [CrossRef]

	



Elmore, M.R.; Najafi, A.R.; Koike, M.A.; Dagher, N.N.; Spangenberg, E.E.; Rice, R.A.; Kitazawa, M.; Matusow, B.; Nguyen, H.; West, B.L.; et al. Colony-stimulating factor 1 receptor signaling is necessary for microglia viability, unmasking a microglia progenitor cell in the adult brain. Neuron 2014, 82, 380–397. [Google Scholar] [CrossRef]

	



Fleming, S.M.; Salcedo, J.; Hutson, C.B.; Rockenstein, E.; Masliah, E.; Levine, M.S.; Chesselet, M.F. Behavioral effects of dopaminergic agonists in transgenic mice overexpressing human wildtype alpha-synuclein. Neuroscience 2006, 142, 1245–1253. [Google Scholar] [CrossRef]

	



Hancock, M.B. Visualization of peptide-immunoreactive processes on serotonin-immunoreactive cells using two-color immunoperoxidase staining. J. Histochem. Cytochem. 1984, 32, 311–314. [Google Scholar] [CrossRef]

	



Sui, Y.; Stanic, D.; Tomas, D.; Jarrott, B.; Horne, M.K. Meloxicam reduces lipopolysaccharide-induced degeneration of dopaminergic neurons in the rat substantia nigra pars compacta. Neurosci. Lett. 2009, 460, 121–125. [Google Scholar] [CrossRef]

	



Wu, S.Y.; Chen, Y.W.; Tsai, S.F.; Wu, S.N.; Shih, Y.H.; Jiang-Shieh, Y.F.; Yang, T.T.; Kuo, Y.M. Estrogen ameliorates microglial activation by inhibiting the Kir2.1 inward-rectifier K(+) channel. Sci. Rep. 2016, 6, 22864. [Google Scholar] [CrossRef]

	



Franklin, K.; Paxinos, G. The Mouse Brain in Stereotaxic Coordinates, Compact: The Coronal Plates and Diagrams, 3rd ed.; Academic Press: Cambridge, MA, USA, 2008. [Google Scholar]

	



Yang, T.T.; Lin, C.; Hsu, C.T.; Wang, T.F.; Ke, F.Y.; Kuo, Y.M. Differential distribution and activation of microglia in the brain of male C57BL/6J mice. Brain Struct. Funct. 2013, 218, 1051–1060. [Google Scholar] [CrossRef]

	



Wu, S.Y.; Pan, B.S.; Tsai, S.F.; Chiang, Y.T.; Huang, B.M.; Mo, F.E.; Kuo, Y.M. BDNF reverses aging-related microglial activation. J. Neuroinflamm. 2020, 17, 210. [Google Scholar] [CrossRef]

	



Zhao, X.; van Praag, H. Steps towards standardized quantification of adult neurogenesis. Nat. Commun. 2020, 11, 4275. [Google Scholar] [CrossRef]

	



Beggs, S.; Salter, M.W. Stereological and somatotopic analysis of the spinal microglial response to peripheral nerve injury. Brain Behav. Immun. 2007, 21, 624–633. [Google Scholar] [CrossRef]

	



Li, M.Y.; Lai, F.J.; Hsu, L.J.; Lo, C.P.; Cheng, C.L.; Lin, S.R.; Lee, M.H.; Chang, J.Y.; Subhan, D.; Tsai, M.S.; et al. Dramatic co-activation of WWOX/WOX1 with CREB and NF-kappaB in delayed loss of small dorsal root ganglion neurons upon sciatic nerve transection in rats. PLoS ONE 2009, 4, e7820. [Google Scholar] [CrossRef]

	



Kim, C.; Ho, D.H.; Suk, J.E.; You, S.; Michael, S.; Kang, J.; Joong Lee, S.; Masliah, E.; Hwang, D.; Lee, H.J.; et al. Neuron-released oligomeric alpha-synuclein is an endogenous agonist of TLR2 for paracrine activation of microglia. Nat. Commun. 2013, 4, 1562. [Google Scholar] [CrossRef]

	



Kim, M.W.; Bang, M.S.; Han, T.R.; Ko, Y.J.; Yoon, B.W.; Kim, J.H.; Kang, L.M.; Lee, K.M.; Kim, M.H. Exercise increased BDNF and trkB in the contralateral hemisphere of the ischemic rat brain. Brain Res. 2005, 1052, 16–21. [Google Scholar] [CrossRef]

	



Teema, A.M.; Zaitone, S.A.; Moustafa, Y.M. Ibuprofen or piroxicam protects nigral neurons and delays the development of l-dopa induced dyskinesia in rats with experimental Parkinsonism: Influence on angiogenesis. Neuropharmacology 2016, 107, 432–450. [Google Scholar] [CrossRef]

	



Casper, D.; Yaparpalvi, U.; Rempel, N.; Werner, P. Ibuprofen protects dopaminergic neurons against glutamate toxicity in vitro. Neurosci. Lett. 2000, 289, 201–204. [Google Scholar] [CrossRef]

	



Poly, T.N.; Islam, M.M.R.; Yang, H.C.; Li, Y.J. Non-steroidal anti-inflammatory drugs and risk of Parkinson’s disease in the elderly population: A meta-analysis. Eur. J. Clin. Pharmacol. 2019, 75, 99–108. [Google Scholar] [CrossRef]

	



Brunk, U.T.; Terman, A. Lipofuscin: Mechanisms of age-related accumulation and influence on cell function. Free Radic. Biol. Med. 2002, 33, 611–619. [Google Scholar] [CrossRef]

	



Sulzer, D.; Bogulavsky, J.; Larsen, K.E.; Behr, G.; Karatekin, E.; Kleinman, M.H.; Turro, N.; Krantz, D.; Edwards, R.H.; Greene, L.A.; et al. Neuromelanin biosynthesis is driven by excess cytosolic catecholamines not accumulated by synaptic vesicles. Proc. Natl. Acad. Sci. USA 2000, 97, 11869–11874. [Google Scholar] [CrossRef]

	



Zhang, W.; Phillips, K.; Wielgus, A.R.; Liu, J.; Albertini, A.; Zucca, F.A.; Faust, R.; Qian, S.Y.; Miller, D.S.; Chignell, C.F.; et al. Neuromelanin activates microglia and induces degeneration of dopaminergic neurons: Implications for progression of Parkinson’s disease. Neurotox. Res. 2011, 19, 63–72. [Google Scholar] [CrossRef]

	



Buchman, A.S.; Shulman, J.M.; Nag, S.; Leurgans, S.E.; Arnold, S.E.; Morris, M.C.; Schneider, J.A.; Bennett, D.A. Nigral pathology and parkinsonian signs in elders without Parkinson disease. Ann. Neurol. 2012, 71, 258–266. [Google Scholar] [CrossRef]

	



Reeve, A.; Simcox, E.; Turnbull, D. Ageing and Parkinson’s disease: Why is advancing age the biggest risk factor? Ageing Res. Rev. 2014, 14, 19–30. [Google Scholar] [CrossRef]

	



Sulzer, D. Multiple hit hypotheses for dopamine neuron loss in Parkinson’s disease. Trends Neurosci. 2007, 30, 244–250. [Google Scholar] [CrossRef]

	



Goldberg, J.A.; Guzman, J.N.; Estep, C.M.; Ilijic, E.; Kondapalli, J.; Sanchez-Padilla, J.; Surmeier, D.J. Calcium entry induces mitochondrial oxidant stress in vagal neurons at risk in Parkinson’s disease. Nat. Neurosci. 2012, 15, 1414–1421. [Google Scholar] [CrossRef]

	



Jiang, T.; Sun, Q.; Chen, S. Oxidative stress: A major pathogenesis and potential therapeutic target of antioxidative agents in Parkinson’s disease and Alzheimer’s disease. Prog. Neurobiol. 2016, 147, 1–19. [Google Scholar] [CrossRef]

	



Castelli, V.; Benedetti, E.; Antonosante, A.; Catanesi, M.; Pitari, G.; Ippoliti, R.; Cimini, A.; d’Angelo, M. Neuronal Cells Rearrangement During Aging and Neurodegenerative Disease: Metabolism, Oxidative Stress and Organelles Dynamic. Front. Mol. Neurosci. 2019, 12, 132. [Google Scholar] [CrossRef]

	



Noda, S.; Sato, S.; Fukuda, T.; Tada, N.; Uchiyama, Y.; Tanaka, K.; Hattori, N. Loss of Parkin contributes to mitochondrial turnover and dopaminergic neuronal loss in aged mice. Neurobiol. Dis. 2020, 136, 104717. [Google Scholar] [CrossRef]

	



Greenamyre, J.T.; Hastings, T.G. Biomedicine. Parkinson’s–divergent causes, convergent mechanisms. Science 2004, 304, 1120–1122. [Google Scholar] [CrossRef]

	



Giannoccaro, M.P.; La Morgia, C.; Rizzo, G.; Carelli, V. Mitochondrial DNA and primary mitochondrial dysfunction in Parkinson’s disease. Mov. Disord. 2017, 32, 346–363. [Google Scholar] [CrossRef]

	



Truban, D.; Hou, X.; Caulfield, T.R.; Fiesel, F.C.; Springer, W. PINK1, Parkin, and Mitochondrial Quality Control: What can we Learn about Parkinson’s Disease Pathobiology? J. Parkinsons Dis. 2017, 7, 13–29. [Google Scholar] [CrossRef]

	



Segura-Aguilar, J.; Paris, I.; Muñoz, P.; Ferrari, E.; Zecca, L.; Zucca, F.A. Protective and toxic roles of dopamine in Parkinson’s disease. J. Neurochem. 2014, 129, 898–915. [Google Scholar] [CrossRef]

	



Cai, Y.; Arikkath, J.; Yang, L.; Guo, M.L.; Periyasamy, P.; Buch, S. Interplay of endoplasmic reticulum stress and autophagy in neurodegenerative disorders. Autophagy 2016, 12, 225–244. [Google Scholar] [CrossRef]

	



Mercado, G.; Castillo, V.; Soto, P.; Sidhu, A. ER stress and Parkinson’s disease: Pathological inputs that converge into the secretory pathway. Brain Res. 2016, 1648, 626–632. [Google Scholar] [CrossRef]

	



Masato, A.; Plotegher, N.; Boassa, D.; Bubacco, L. Impaired dopamine metabolism in Parkinson’s disease pathogenesis. Mol. Neurodegener. 2019, 14, 35. [Google Scholar] [CrossRef]

	



Joshi, N.; Singh, S. Updates on immunity and inflammation in Parkinson disease pathology. J. Neurosci. Res. 2018, 96, 379–390. [Google Scholar] [CrossRef]

	



Dilger, R.N.; Johnson, R.W. Aging, microglial cell priming, and the discordant central inflammatory response to signals from the peripheral immune system. J. Leukoc. Biol. 2008, 84, 932–939. [Google Scholar] [CrossRef]

	



Cunningham, C. Microglia and neurodegeneration: The role of systemic inflammation. Glia 2013, 61, 71–90. [Google Scholar] [CrossRef]

	



Hickman, S.; Izzy, S.; Sen, P.; Morsett, L.; El Khoury, J. Microglia in neurodegeneration. Nat. Neurosci. 2018, 21, 1359–1369. [Google Scholar] [CrossRef]

	



Tatton, W.G.; Greenwood, C.E.; Verrier, M.C.; Holland, D.P.; Kwan, M.M.; Biddle, F.E. Different rates of age-related loss for four murine monoaminergic neuronal populations. Neurobiol. Aging 1991, 12, 543–556. [Google Scholar] [CrossRef]

	



Brandt, M.D.; Krüger-Gerlach, D.; Hermann, A.; Meyer, A.K.; Kim, K.S.; Storch, A. Early Postnatal but Not Late Adult Neurogenesis Is Impaired in the Pitx3-Mutant Animal Model of Parkinson’s Disease. Front. Neurosci. 2017, 11, 471. [Google Scholar] [CrossRef]

	



Shaerzadeh, F.; Phan, L.; Miller, D.; Dacquel, M.; Hachmeister, W.; Hansen, C.; Bechtle, A.; Tu, D.; Martcheva, M.; Foster, T.C.; et al. Microglia senescence occurs in both substantia nigra and ventral tegmental area. Glia 2020, 68, 2228–2245. [Google Scholar] [CrossRef]

	



Gür, E.; Duyan, Y.A.; Arkan, S.; Karson, A.; Balcı, F. Interval timing deficits and their neurobiological correlates in aging mice. Neurobiol. Aging 2020, 90, 33–42. [Google Scholar] [CrossRef]

	



Osterburg, H.H.; Donahue, H.G.; Severson, J.A.; Finch, C.E. Catecholamine levels and turnover during aging in brain regions of male C57BL/6J mice. Brain Res. 1981, 224, 337–352. [Google Scholar] [CrossRef]

	



Yue, M.; Hinkle, K.M.; Davies, P.; Trushina, E.; Fiesel, F.C.; Christenson, T.A.; Schroeder, A.S.; Zhang, L.; Bowles, E.; Behrouz, B.; et al. Progressive dopaminergic alterations and mitochondrial abnormalities in LRRK2 G2019S knock-in mice. Neurobiol. Dis. 2015, 78, 172–195. [Google Scholar] [CrossRef]

	



Noda, S.; Sato, S.; Fukuda, T.; Tada, N.; Hattori, N. Aging-related motor function and dopaminergic neuronal loss in C57BL/6 mice. Mol. Brain 2020, 13, 46. [Google Scholar] [CrossRef]

	



Howell, R.D.; Dominguez-Lopez, S.; Ocañas, S.R.; Freeman, W.M.; Beckstead, M.J. Female mice are resilient to age-related decline of substantia nigra dopamine neuron firing parameters. Neurobiol. Aging 2020, 95, 195–204. [Google Scholar] [CrossRef]

	



Ji, K.A.; Eu, M.Y.; Kang, S.H.; Gwag, B.J.; Jou, I.; Joe, E.H. Differential neutrophil infiltration contributes to regional differences in brain inflammation in the substantia nigra pars compacta and cortex. Glia 2008, 56, 1039–1047. [Google Scholar] [CrossRef]

	



Qin, L.; Wu, X.; Block, M.L.; Liu, Y.; Breese, G.R.; Hong, J.S.; Knapp, D.J.; Crews, F.T. Systemic LPS causes chronic neuroinflammation and progressive neurodegeneration. Glia 2007, 55, 453–462. [Google Scholar] [CrossRef]

	



Jiang, C.; Wang, Z.N.; Kang, Y.C.; Chen, Y.; Lu, W.X.; Ren, H.J.; Hou, B.R. Ki20227 aggravates apoptosis, inflammatory response, and oxidative stress after focal cerebral ischemia injury. Neural. Regen. Res. 2022, 17, 137–143. [Google Scholar] [CrossRef]

	



Neumann, H.; Kotter, M.R.; Franklin, R.J. Debris clearance by microglia: An essential link between degeneration and regeneration. Brain 2009, 132, 288–295. [Google Scholar] [CrossRef]

	



Ransohoff, R.M.; Perry, V.H. Microglial physiology: Unique stimuli, specialized responses. Annu. Rev. Immunol. 2009, 27, 119–145. [Google Scholar] [CrossRef]

	



Jin, X.; Yamashita, T. Microglia in central nervous system repair after injury. J. Biochem. 2016, 159, 491–496. [Google Scholar] [CrossRef]

	



Xu, Q.; Park, Y.; Huang, X.; Hollenbeck, A.; Blair, A.; Schatzkin, A.; Chen, H. Physical activities and future risk of Parkinson disease. Neurology 2010, 75, 341–348. [Google Scholar] [CrossRef]

	



Jiang, Y.; Wei, N.; Lu, T.; Zhu, J.; Xu, G.; Liu, X. Intranasal brain-derived neurotrophic factor protects brain from ischemic insult via modulating local inflammation in rats. Neuroscience 2011, 172, 398–405. [Google Scholar] [CrossRef]

	



Makar, T.K.; Trisler, D.; Sura, K.T.; Sultana, S.; Patel, N.; Bever, C.T. Brain derived neurotrophic factor treatment reduces inflammation and apoptosis in experimental allergic encephalomyelitis. J. Neurol. Sci. 2008, 270, 70–76. [Google Scholar] [CrossRef]








[image: Cells 11 00481 g001 550] 





Figure 1. Temporal profiles of the number of DA neurons and degrees of microglial activation in the SN, DAT+ signals in the striatum, and motor performance. (A) Representative dual immunohistochemical images of the TH+ neurons (brown) and Iba1+ (purple-blue) cells in the SNs of 3-, 6-, 9-, and 12-month-old mice. Bar = 100 μm. (B–D) Quantitative results of the number of TH+ neurons, Iba1+ areas, and numbers of Iba1+ cells. (E) Representative immunohistochemical images show DAT+ signals in the striata of 3-, 6-, 9-, and 12-month-old mice. Bar = 500 μm. (F) Quantitative results of DAT+ signals. (G) Time to traverse the beam. (H) The number of foot faults made while traversing the beam. (I) Tendency to fall off the rotarod. * p < 0.05, ** p < 0.01, *** p < 0.001 versus 3-month-old mice, one-way ANOVA, Bonferroni’s post hoc test. The numbers of mice used in the experiment are shown in Table S1. Details of statistics results are shown in Table S2. 
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Figure 2. Association between the loss of DA neurons and microglial activation in the SN during aging. Representative EM (A–C) and TH+ immuno-EM (D–F) images of neurons in the SN of 6- and 12-month-old mice. (A) A neuron of a 6-month-old mouse. (B) A neuron of a 12-month-old mouse. (C) A microglia-like cell next to a neuron of a 12-month-old mouse. (D) A TH+ immuno-EM micrograph shows abundant TH+ granules in the cytoplasm of a 6-month-old mouse. (E) A TH+ neuron of a 12-month-old mouse. (F) A degenerating TH+ neuron of a 12-month-old mouse. Green arrows: rough endoplasmic reticulum; red arrows: mitochondria; blue arrows: lipofuscin-like electron-dense bodies; yellow M: microglia-like cells. Bar = 2 μm. (G) Pearson correlation between Iba1+ areas and the number of TH+ neurons. (H) Pearson correlation between the number of Iba1+ cells and the number of TH+ neurons. Each dot represents one mouse. The numbers of mice used in the experiment are shown in Table S1. Details of the statistical results are shown in Table S2. 
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Figure 3. Suppression of age-related DA neuron loss in the SN by blocking microglial activation. Twelve-month-old mice were treated with (Ibu) or without (Ctl) ibuprofen for 3 months (from 9 to 12 months old). (A) Representative micrographs of Iba1+ cells in the SN. Bar = 50 μm. (B,C) Quantitative results of Iba1+ areas and numbers of Iba1+ cells. (D,E) Concentrations of TNF and IL-6 in the SN. (F) Representative micrographs of TH+ cells in the SN. Bar = 100 μm. (G) Quantitative results of TH+ cells in the SN. (H) Quantitative results of DAT+ signals in the striatum. The 9 Mo group was a reference group and was not included in the statistical analysis. * p < 0.05, ** p < 0.01, *** p < 0.001 versus Ctl group, unpaired two-tailed Student’s t-test. The numbers of mice used in the experiment are shown in Table S1. Details of statistics results are shown in Table S2. 
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Figure 4. Decreasing the number of microglia in the SN inhibited LPS-induced DA neuron loss. (A) The experimental timeline. Three-month-old mice were injected with Ki20227 into their right SN and saline into their left SN one day before LPS injection (i.p.). Mice were sacrificed three days after the LPS injection. (B) Representative micrograph of Iba1+ cells in a mouse brain. The two boxed regions are enlarged. Bar = 50 μm. (C,D) Quantitative results of Iba1+ areas and numbers of Iba1+ cells. (E) Representative micrographs of TH+ cells in a mouse brain. Bar = 100 μm. (F) Quantitative results of TH+ cells in the SN. Sal (i.p.), a group of 3-month-old mice given an intraperitoneal injection of saline but no intra-SN injection, was a reference group and was not included in the statistical analysis. * p < 0.05, ** p < 0.01 versus saline injection side, paired two-tailed Student’s t-test. The numbers of mice used in the experiment are shown in Table S1. Details of the statistical results are shown in Table S2. 
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Figure 5. TR decreased age-related microglial activation and DA neuron loss in the SN, DAT+ reduction in the striatum, and motor deficit of middle-aged mice. (A) Representative micrographs of Iba1+ cells. Bar = 50 μm. (B,C) Quantitative results of Iba1+ areas and numbers of Iba1+ cells. (D) Relative levels of p-p65. Left panels: representative Western blots; right panel: quantitative results. (E,F) Concentrations of TNF and IL-6. (G) Representative micrographs of TH+ cells. Bar = 100 μm. (H) Quantitative results of TH+ cells. (I) Representative micrographs of DAT+ signals in the striata. Bar = 500 μm. (J) Quantitative results of DAT+ signals. (K–M) Performance of motor function. (K) Time to traverse the beam. (L) The number of foot faults made while traversing the beam. (M) Tendency to fall off the rotarod. The 9 Mo group was a reference group and was not included in the statistical analysis. * p < 0.05, ** p < 0.01, *** p < 0.001 versus Sed group, one-way ANOVA, Bonferroni’s post hoc test. The numbers of mice used in the experiment are shown in Table S1. Details of statistical results are shown in Table S2. Full-length blots are shown in Figure S2. 
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Figure 6. The downregulation of TrkB by shTrkB blocked the TR-induced inhibitions of age-related microglial activation and DA neuron loss in the SN. Mice were injected with shLacZ viruses into the left striata and shTrkB viruses into the right striata before and during (one injection each at 9-, 10-, and 11-month-old, respectively) the 3-month TR (TR(3Mo)). (A) Representative Western blots of BDNF and TrkB in the SN. (B,C) Quantitative results of BDNF and TrkB levels. * p < 0.05, ** p < 0.01, *** p < 0.001 versus Sed group, one-way ANOVA, Bonferroni’s post hoc test. (D) Relative levels of FL-TrkB. Left panels: representative Western blots; right panel: quantitative results. (E) Representative micrographs of Iba1+ cells in the SN. Bar = 20 μm. (F,G) Quantitative results of the areas and numbers of Iba1+ cells. (H) Relative levels of p-p65. Left panels: representative Western blots; right panel: quantitative results. (I) Representative micrographs of TH+ cells in the SN. Bar = 100 μm. (J) Quantitative results of TH+ cells. ** p < 0.01, *** p < 0.001 versus respective Sed group; # p < 0.05, ## p < 0.01, ### p < 0.001 versus respective shLacZ group, two-way ANOVA, Bonferroni’s post hoc test. The numbers of mice used in the experiment are shown in Table S1. Details of statistics results are shown in Table S2. Full-length blots are presented in Figure S2. 
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