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Abstract

:

The excessive activation of microglia cell induced by adolescent intermittent ethanol (AIE) leads to neuroinflammation in the hippocampus. The endocannabinoid system plays a key role in the modulation of microglia activation. Accumulating evidence suggests that regular exercise improves learning and memory deficits in AIE models. The purpose of this study was to explore the effects of treadmill exercise intervention on the cognitive performance, activation of microglia cells and the expression of monoacylglycerol lipase (MAGL), cannabinoid receptor type 1 (CB1R) and cannabinoid receptor type 2 (CB2R) in the hippocampus of AIE rats. Here, we show that AIE rats exhibited cognitive impairments, whereas the treadmill exercise improves the cognitive performance in AIE rats. In order to explore the possible mechanisms for the exercise-induced attenuation of cognitive disorder, we examined the neuroinflammation in the hippocampus. We found that treadmill exercise led to the decrease in the level of proinflammatory cytokines (IL-1β, IL-6 and TNF-α) and the increase in the level of anti-inflammatory cytokine (IL-10). In addition, we found that treadmill exercise reduced the excessive activation of the microglia cell in the hippocampus of AIE rats. Finally, we found that AIE led to a decrease in the expression of CB1R and CB2R in the hippocampus; however, the treadmill exercise further decreased the expression of CB2R in the hippocampus of AIE rats. Our results suggest that treadmill exercise attenuates AIE-induced neuroinflammation and the excessive activation of hippocampus microglial cells, which may contribute to the exercise-induced improvement of cognitive performance in AIE rats.
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1. Introduction


Alcohol abuse is a growing public health problem worldwide [1,2]. In comparison to adults, adolescents are more likely to feel the stimulant effects of alcohol and exhibit poorer self-control, which results in the widespread binge drinking of alcohol among adolescents [3]. According to the Global Status Report on Alcohol and Health 2018, more than a quarter (26.5%) of all 15–19-year-olds are current drinkers, amounting to 155 million adolescents [4]. Adolescence represents an important period for the development of the brain, and alcohol intake during this period can disturb adolescent brain development and functioning [5,6,7]. It has been observed that the binge drinking of alcohol in adolescence leads to the dysfunction of synaptic transmission efficacy and synaptic plasticity, and it is believed that these impairments play a key role in persistent cognitive and psychiatric abnormalities during adulthood [8,9,10].



The hippocampus is an important brain area that processes cognition and emotion. Chronic exposure to alcohol causes neuroinflammation in the hippocampus resulting from increased proinflammatory cytokine production and microglial cell activation [11,12,13,14]. Accumulating evidence suggests that neuroinflammation in the hippocampus contributes to the impairment of synaptic transmission efficacy, which is important for cognitive performance [15,16]. In support of this idea, a recent study indicated that the binge drinking of alcohol in adolescence increases the pathological processes of early Alzheimer’s disease during adulthood through the enhancement of neuroimmune activation [17]. In animal studies, adolescent intermittent ethanol (AIE) exposure would increase the release of pro-inflammatory factors, decrease the release of anti-inflammatory factors and increase the activation of microglia [13]. Additionally, anti-inflammatory treatments can attenuate the AIE-induced neurological disorders in animal models [16,18,19]. However, the activation of microglia was not observed in some chronic alcohol exposure patients using positron emission tomography (PET) [20]. Nevertheless, this result was observed in alcohol-dependent patients within 1 month of medically assisted withdrawal, but not in adolescent binge drinkers. In addition to the activation of microglia, astrocyte can also be activated by alcohol exposure [21,22], whereas when pathological damage occurs, microglia is activated faster than astrocyte and modulates the activation of astrocyte [23]. Thus, the present study will examine the effects of AIE on the neuroinflammation and activation of microglia in the hippocampus of rats.



Accumulating evidence suggests that regular exercise intervention delays the process of pathological changes and improves learning and memory deficits in AIE models [14,24,25,26]. Mechanisms underlying exercise-induced protection on cognitive performance against AIE have also been explored. Exercise modulates the expressions of proteins regulating synaptic transmission and synaptic plasticity [25,27,28]. Additionally, exercise restores the loss of neurogenesis in the brain of AIE models [16,24,29]. Furthermore, exercise reverses AIE-induced deficits in dendritic morphology [26]. In previous studies, it has been shown that exercise blunts AIE-induced neuroimmune activation in the dorsal raphe nucleus and basal forebrain [25,29]. However, it remains unknown whether exercise affects the AIE-induced excessive microglia activation and neuroinflammation in the hippocampus. In the present study, we determined whether exercise attenuated the AIE-induced dysfunction of cognitive performance in early adulthood. Additionally, we explored whether exercise altered AIE-induced excessive microglia activation and neuroinflammation in the hippocampus in early adulthood. It has been shown that the endocannabinoid system (ECS) plays a significant role in mediating neuroinflammatory responses [30]. AIE-induced changes in the ECS contributes to behavioral alterations. It has been shown that AIE decreased the expression of cannabinoid receptor type 1 (CB1R), increased the expression of monoacylglycerol lipase (MAGL) and disrupted a form of excitatory long-term depression that is dependent on CB1R [8]. Furthermore, preventing CB1R activation could be a beneficial strategy to avoid alcohol-induced brain damage [30]. These results suggest that ECS might be a potential target in the treatment of AIE-induced cognitive impairment. However, it remains unknown whether exercise affects the ECS in the hippocampus of AIE models. In the present study, we explored the effects of treadmill exercise intervention on the expression of MAGL, CB1R and cannabinoid receptor type 2 (CB2R) in the hippocampus of AIE rats. We found that exercise improved the cognitive performance of AIE rats during early adulthood. Exercise decreased the level of proinflammatory cytokines and increased the level of anti-inflammatory cytokines, leading to a reduction in the neuroinflammation in the hippocampus of AIE rats. In addition, exercise led to a decrease in the activation of microglia in the hippocampus of AIE-rats. Furthermore, AIE decreased the expressions of CB1R and CB2R in the hippocampus of AIE rats, while exercise decreased the CB2R in AIE rats. These results reveal a potential mechanism for exercise-induced protection against AIE-related cognitive decline during early adulthood.




2. Results


2.1. Treadmill Exercise Prevented AIE-Induced Decline in Spatial Learning and Memory in Young Adult Rats


We first sought to explore whether AIE rats displayed cognitive dysfunction in spatial learning and memory and whether treadmill exercise ameliorated the reduction in cognitive performance in spatial learning and memory in young adult rats. All rats were assigned into four group: saline sedentary (SS) group, saline exercise (SE) group, AIE sedentary (AS) group and AIE exercise (AE) group. From postnatal day 28 (P28) to P55, rats received the AIE paradigm. From P28 to P55, rats received 8 weeks of exercise intervention or non-exercise control intervention (2 × 2 factor design: AIE vs. exercise). The timeline of the experiment is shown in Figure 1. After 8 weeks of exercise intervention, the eight-arm radial maze test was used to evaluate the cognitive performance in spatial learning and memory of rats. The working memory, the reference memory and the finish time were measured. As shown in Figure 2, the working memory error, reference memory error and finish time were all significantly decreased during the process of the test in rats of four groups (working memory errors, F = 5.12, p < 0.001, Figure 2A; reference memory errors, F = 7.35, p < 0.001, Figure 2B; finish time, F = 9.58, p < 0.001, Figure 2C).



For working memory error, a repeated-measures ANOVA showed that the group had a significant main effect on the working memory error (F = 3.98, p = 0.029), time had a significant main effect on the working memory error (F = 5.12, p < 0.001), but there was no significant interaction between group and time on the working memory error (F = 1.17, p = 0.276). The multiple comparison test showed that the working memory error was significantly increased in the AS rats than those in the SS rats on day 1 and day 4 (day 1, p = 0.012; day 4, p = 0.008, Figure 2A). Meanwhile, exercise decreased the working memory error in the AIE rats on day 2 (p = 0.002, Figure 2A).



For reference memory error, a repeated-measures ANOVA showed that the group had a significant main effect on the reference memory error (F = 3.81, p = 0.033), time had a significant main effect on the reference memory error (F = 7.35, p < 0.001), but there was no significant interaction between group and time on the reference memory error (F = 1.01, p = 0.462). The multiple comparison test showed that the reference memory error was significantly increased in the AS rats than those in the SS rats on day 4 (p = 0.034, Figure 2B). Meanwhile, there was no significant effect of exercise on the reference memory error in the AIE rats (p > 0.05, Figure 2B).



For the finish time, a repeated-measures ANOVA showed that the group had a significant main effect on the finish time (F = 7.98, p = 0.002), time had a significant main effect on the finish time (F = 9.58, p < 0.001) and there was a significant interaction between the group and time at the finish time (F = 3.28, p < 0.001). A multiple comparison test showed that the finish time was significantly increased in the AS rats than those in the SS rats on day 1, day 3 and day 4 (day 1, p < 0.001; day 3, p < 0.001; day 4, p = 0.005; Figure 2C). Meanwhile, the exercise decreased the finish time in the AIE rats on day 1–day 4 (day 1, p < 0.001; day 2, p < 0.001; day 3, p < 0.001; day 4, p = 0.030; Figure 2C).



Together, these findings suggested that AIE led to impairments in cognitive performance in rats. An eight-week treadmill exercise intervention restored the cognitive performance in AIE rats.




2.2. Treadmill Exercise Reversed AIE-Induced Inflammation in the Hippocampus of Young Adult Rats


AIE-induced neuroinflammation in the hippocampus contributes to cognitive dysfunction. To investigate whether treadmill exercise-induced enhancement in cognitive performance was associated with the modulation of AIE-induced neuroinflammation, we detected the protein levels of proinflammatory factors (IL-1β, IL-6 and TNF-α) and anti-inflammatory factor (IL-10). A two-way ANOVA showed that AIE and exercise had significant effects on the protein levels of IL-1β (AIE, F = 23.46, p < 0.001; exercise, F = 1.16, p = 0.290; AIE × exercise interaction, F = 8.22, p = 0.008; Figure 3A), IL-6 (AIE, F = 14.91, p < 0.001; exercise, F = 0.27, p = 0.604; AIE × exercise interaction, F = 9.09, p = 0.005; Figure 3B) and TNF-α (AIE, F = 8.49, p = 0.006; exercise, F = 6.14, p = 0.019; AIE × exercise interaction, F = 11.81, p = 0.002; Figure 3C) in the hippocampus. Multiple comparison test showed that the IL-1β (p < 0.001, Figure 3A), IL-6 (p < 0.001, Figure 3B) and TNF-α (p < 0.001, Figure 3C) levels were significantly increased in the AS rats than those in the SS rats. However, the IL-1β (p = 0.010, Figure 3A), IL-6 (p = 0.018, Figure 3B) and TNF-α (p < 0.001, Figure 3C) levels were significantly decreased in the AE rats than those in the AS rats.



A two-way ANOVA showed that AIE and exercise had significant effects on the protein level of IL-10 (AIE, F = 25.17, p < 0.001; exercise, F = 0.90, p = 0.355; AIE × exercise interaction, F = 7.45, p = 0.013; Figure 3D) in the hippocampus. The multiple comparison test showed that the IL-10 level was significantly decreased in the AS rats than those in the SS rats (p < 0.001, Figure 3D). Meanwhile, exercise increased the IL-10 level in the hippocampus in the AIE rats (p = 0.018, Figure 3D).



Taken together, these findings suggested that the 8-week treadmill exercise intervention attenuated the neuroinflammation in the hippocampus in AIE rats by reducing the levels of proinflammatory factors and elevating the level of the anti-inflammatory factor.




2.3. Treadmill Exercise Decreased AIE-Induced Excessive Activation of Microglia in the Hippocampus of Young Adult Rats


Microglia is one of the key mediators of neuroimmune activation in the central nervous system (CNS). Excessive activation of microglia can release harmful inflammatory factors and exacerbate inflammatory responses. To investigate whether AIE increases the activation of microglia in the hippocampus and whether treadmill exercise affects the activation of microglia in the hippocampus of AIE rats, we detected the number and morphological index of microglia cells, using ionized calcium binding adapter molecule 1 (Iba-1) as the maker of microglia. We also detected the expression of activated microglia marker CD68 in the hippocampus.



The Iba-1 positive staining cells are shown in Figure 4A. A two-way ANOVA showed that there were significant effects of AIE and exercise on the Iba-1/DAPI (AIE, F = 36.52, p < 0.001; exercise, F = 46.50, p < 0.001; AIE × exercise interaction, F = 28.25, p < 0.001; Figure 4B) in the hippocampus. The multiple comparison test showed that the Iba-1/DAPI was significantly increased in the AS rats than those in the SS rats (p < 0.001, Figure 4B). Meanwhile, exercise decreased the Iba-1/DAPI in the hippocampus in the AIE rats (p < 0.001, Figure 4B).



A two-way ANOVA showed that there were significant effects of AIE and exercise on the soma area of Iba-1+ cells (AIE, F = 9.21, p = 0.007; exercise, F = 7.82, p = 0.011; AIE × exercise interaction, F = 5.87, p = 0.025; Figure 4C), the arborization area of Iba-1+ cells (AIE, F = 5.40, p = 0.031; exercise, F = 14.68, p = 0.001; AIE × exercise interaction, F = 8.43, p = 0.009; Figure 4D) and the morphological index of Iba-1+ cells (AIE, F = 14.95, p < 0.001; exercise, F = 16.54, p <0.001; AIE × exercise interaction, F = 14.20, p = 0.001; Figure 4E) in the hippocampus. The multiple comparison test showed that the soma area (p = 0.001, Figure 4C) and morphological index (p < 0.001, Figure 4E) of Iba-1+ cells were significantly increased and the arborization area of Iba-1+ cells (p = 0.002, Figure 4D) was significantly decreased in AS rats compared to those in the SS rats. Meanwhile, exercise decreased the soma area (p = 0.002, Figure 4C) and morphological index (p < 0.001, Figure 4E) of Iba-1+ cells and increased the arborization area of Iba-1+ cells (p < 0.001, Figure 4D) in the AIE rats.



We then examined the expression of CD68 in the hippocampus of rats. The CD68 positive stainings are shown in Figure 5A. A two-way ANOVA showed that there were significant effects of AIE and exercise on the expression of CD68 (AIE, F = 54.22, p < 0.001; exercise, F = 163.94, p < 0.001; AIE × exercise interaction, F = 22.90, p < 0.001; Figure 5B) in the hippocampus. The multiple comparison test showed that the expression of CD68 was significantly increased in the AS rats compared to that in the SS rats (p < 0.001, Figure 5B). Meanwhile, exercise decreased the expression of CD68 in the AIE rats (p < 0.001, Figure 5B).



Taken together, these findings suggested that the 8-week treadmill exercise intervention reduced the excessive activation of microglia cells in the hippocampus in AIE rats.




2.4. Effects of Treadmill Exercise on the Protein Levels of CB1R, CB2R and MAGL in the Hippocampus of Young Adult Rats


It has been shown that the ECS plays a significant role in mediating AIE-induced neuroinflammation. To explore the potential mechanisms of exercise-induced reductions in the excessive activation of microglia cells and neuroinflammation in the hippocampus of AIE rats, we further examined the expressions of MAGL, CB1R, and CB2R in the hippocampus of rats. The representative positive bands for MAGL, CB1R and CB2R are shown in Figure 6A. For the expression of MAGL, a two-way ANOVA showed that there were no significant effects of AIE and exercise on the expression of MAGL (AIE, F = 0.14, p = 0.717; exercise, F = 0.04, p = 0.852; AIE × exercise interaction, F = 0.45, p = 0.511; Figure 6B).



For the expression of CB1R, a two-way ANOVA showed that there was a significant main effect of AIE on the expression of CB1R (F = 10.74, p = 0.005, Figure 6C), there was no significant main effect of exercise on the expression of CB1R (F = 1.05, p = 0.320, Figure 6C), and there was not a significant interaction between AIE and exercise on the expression of CB1R (F = 1.45, p = 0.245, Figure 6C). The multiple comparison test showed that the expression of CB1R was significantly decreased in the AS rats than that in the SS rats (p = 0.006, Figure 6C). However, there was no significant effect of exercise on the expression CB1R in the hippocampus of AIE rats (p = 0.901, Figure 6C).



For the expression of CB2R, a two-way ANOVA showed that there were significant effects of AIE and exercise on the expression of CB2R (AIE, F = 61.24, p < 0.001; exercise, F = 13.59, p = 0.002; AIE × exercise interaction, F = 16.13, p < 0.001; Figure 6D). The multiple comparison test showed that the expression of CB2R was significantly decreased in the AS rats than those in the SS rats (p = 0.016, Figure 6D). Meanwhile, exercise decreased the expression of CB2R in the hippocampus of AIE rats (p < 0.001, Figure 6D).



Taken together, these findings suggest that the protein levels of CB1R and CB2R in the hippocampus changed in AIE rats. The 8-week treadmill exercise intervention modulated the expressions of CB2R in the hippocampus of AIE rats.





3. Discussion


In this study, we demonstrated that the AIE rats exhibited impaired cognitive performance, and that the treadmill exercise intervention attenuated the impairment in cognitive performance in AIE rats. The treadmill exercise intervention induced an increase in the level of anti-inflammatory factor, decreases in the level of proinflammatory factors, the activation of microglial cell and the expression of CB2R in the hippocampus of AIE rats. These results suggest that exercise might serve as an effective non-pharmacological intervention to attenuate the AIE-induced cognitive dysfunction.



In this study, the working memory and reference memory were assessed using a right-arm land-based radial arm maze. We found that the working memory error, reference memory error and total time needed to finish each repetition of the maze test were significantly increased in the AIE rats compared to the SS group. The results clearly indicate that cognitive function in AIE rats was impaired compared to the control mice. Consistent with our results, previous studies have shown that heavy alcohol exposure in adolescence could lead to a deficit in adult cognitive performance, reflected by other behavioral tests, including Y-maze [31], Morris water maze [32,33], radial arm water maze, Hebb-Williams maze and tube dominance test [34]. Moreover, the 8-week treadmill exercise intervention significantly decreased the number of working memory errors on day 2 and decreased the time needed to finish the test on day 1, day 2, day 3 and day 4 of the acquisition session in the eight-arm radial maze test. The results confirm that the decline in cognitive performance induced by heavy alcohol exposure in adolescence could be reversed by regular aerobic exercise. These results seem to be consistent with other research which found wheel running and survival-enhancing environmental complexity in adolescence-attenuated alcohol exposure induced deficits in hippocampus-dependent learning and memory, including trace eyeblink conditioning and conditioned fear to the context [24]. However, some inconsistent results of no rescue in cognitive performance after regular aerobic exercise has been found in AIE models [31,35]. Inconsistent results may be due to many different factors such as AIE models, exercise types, exercise intensity and duration and stages of abuse process. Furthermore, the cognitive impairment in AIE rats was different from that in AD animals [36]. The degree of cognitive impairment varies between patients or animal models with different neuropathological stimulation. The results suggest that AIE-induced neuropathological stimulation is much milder than the pathological process during late-life dementia.



We explored the possible mechanisms that might contribute to the 8-week treadmill exercise intervention-induced improvement in cognitive performance in the young adult rats of AIE models. It is believed that inflammatory responses within the hippocampus lead to the dysfunction of learning and memory. Inflammatory responses in the brain are regulated by pro-inflammatory factors and anti-inflammatory factors in opposite manners. Therefore, we tested the concentrations of pro-inflammatory factors IL-1β, IL-6, TNF-α and anti-inflammatory factor IL-10 in the hippocampus of rats in each group. We found that the 8-week treadmill exercise intervention led to an increase in the level of anti-inflammatory cytokine IL-10 in the hippocampus of AIE rats during early adulthood. Meanwhile, the 8-week treadmill exercise decreased the level of pro-inflammatory cytokines, including IL-1β, IL-6 and TNF-α. Previous studies have shown that neuroinflammation was upregulated in the AIE models and were reversed by exercise intervention [16]. Consistent with these studies, we found that the treadmill exercise intervention attenuated the AIE-induced neuroinflammation in the hippocampus. Microglia cells overactivation is thought to underlie the neuroinflammation. In previous studies, the excessive activation of microglia cells was observed in the hippocampus and dorsal raphe nucleus of AIE models [21,37]. Therefore, normalizing microglial activation and inhibiting microglia-induced neuroinflammation in the hippocampus could be helpful to prevent and treat the AIE-induced dysfunction of cognitive performance. We extended these findings by showing that exercise led to a reduction in the activation of microglia cells in the hippocampus of AIE rats. These findings suggest that exercise-induced reduction in the activation of microglia cell contributes to the attenuation of neuroinflammation in the hippocampus, which leads to the regulation of synaptic transmission efficacy and the improvement of the decline in the cognitive performance of AIE rats [29].



A number of studies have demonstrated that endocannabinoids have powerful anti-inflammatory and immunosuppressive properties, and the activation of cannabinoid receptors by endocannabinoids reduces the production of pro-inflammatory factors and increases the secretion of anti-inflammatory factors [30,38,39,40]. MAGL is the primary enzyme responsible for 2-arachidonoylglycerol (2-AG). The expression and activity of MAGL in the hippocampus were changed in some animal models with cognitive impairment [29,41,42]. Thus, we detected the protein level of MAGL in the hippocampus. We found that AIE did not change the expression of MAGL in the hippocampus. This is inconsistent with previous studies reporting that chronic exposure to alcohol during adolescence increased the expression of MAGL in the hippocampus [8]. Inconsistent results may be due to differences in the AIE paradigm (drinking vs. intragastric administration) and differences in the withdrawal duration. Furthermore, we found that 8 weeks of exercise intervention had no effect of the expression of MAGL in the hippocampus of AIE rats. This suggests that MAGL might not be involved in the exercise-induced improvement in cognitive performance. CB1R is considered to be the most abundant G-protein coupled receptor within the brain being expressed in axon terminals and glia cells. In previous studies, CB1R was observed to play a key role in alcohol-induced brain damage. The co-exposure of alcohol and the potent CB1R agonist enhances alcohol-induced brain damage [30]. AIE disrupts a form of excitatory long-term depression that is dependent on CB1R [8]. In the present study, we found that AIE decreased the expression of CB1R in the hippocampus of AIE rats. The result is in line with previous research, suggesting that the decreased protein level of CB1R in the hippocampus might be the potential mechanism of AIE-induced impairments in synaptic plasticity and cognitive performance [8]. Meanwhile, we found that the treadmill exercise intervention had no effect on the protein level of CB1R in the hippocampus of AIE rats. There are three possibilities that may explain this phenomenon. First, CB1R might not be involved in the exercise-induced protection of brain damage in AIE rats. Second, the phenolic endocannabinoids may exert its effects directly as antioxidant chemicals by reducing free radical damage via a non-CB1R pathway [43]. Third, it has been shown that the stimulation of CB1R could diminish the release of proinflammatory factors, iNOS and ROS via NF-κB pathway inhibition and protect neurons from excitotoxicity [44,45,46]. We therefore speculated that treadmill exercise intervention increased the protein level of CB1R in the axon terminals and decreased the CB1R expression in the glia cells. Thus, the total protein level of CB1R was not changed in the hippocampus of AIE rats after treadmill exercise intervention. CB2R is expressed in the microglia cells and involved in the modulation of neuroimmune responses. Previous studies have shown that the expression of CB2R was drastically increased in neurodegenerative disorders or after brain damage [47,48,49]. In the present study, we found that AIE decreased the expression of CB2R in the hippocampus of AIE rats. The result was inconsistent with results observed in neurodegenerative disorders or brain damage [47,48,49]. Compared with neurodegenerative disorders or brain damage, the range of alcohol-induced neuroinflammatory responses is probably less profound and so, its effects on the level of CB2R might be different. In addition, the activation of CB2R is related to decreases in proinflammatory factors [50]. Thus, the decrease in CB2R in the AIE rats might lead to the neuroinflammation in the hippocampus. Interestingly, we found that treadmill exercise intervention further decreased the expression of CB2R in the hippocampus. There are three possibilities that may explain this phenomenon. First, due to its microglia localization, we speculate that the decrease in CB2R in the AIE rats after treadmill exercise intervention might be attributed to the decrease in the number of Iba-1 positive cells. Second, microglia cells also appear to express cannabinoid-activated receptors that are not CB1R and CB2R [30]. This suggests that the endocannabinoid-mediated regulation of microglia cell activation and neuroinflammation might be occurring via non-CB2R pathways. Third, a meta-analysis showed that effects of chronic exercise on the endocannabinoid system were inconsistent. The substantial heterogeneity might depend on the exercise intensity, physical fitness, timing of measurement, and/or fasted state [51]. Thus, the role of ECS in the occurrence and development of alcohol-induced brain disorders is complex. Additionally, there are mixed results on the effects of exercise intervention on the endocannabinoid system in neuropsychiatric disorders. More studies focusing on the effects of alcohol and exercise intervention on the central ECS would provide clarification.




4. Materials and Methods


4.1. Animals


Forty male Wistar rats at P21 were acquired from Vital River Laboratory Animal Technology Co. Ltd., Beijing, China. All animals were maintained under temperature control (22 ± 2 °C) and 12 h light–dark cycle (lights on between 06:00 and 18:00) with ad libitum access to food and water. All animal treatments were in accordance with protocols approved by the ethical committee of Beijing Sport University (2020118A).




4.2. Adolescent Intermittent Ethanol (AIE) Paradigm


The AIE paradigm referred to the previous research [22]. On P28, all rats were randomly assigned into four groups (n = 10 in each group): saline sedentary (SS) group, saline exercise (SE) group, AIE sedentary (AS) group and AIE exercise (AE) group. From P28 to P55, rats in AS and AE groups received a single daily intragastric (i.g.) administration of ethanol (5.0 g/kg, 20% ethanol w/v) on a two-day on/two-day off schedule. Rats in SS and SE groups received comparable volumes of saline.




4.3. Treadmill Exercise Protocol


The treadmill exercise protocol was based on the previous study [27]. On P25, all animals were introduced to treadmill training on 3 consecutive days (first day, 10 m/min on a 0° slope for 30 min; second day, 15 m/min on a 0° slope for 30 min; third day, 15 m/min on a 0° slope for 60 min). Then, the rats in the SE and AE groups were subjected to a treadmill exercise protocol: 15 m/min on a 0° slope for 10 min, then 18 m/min on a 0° slope for 50 min, 60 min/day, 5 days/week, 8 weeks (P28–P83). According to the previous results [52,53], the running protocol used in this study is a moderate exercise intensity, which is equivalent to 60–65% maximal oxygen uptake (VO2max). The SS group and AS group rats were left on the treadmill machine without running for the same period as the exercise group. The animals were used for the behavior test (eight-arm radial maze test) and then sacrificed 24 h after the last exercise to avoid the metabolic effects of the final run.




4.4. Eight-Arm Radial Maze Test


The eight-arm radial maze test was performed based on published procedures with minor modifications [36]. In order to increase the motivation for food (chocolate) reaching, dietary restrictions were performed on the rats three days before the test to reach the 80–85% of the initial body weight and maintained under this body weight during the whole experimental process. The radial maze test consisted of two sessions: the adaptation session and the acquisition session. The rats were firstly introduced to the adaption session on three consecutive days. In this session, the rats familiarized the maze environment, during which each rat was allowed to explore and consume food freely for 10 min in each arm of the maze.



During the ten consecutive days (ten trials) of the acquisition session, food was placed in four randomly selected arms. In each trial, the rat was placed in the central platform. Then, the rat was allowed to explore the maze freely. After the rat had visited all four baited arms, the trial finished. Otherwise, the rat was given a maximum of 10 min in each trial. During the acquisition session, the working memory error, the reference memory error and the finish time were recorded. The working memory error was defined as the number of entries into a previously visited baited arm. The reference memory error was defined as the number of entries into a non-baited arm. The finish time was defined as the time needed to complete each test trial. For a specific rat, the food was placed in the same four arms during the ten consecutive trials. The test and data analysis were performed using JLBehv-8ARMM (Shanghai Jiliang Company, Shanghai, China).




4.5. Enzyme-Linked Immunosorbent Assay (ELISA)


The protein levels of interleukin-1 beta (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10) and tumor necrosis factor-α (TNF-α) in the hippocampus were determined using ELISA kits. The ELISA was performed according to the manufacturer’s instructions. Briefly, the hippocampus was collected and homogenized in ice-cold RIPA buffer (89900, Pierce, Waltham, MA, USA). The lysate was centrifugated and the supernatant was collected. The total protein concentrate was measured using the BCA method (23227, Pierce, Waltham, MA, USA). The IL-1β, IL-6, IL-10 and TNF-α protein levels were determined by Rat IL-1β ELISA kit (ab100768, Abcam, Boston, MA, USA), Rat IL-6 ELISA kit (ab100772, Abcam, Boston, MA, USA), Rat TNF-α ELISA kit (ab46070, Abcam, Boston, MA, USA) and Rat IL-10 ELISA kit (ab100765, Abcam, Boston, MA, USA), respectively. The optical density was measured by a microplate reader (xMarkTM, Bio-Rad, Hercules, CA, USA). Finally, the protein levels of inflammatory factors were conducted by normalizing them to total protein levels.




4.6. Immunofluorescent Staining


The immunofluorescent staining was based on the previous study [54]. Rats were anesthetized by isoflurane inhalation. Transcardially, rats were perfused with cold 0.1 M phosphate-buffered saline (PBS) and 4% paraformaldehyde. The whole brain was then removed and immersed in the same fixative solution at 4 °C overnight. After the post-fixation, the brain was dehydrated in 20% and 30% sucrose overnight at 4 °C, snap frozen in liquid nitrogen coated with OCT and stored at −80 °C. Coronal sections (40 μm) were cut on a cryostat (CM3050S, Leica, Nussloch, Germany) and placed onto adhesion slides. Sections were air-dried at room temperature for 2 h and washed in PBS. Then, the sections were blocked with 10% BSA and goat serum for 30 min at room temperature. After blocking, the sections were incubated with Iba-1 (a specific marker for microglia, ab178847, Abcam, Boston, MA, USA) or CD68 (a marker for activated microglia, ab125212, Abcam, Boston, MA, USA) primary antibodies at 4 °C for 48 h. On the third day, sections were washed in PBS and incubated with secondary antibodies (Alexa Fluor 488-Conjugated Goat anti-Rabbit IgG, A-11008, Invitrogen, Shanghai, China) for 60 min in the dark at room temperature. After washing, the sections were covered with antifade solution. The sections were visualized using the Leica SP8 confocal microscope. Image Pro Plus (Media Cybernetics, Silver Spring, MD, USA) was used for image analysis. For the Iba-1 positive cells, the soma area, arborization area and morphological index were detected. The soma area was determined by drawing a line around the cell body, using the freehand selection tool. The arborization area was quantified by measuring the area circumscribed by the distal ends of each process, using the polygon selection tool. The morphological index (the extent of microglia ramification) is the ratio of soma area to arborization area. For the CD68 positive staining, the fluorescence intensity was detected. Micrographs from at least 6 randomly selected areas were analyzed using the same reference position of the section.




4.7. Western Blots


Rats were anesthetized by isoflurane and decapitated. The hippocampus was collected, frozen in liquid nitrogen and stored at −80 °C. Tissues were lysed in ice-cold RIPA lysis buffer (89900, Pierce, Waltham, MA, USA) supplemented with protease and phosphatase inhibitor cocktail (Roche, Indianapolis, IN, USA). The lysates were centrifuged at 13,000× g for 30 min at 4 °C to collect the supernatants. The total protein concentration was measured using the BCA method (23227, Pierce, Waltham, MA, USA). Samples were diluted using sample buffer and heated at 100 °C for 15 min. Equal amounts of total protein were loaded into a 12% polyacrylamide gel (20 μg/well) for electrophoretic separation and subsequently transferred onto a polyvinylidene difluoride (PVDF) membrane. After blocking in the 10% BSA at room temperature for 2 h, the membranes were incubated in the primary antibodies (Rabbit polyclonal to Cannabinoid Receptor I, ab23703, Abcam, Boston, MA, USA; Rabbit polyclonal to Cannabinoid Receptor II, ab3561, Abcam, Boston, MA, USA; Rabbit polyclonal to Monoacylglycerol Lipase, ab24701, Abcam, Boston, MA, USA) overnight at 4 °C. The next day, the membranes were washed and incubated with the secondary antibodies (HRP-conjugated Affinipure Goat Anti-Rabbit IgG, SA00001-2, Proteintech Group, Rosemont, IL, USA), followed by washes in TBST. Protein levels were detected with chemiluminescent reagents (SuperSignal West Pico Chemiluminescent Substrate, 34580, Pierce, Waltham, MA, USA). The intensity of the special protein band was determined by Image J. To ensure equal total protein loading across the samples, β-actin (YM3028, Immunoway, Plano, TX, USA) served as an internal control. All Western blots were repeated 5–6 times.




4.8. Statistical Analysis


Results are presented as mean ± stand error (SEM). Average values of working memory error, reference memory error and time needed to complete each trial were calculated for each individual group on each day of the ten consecutive days. Repeated-measures analysis of variance (ANOVA) was performed to compare the differences in measurements between different days of the same group, between different groups on the same days and the interactions between time and groups. Statistical analysis was conducted using two-way analysis of variance (ANOVA) followed by Tukey post hoc multiple comparison test for other results. A p value of less than 0.05 (p < 0.05) was considered statistically significant. The F value is the ratio of mean squares between the groups to the mean squares of errors. The statistical analysis was performed using Sigmaplot 14.0 (Systat Software, San Jose, CA, USA).





5. Conclusions


AIE-induced neuroinflammation and the excessive activation of the hippocampus microglial cells can be attenuated by treadmill exercise, which might be one of the exercise-induced neural mechanisms protecting against adolescent alcohol abuse.







Author Contributions


Conceptualization, Y.G. and Y.L.; methodology, Y.G. and M.Y.; formal analysis, Y.G. and M.Y.; writing—review and editing, Y.G. and Y.L.; supervision, L.L., L.Z. and Y.L.; project administration, Y.L.; funding acquisition, Y.G. and Y.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China, grant number 32000838; the Chinese Universities Scientific Fund, grant number 20221037, 2022YB012 and BSU2020038.




Institutional Review Board Statement


The animal study protocol was approved by the Ethics Committee of BEIJING SPORT UNIVERSITY (protocol code 2020118A and date of approval 22 September 2020).




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used in the analyses described in this study are available from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Huang, D.Q.; Mathurin, P.; Cortez-Pinto, H.; Loomba, R. Global epidemiology of alcohol-associated cirrhosis and HCC: Trends, projections. Nat. Rev. Gastroenterol. Hepatol. 2022; epub ahead of print. [Google Scholar] [CrossRef] [PubMed]

	



Collaborators, G.B.D.A. Alcohol use and burden for 195 countries and territories, 1990–2016: A systematic analysis for the Global Burden of Disease Study 2016. Lancet 2018, 392, 1015–1035. [Google Scholar]

	



Meda, S.A.; Hawkins, K.A.; Dager, A.D.; Tennen, H.; Khadka, S.; Austad, C.S.; Wood, R.M.; Raskin, S.; Fallahi, C.R.; Pearlson, G.D. Longitudinal effects of alcohol consumption on the hippocampus and parahippocampus in college students. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2018, 3, 610–617. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Global Status Report on Alcohol and Health 2018; World Health Organization: Geneva, Switzerland, 2019.

	



Spear, L.P. Effects of adolescent alcohol consumption on the brain and behaviour. Nat. Rev. Neurosci. 2018, 19, 197–214. [Google Scholar] [CrossRef]

	



Bava, S.; Tapert, S.F. Adolescent brain development and the risk for alcohol and other drug problems. Neuropsychol. Rev. 2010, 20, 398–413. [Google Scholar] [CrossRef]

	



Crews, F.T.; Vetreno, R.P.; Broadwater, M.A.; Robinson, D.L. Adolescent alcohol exposure persistently impacts adult neurobiology and behavior. Pharmacol. Rev. 2016, 68, 1074–1109. [Google Scholar] [CrossRef]

	



Peñasco, S.; Rico-Barrio, I.; Puente, N.; Fontaine, C.; Ramos, A.; Reguero, L.; Gerrikagoitia, I.; de Fonseca, F.; Suarez, J.; Barrondo, S.; et al. Intermittent ethanol exposure during adolescence impairs cannabinoid type 1 receptor-dependent long-term depression and recognition memory in adult mice. Neuropsychopharmacology 2020, 45, 309–318. [Google Scholar] [CrossRef]

	



Bohnsack, J.P.; Zhang, H.; Wandling, G.M.; He, D.; Kyzar, E.J.; Lasek, A.W.; Pandey, S.C. Targeted epigenomic editing ameliorates adult anxiety and excessive drinking after adolescent alcohol exposure. Sci. Adv. 2022, 8, eabn2748. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, K.A.; Liput, D.J.; Homanics, G.E.; Lovinger, D.M. Age-dependent impairment of metabotropic glutamate receptor 2-dependent long-term depression in the mouse striatum by chronic ethanol exposure. Alcohol 2020, 82, 11–21. [Google Scholar] [CrossRef] [PubMed]

	



King, J.A.; Nephew, B.C.; Choudhury, A.; Poirier, G.L.; Lim, A.; Mandrekar, P. Chronic alcohol-induced liver injury correlates with memory deficits: Role for neuroinflammation. Alcohol 2020, 83, 75–81. [Google Scholar] [CrossRef]

	



Boschen, K.E.; Ruggiero, M.J.; Klintsova, A.Y. Neonatal binge alcohol exposure increases microglial activation in the developing rat hippocampus. Neuroscience 2016, 324, 355–366. [Google Scholar] [CrossRef]

	



Silva-Gotay, A.; Davis, J.; Tavares, E.R.; Richardson, H.N. Alcohol drinking during early adolescence activates microglial cells and increases frontolimbic Interleukin-1 beta and Toll-like receptor 4 gene expression, with heightened sensitivity in male rats compared to females. Neuropharmacology 2021, 197, 108698. [Google Scholar] [CrossRef]

	



Gursky, Z.H.; Johansson, J.R.; Klintsova, A.Y. Postnatal alcohol exposure and adolescent exercise have opposite effects on cerebellar microglia in rat. Int. J. Dev. Neurosci. 2020, 80, 558–571. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Liu, Y.; Zhu, J.; Song, S.; Huang, Y.; Zhang, W.; Sun, Y.; Hao, J.; Yang, X.; Gao, Q.; et al. Neuroinflammation-mediated mitochondrial dysregulation involved in postoperative cognitive dysfunction. Free Radic. Biol. Med. 2022, 178, 134–146. [Google Scholar] [CrossRef] [PubMed]

	



Vetreno, R.P.; Lawrimore, C.J.; Rowsey, P.J.; Crews, F.T. Persistent adult neuroimmune activation and loss of hippocampal neurogenesis following adolescent ethanol exposure: Blockade by exercise and the anti-inflammatory drug indomethacin. Front. Neurosci. 2018, 12, 200. [Google Scholar] [CrossRef]

	



Barnett, A.; David, E.; Rohlman, A.; Nikolova, V.D.; Moy, S.S.; Vetreno, R.P.; Coleman, L.G., Jr. Adolescent binge alcohol enhances early Alzheimer’s disease pathology in adulthood through proinflammatory neuroimmune activation. Front. Pharmacol. 2022, 13, 884170. [Google Scholar] [CrossRef] [PubMed]

	



Macht, V.; Vetreno, R.; Elchert, N.; Crews, F. Galantamine prevents and reverses neuroimmune induction and loss of adult hippocampal neurogenesis following adolescent alcohol exposure. J. Neuroinflamm. 2021, 18, 212. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Y.; Liu, Y.; Gao, M.; Xue, M.; Wang, Z.; Liang, H. Nicotinamide riboside alleviates alcohol-induced depression-like behaviours in C57BL/6J mice by altering the intestinal microbiota associated with microglial activation and BDNF expression. Food Funct. 2020, 11, 378–391. [Google Scholar] [CrossRef] [PubMed]

	



Kalk, N.J.; Guo, Q.; Owen, D.; Cherian, R.; Erritzoe, D.; Gilmour, A.; Ribeiro, A.S.; McGonigle, J.; Waldman, A.; Matthews, P.; et al. Decreased hippocampal translocator protein (18 kDa) expression in alcohol dependence: A [(11)C]PBR28 PET study. Transl. Psychiatry 2017, 7, e996. [Google Scholar] [CrossRef]

	



Nwachukwu, K.N.; King, D.M.; Healey, K.L.; Swartzwelder, H.S.; Marshall, S.A. Sex-specific effects of adolescent intermittent ethanol exposure-induced dysregulation of hippocampal glial cells in adulthood. Alcohol 2022, 100, 31–39. [Google Scholar] [CrossRef]

	



Gomez, G.I.; Falcon, R.V.; Maturana, C.J.; Labra, V.C.; Salgado, N.; Rojas, C.A.; Oyarzun, J.E.; Cerpa, W.; Quintanilla, R.A.; Orellana, J.A. Heavy Alcohol Exposure Activates Astroglial Hemichannels and Pannexons in the Hippocampus of Adolescent Rats: Effects on Neuroinflammation and Astrocyte Arborization. Front. Cell. Neurosci. 2018, 12, 472. [Google Scholar] [CrossRef] [PubMed]

	



Ranjbar Taklimie, F.; Gasterich, N.; Scheld, M.; Weiskirchen, R.; Beyer, C.; Clarner, T.; Zendedel, A. Hypoxia Induces Astrocyte-Derived Lipocalin-2 in Ischemic Stroke. Int. J. Mol. Sci. 2019, 20, 1271. [Google Scholar] [CrossRef] [PubMed]

	



Hamilton, G.F.; Jablonski, S.A.; Schiffino, F.L.; St Cyr, S.A.; Stanton, M.E.; Klintsova, A.Y. Exercise and environment as an intervention for neonatal alcohol effects on hippocampal adult neurogenesis and learning. Neuroscience 2014, 265, 274–290. [Google Scholar] [CrossRef]

	



Vetreno, R.P.; Patel, Y.; Patel, U.; Walter, T.J.; Crews, F.T. Adolescent intermittent ethanol reduces serotonin expression in the adult raphe nucleus and upregulates innate immune expression that is prevented by exercise. Brain Behav. Immun. 2017, 60, 333–345. [Google Scholar] [CrossRef] [PubMed]

	



Hamilton, G.F.; Criss, K.J.; Klintsova, A.Y. Voluntary exercise partially reverses neonatal alcohol-induced deficits in mPFC layer II/III dendritic morphology of male adolescent rats. Synapse 2015, 69, 405–415. [Google Scholar] [CrossRef]

	



Gomes da Silva, S.; Doná, F.; da Silva Fernandes, M.J.; Scorza, F.A.; Cavalheiro, E.A.; Arida, R.M. Physical exercise during the adolescent period of life increases hippocampal parvalbumin expression. Brain Dev. 2010, 32, 137–142. [Google Scholar] [CrossRef]

	



Stigger, F.S.; Zago Marcolino, M.A.; Portela, K.M.; Plentz, R.D.M. Effects of exercise on inflammatory, oxidative, and neurotrophic biomarkers on cognitively impaired individuals diagnosed with dementia or mild cognitive impairment: A systematic review and meta-analysis. J. Gerontol. A Biol. Sci. Med. Sci. 2019, 74, 616–624. [Google Scholar] [CrossRef]

	



Vetreno, R.P.; Crews, F.T. Adolescent binge ethanol-induced loss of basal forebrain cholinergic neurons and neuroimmune activation are prevented by exercise and indomethacin. PLoS ONE 2018, 13, e0204500. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Baos, A.; Alegre-Zurano, L.; Cantacorps, L.; Martin-Sanchez, A.; Valverde, O. Role of cannabinoids in alcohol-induced neuroinflammation. Prog. Neuropsychopharmacol. Biol. Psychiatry 2021, 104, 110054. [Google Scholar] [CrossRef]

	



Sampedro-Piquero, P.; Millon, C.; Moreno-Fernandez, R.D.; Garcia-Fernandez, M.; Diaz-Cabiale, Z.; Santin, L.J. Treadmill exercise buffers behavioral alterations related to ethanol binge-drinking in adolescent mice. Brain Sci. 2020, 10, 576. [Google Scholar] [CrossRef]

	



Schulteis, G.; Archer, C.; Tapert, S.F.; Frank, L.R. Intermittent binge alcohol exposure during the periadolescent period induces spatial working memory deficits in young adult rats. Alcohol 2008, 42, 459–467. [Google Scholar] [CrossRef]

	



Sircar, R.; Basak, A.K.; Sircar, D. Repeated ethanol exposure affects the acquisition of spatial memory in adolescent female rats. Behav. Brain Res. 2009, 202, 225–231. [Google Scholar] [CrossRef] [PubMed]

	



Macht, V.; Elchert, N.; Crews, F. Adolescent alcohol exposure produces protracted cognitive-behavioral impairments in adult male and female rats. Brain Sci. 2020, 10, 785. [Google Scholar] [CrossRef] [PubMed]

	



Vetreno, R.P.; Bohnsack, J.P.; Kusumo, H.; Liu, W.; Pandey, S.C.; Crews, F.T. Neuroimmune and epigenetic involvement in adolescent binge ethanol-induced loss of basal forebrain cholinergic neurons: Restoration with voluntary exercise. Addict. Biol. 2020, 25, e12731. [Google Scholar] [CrossRef]

	



Mu, L.; Cai, J.; Gu, B.; Yu, L.; Li, C.; Liu, Q.S.; Zhao, L. Treadmill Exercise Prevents Decline in Spatial Learning and Memory in 3xTg-AD Mice through Enhancement of Structural Synaptic Plasticity of the Hippocampus and Prefrontal Cortex. Cells 2022, 11, 244. [Google Scholar] [CrossRef] [PubMed]

	



Khan, K.M.; Bierlein-De La Rosa, G.; Biggerstaff, N.; Pushpavathi Selvakumar, G.; Wang, R.; Mason, S.; Dailey, M.E.; Marcinkiewcz, C.A. Adolescent ethanol drinking promotes hyperalgesia, neuroinflammation and serotonergic deficits in mice that persist into adulthood. Brain Behav. Immun. 2022. online ahead of print. [Google Scholar] [CrossRef] [PubMed]

	



Rahaman, O.; Ganguly, D. Endocannabinoids in immune regulation and immunopathologies. Immunology 2021, 164, 242–252. [Google Scholar] [CrossRef] [PubMed]

	



Oppong-Damoah, A.; Gannon, B.M.; Murnane, K.S. The endocannabinoid system and alcohol dependence: Will cannabinoid receptor 2 agonism be more fruitful than cannabinoid receptor 1 antagonism? CNS Neurol. Disord. Drug Targets 2022, 21, 3–13. [Google Scholar] [CrossRef] [PubMed]

	



Pihlaja, R.; Takkinen, J.; Eskola, O.; Vasara, J.; Lopez-Picon, F.R.; Haaparanta-Solin, M.; Rinne, J.O. Monoacylglycerol lipase inhibitor JZL184 reduces neuroinflammatory response in APdE9 mice and in adult mouse glial cells. J. Neuroinflamm. 2015, 12, 81. [Google Scholar] [CrossRef] [PubMed]

	



Ledesma, J.C.; Rodriguez-Arias, M.; Gavito, A.L.; Sanchez-Perez, A.M.; Vina, J.; Medina Vera, D.; Rodriguez de Fonseca, F.; Minarro, J. Adolescent binge-ethanol accelerates cognitive impairment and beta-amyloid production and dysregulates endocannabinoid signaling in the hippocampus of APP/PSE mice. Addict. Biol. 2021, 26, e12883. [Google Scholar] [CrossRef]

	



Chen, R.; Zhang, J.; Wu, Y.; Wang, D.; Feng, G.; Tang, Y.P.; Teng, Z.; Chen, C. Monoacylglycerol lipase is a therapeutic target for Alzheimer’s disease. Cell Rep. 2012, 2, 1329–1339. [Google Scholar] [CrossRef] [PubMed]

	



Hillard, C.J. Role of cannabinoids and endocannabinoids in cerebral ischemia. Curr. Pharm. Des. 2008, 14, 2347–2361. [Google Scholar] [CrossRef] [PubMed]

	



Marsicano, G.; Goodenough, S.; Monory, K.; Hermann, H.; Eder, M.; Cannich, A.; Azad, S.C.; Cascio, M.G.; Gutierrez, S.O.; van der Stelt, M.; et al. CB1 cannabinoid receptors and on-demand defense against excitotoxicity. Science 2003, 302, 84–88. [Google Scholar] [CrossRef] [PubMed]

	



Ribeiro, R.; Wen, J.; Li, S.; Zhang, Y. Involvement of ERK1/2, cPLA2 and NF-kappaB in microglia suppression by cannabinoid receptor agonists and antagonists. Prostaglandins Other Lipid Mediat. 2013, 100–101, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Lou, Z.Y.; Yu, W.B.; Chen, J.; Li, L.; Jiang, L.S.; Xiao, B.G.; Liu, Z.G. Neuroprotective effect is driven through the upregulation of CB1 receptor in experimental autoimmune encephalomyelitis. J. Mol. Neurosci. 2016, 58, 193–200. [Google Scholar] [CrossRef] [PubMed]

	



Cabral, G.A.; Griffin-Thomas, L. Emerging role of the cannabinoid receptor CB2 in immune regulation: Therapeutic prospects for neuroinflammation. Expert Rev. Mol. Med. 2009, 11, e3. [Google Scholar] [CrossRef] [PubMed]

	



Cassano, T.; Calcagnini, S.; Pace, L.; De Marco, F.; Romano, A.; Gaetani, S. Cannabinoid receptor 2 signaling in neurodegenerative disorders: From pathogenesis to a promising therapeutic target. Front. Neurosci. 2017, 11, 30. [Google Scholar] [CrossRef] [PubMed]

	



Aymerich, M.S.; Aso, E.; Abellanas, M.A.; Tolon, R.M.; Ramos, J.A.; Ferrer, I.; Romero, J.; Fernandez-Ruiz, J. Cannabinoid pharmacology/therapeutics in chronic degenerative disorders affecting the central nervous system. Biochem. Pharmacol. 2018, 157, 67–84. [Google Scholar] [CrossRef] [PubMed]

	



Mecha, M.; Carrillo-Salinas, F.J.; Feliu, A.; Mestre, L.; Guaza, C. Microglia activation states and cannabinoid system: Therapeutic implications. Pharmacol. Ther. 2016, 166, 40–55. [Google Scholar] [CrossRef]

	



Desai, S.; Borg, B.; Cuttler, C.; Crombie, K.M.; Rabinak, C.A.; Hill, M.N.; Marusak, H.A. A Systematic review and meta-analysis on the effects of exercise on the endocannabinoid system. Cannabis Cannabinoid Res. 2022, 7, 388–408. [Google Scholar] [CrossRef]

	



Wang, X.Q.; Wang, G.W. Effects of treadmill exercise intensity on spatial working memory and long-term memory in rats. Life Sci. 2016, 149, 96–103. [Google Scholar] [CrossRef] [PubMed]

	



Bedford, T.G.; Tipton, C.M.; Wilson, N.C.; Oppliger, R.A.; Gisolfi, C.V. Maximum oxygen consumption of rats and its changes with various experimental procedures. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 1979, 47, 1278–1283. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Li, Y.; Zhao, Z.; Lv, Y.; Gu, B.; Zhao, L. Aerobic exercise regulates synaptic transmission and reactive oxygen species production in the paraventricular nucleus of spontaneously hypertensive rats. Brain Res. 2019, 1712, 82–92. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 14701 g001 550] 





Figure 1. Timeline of the experiment. 
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Figure 2. Treadmill exercise attenuated AIE-induced cognitive impairment in spatial learning and memory in young adult rats. (A) The working memory errors of rats in each group. The working memory errors on day 1 and day 4 were significantly increased in the AS rats compared to the SS rats. The working memory errors on day 2 were significantly decreased in AE rats compared to AS rats (* p < 0.05, SS vs. AS; ** p < 0.01, SS vs. AS; ## p < 0.01, AS vs. AE; n = 6). (B) The reference memory errors of rats in each group. The reference memory errors on day 4 were significantly increased in the AS rats compared to the SS rats (* p < 0.05, SS vs. AS; n = 6). However, the treadmill exercise intervention had no effect on the reference memory errors in AE rats compared with the AS rats (p > 0.05). (C) The finish times of the rats in each group. The finish times on day 1, day 3 and day 4 were significantly increased in the AS rats compared to the SS rats. The finish times on day 1, day 2, day 3 and day 4 were significantly decreased in AE rats compared to AS rats (** p < 0.01, SS vs. AS; *** p < 0.001, SS vs. AS; # p < 0.05, AS vs. AE; ### p < 0.001, AS vs. AE; n = 6). 
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Figure 3. Treadmill exercise reversed AIE-induced inflammation in the hippocampus of young adult rats. (A) The protein level of IL-1β in the hippocampus of rats in each group. The level of IL-1β was increased in the AS rats compared to the SS rats. The increased level of IL-1β was prevented by treadmill exercise intervention (* p < 0.05, *** p< 0.001, n = 8). (B) The protein level of IL-6 in the hippocampus of rats in each group. The level of IL-6 was increased in the AS rats compared to the SS rats. The increased level of IL-6 was prevented by treadmill exercise intervention (* p < 0.05, *** p < 0.001, n = 9). (C) The protein level of TNF-α in the hippocampus of rats in each group. The level of TNF-α was increased in the AS rats compared to the SS rats. The increased level of TNF-α was prevented by treadmill exercise intervention (*** p < 0.001, n = 9). (D) The protein level of IL-10 in the hippocampus of rats in each group. The level of IL-10 was decreased in the AS rats compared to the SS rats. The decreased level of IL-10 was prevented by treadmill exercise intervention (* p < 0.05, *** p < 0.001, n = 6). 
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Figure 4. Treadmill exercise decreased the AIE-induced excessive activation of microglia in the hippocampus of young adult rats. (A) The representative microscope imaging of Iba-1+ cells in the hippocampus of rats in each group. Green, Iba-1+ cells. Blue, DAPI. Scale bar = 10 μm. (B) The Iba-1/DAPI in the hippocampus of rats in each group. The Iba-1/DAPI was increased in the AS rats compared to the SS rats. The increased Iba-1/DAPI was prevented by treadmill exercise training (*** p< 0.001, n = 6). (C) The soma area of Iba-1+ cells in the hippocampus of rats in each group. The soma area of Iba-1+ cells was increased in the AS rats compared to the SS rats. The increased soma area of Iba-1+ cells was prevented by treadmill exercise training (** p< 0.01, n = 6). (D) The arborization area of Iba-1+ cells in the hippocampus of rats in each group. The arborization area of Iba-1+ cells was decreased in the AS rats compared to the SS rats. The decreased arborization area of Iba-1+ cells was prevented by treadmill exercise training (** p < 0.01, *** p < 0.001, n = 6). (E) The morphological index of Iba-1+ cells in the hippocampus of rats in each group. The morphological index of Iba-1+ cells was increased in the AS rats compared to the SS rats. The increased morphological index of Iba-1+ cells was prevented by treadmill exercise training (*** p < 0.001, n = 6). 
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Figure 5. Treadmill exercise decreased the AIE-induced increase in CD68 in the hippocampus of young adult rats. (A) Representative microscope imaging of CD68 immunofluorescence staining in the hippocampus of rats in each group. The positive staining of CD68 is marked by white arrowheads. Scale bar = 10 μm. (B) The fluorescence intensity of CD68 in the hippocampus of rats in each group. The expression of CD68 was decreased in the SE rats compared to the SS rats. The expression of CD68 was increased in the AS rats compared to the SS rats. The increased expression of CD68 in AIE rats was prevented by treadmill exercise training (*** p < 0.001, n = 8). 






Figure 5. Treadmill exercise decreased the AIE-induced increase in CD68 in the hippocampus of young adult rats. (A) Representative microscope imaging of CD68 immunofluorescence staining in the hippocampus of rats in each group. The positive staining of CD68 is marked by white arrowheads. Scale bar = 10 μm. (B) The fluorescence intensity of CD68 in the hippocampus of rats in each group. The expression of CD68 was decreased in the SE rats compared to the SS rats. The expression of CD68 was increased in the AS rats compared to the SS rats. The increased expression of CD68 in AIE rats was prevented by treadmill exercise training (*** p < 0.001, n = 8).
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Figure 6. Effects of treadmill exercise on the expression of CB1R, CB2R and MAGL in the hippocampus of young adult rats. (A) Representative Western blots for MAGL, CB1R and CB2R in the hippocampus of rats in each group. (B) Summarized data show that there were no significant differences in the expression of MAGL in the hippocampus (p > 0.05, n = 6). (C) Summarized data show that the expression of CB1R was decreased in the AS rats compared to the SS rats. Treadmill exercise training had no significant effects on the expression of CB1R in the hippocampus of AIE rats (** p < 0.01, n = 5). (D) Summarized data show that the expression of CB2R was decreased in the AS rats compared to the SS rats. The expression of CB2R was decreased in the AE rats compared to the AS rats (* p < 0.05, *** p < 0.001, n = 5). 






Figure 6. Effects of treadmill exercise on the expression of CB1R, CB2R and MAGL in the hippocampus of young adult rats. (A) Representative Western blots for MAGL, CB1R and CB2R in the hippocampus of rats in each group. (B) Summarized data show that there were no significant differences in the expression of MAGL in the hippocampus (p > 0.05, n = 6). (C) Summarized data show that the expression of CB1R was decreased in the AS rats compared to the SS rats. Treadmill exercise training had no significant effects on the expression of CB1R in the hippocampus of AIE rats (** p < 0.01, n = 5). (D) Summarized data show that the expression of CB2R was decreased in the AS rats compared to the SS rats. The expression of CB2R was decreased in the AE rats compared to the AS rats (* p < 0.05, *** p < 0.001, n = 5).



[image: Ijms 23 14701 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijms-23-14701


  
    		
      ijms-23-14701
    


  




  





media/file8.jpg
kK
Fkk

3
8
S
5 s
A

Isuoju] sousosBION|Y





media/file11.png
SE AS AE

SS

SE AS AE

SS

SE AS AE

SS

st=4

-

CB2R (40 kD)

. -
— i

CB1R (53 kD)

. ——  ———— ——

MAGL (35 kD)

B-actin (43 kD)

B-actin (43 kD)

B-actin (43 kD)

k% ok
AE

SE

2.0+
5
0
5

(abueys pioy)
O ¥zZ9) jo uoissasdxy

o
o

o0
AE

o
AS

* %
o
019 _
8
SE

|
50005
SS

_.r. S o
~ L 0
(ebueys pjoy)
O Y199 jo uoissaidx3y

0.0

)
Olo_
)
00
AE

3
K3
AS

oo
oo
SE

559505
SS

0 - 0 Q
<~ ~— o o
(abBueyo pjoj)

m 19OV jo uoissaidxgy





media/file6.jpg





media/file1.png
Treadmill exercise

Behavior test
ELISA

Immunofluorescence staining

Western blot

or sedentary
Animals received
intragastric
P28 administration of P55 P83

ethanol or saline

P84

Postnatal days
of animals





media/file10.jpg
® = = . S8 SE AS AE S5 SE AS AE
o B oo (S onoo
e o R oon ) S—

IR St P
éﬁ?lUWj égzziﬂfjrj@ ;ég[!@%






media/file7.png
.n|
]
B f
|
*
*
— 0 00
*
: %
nﬁ
1 1 1 1 1 1 1
o O O O O O O O
N O W S MO N~
(&) eale ewos
()
* )
*
*
L O
_ 00 OO
* O
* ﬁ
* o
Onﬁ”
| 1 1 1 1
Yo o Te] o o] o
N N e O O
o o o o o o
m Idvda/i-eqi

SE AS AE

SS

SE AS AE

SS

w

*k*k

% %k %k

I
™ N < S
o o o o
xapul |eaibojoyd.iop
)
1
_ T._
1
*
*
*

* %
o
'~
b O g

E AS AE

S

SS

AE

AS

SE

SS






media/file9.png
(
_ ”._
)
* I
*
¥ ——
o o
oNe)
* _ | _nnl
x [
* % 0
*
* OVO
- - %_"oo
I I I
o ) o (@)
() o o
S S Q
Ty o 1O
Ajisuaju| aosuaossaioni4

AE

AS

SE

SS





media/file5.png
oL
*
9
— O
* 00
* %%‘oo
* o)
IE
- of] Yo
| | | | |
o o o o (@) o
o (00) © < AN
m (uiayoud Bw/bd) g-)
oro
- oma
(@) (@)
*
NE
— A0 O
*
* omvoo
* o
| | | | |
o o o o o o
(@) o O o o
AN Q) ~ ~

< (ureyoud Bwybd) g1-7i

SE AS AE

SS

SE AS AE

SS

% %k %
o
o

1
O
o

- oo

O LQO

LR
o o
< o
A (ueyoud BwyBd) gL

8
-

.2
B

|

) o o o o o
O oO 6 4 2
1

|
-
o
(@)

200

%k Xk %k

%k %k %k

O (uweyoud Bw/bd) D4NL

SE AS AE

SS

SE AS AE

SS





media/file3.png
<

10
8
6
4
2
0

sl10.449 Alowaw BuiqJopp

| ©
=
— O
- 00
— N~
- ©
— LD
- <
—
- N
—
I | |
Tp) o n o
h <«
s10419 Alowaw 92Ual1d)oYy
M w »n uw o
N N << < -
N I - o
(o 0]
N~
©
n
s <t
(3P ]
#“ —t —t J — N\
*LI‘% =1
| | | |

day

SS

—_—

**%k%

800+

600-

—

S
o
<
s) awy ysiul

_
o
S
~
4

day





media/file4.jpg
o
3 w nm w
_H ) _H )
3
* *
P P
2 2
o
3 w o ¥ > w
3 om%oo 6 ¥ oMo |8

@ (uor01d BuyBd) 1 o (ueioid Buybd) o1

3

il

90

wrk
ek

250
200






media/file0.jpg
Treadmil exercise

‘Behavior test.
ELISA

Immunofiuorescence staining

‘Western blot

P28

or sedentary
“Arimals received

intragastric
administration of  pss,

ey

P83

P4

Postnatal days
of animals





media/file2.jpg
<

67 8 910
day

4

‘siou0 Klowaw oouosojoy

28 eY e
g

10

‘si010 Kiowow Buptiom ©

67 8 910
day

4






