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Physical Exercise-Induced Astrocytic Neuroprotection and Cognitive Improvement Through Primary Cilia and Mitogen-Activated Protein Kinases Pathway in Rats With Chronic Cerebral Hypoperfusion
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Chronic cerebral hypoperfusion (CCH) is closely related to vascular cognitive impairment and dementia (VCID) and Alzheimer’s disease (AD). The neuroinflammation involving astrocytes is an important pathogenic mechanism. Along with the advancement of the concept and technology of astrocytic biology, the astrocytes have been increasingly regarded as the key contributors to neurological diseases. It is well known that physical exercise can improve cognitive function. As a safe and effective non-drug treatment, physical exercise has attracted continuous interests in neurological research. In this study, we explored the effects of physical exercise on the response of reactive astrocytes, and its role and mechanism in CCH-induced cognitive impairment. A rat CCH model was established by 2 vessel occlusion (2VO) and the wheel running exercise was used as the intervention. The cognitive function of rats was evaluated by morris water maze and novel object recognition test. The phenotypic polarization and the primary cilia expression of astrocytes were detected by immunofluorescence staining. The activation of MAPKs cascades, including ERK, JNK, and P38 signaling pathways, were detected by western blot. The results showed that physical exercise improved cognitive function of rats 2 months after 2VO, reduced the number of C3/GFAP-positive neurotoxic astrocytes, promoted the expression of S100A10/GFAP-positive neuroprotective astrocytes, and enhanced primary ciliogenesis. Additionally, physical exercise also alleviated the phosphorylation of ERK and JNK proteins induced by CCH. These results indicate that physical exercise can improve the cognitive function of rats with CCH possible by promoting primary ciliogenesis and neuroprotective function of astrocytes. The MAPKs signaling cascade, especially ERK and JNK signaling pathways may be involved in this process.
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INTRODUCTION

Vascular diseases are always related to the cognitive impairment (Duncombe et al., 2017; Tang et al., 2021; Ungvari et al., 2021). More and more evidence show that vascular risk factors can lead to neurodegeneration, cognitive impairment and dementia (Duncombe et al., 2017). Certain areas of the brain responsible for the memory, cognition, and behavior are particularly vulnerable to insufficient blood supply (Thammisetty et al., 2021). Chronic cerebral hypoperfusion (CCH) often occurs due to diseases that affect the cerebral circulatory system, such as hypertension, diabetes, atherosclerosis and smoking, and is one of the prime factors leading to the development of vascular cognitive impairment and dementia (VCID) in the elderly (Thammisetty et al., 2021). CCH is also considered as a preclinical condition of mild cognitive impairment and precursor of dementia (Xu et al., 2020). In addition, CCH is a common and important cause of cognitive impairment associated with many neurodegenerative diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease, and it plays an indispensable role in the development of these diseases (Tang et al., 2017; Xie et al., 2018; Feng et al., 2021). Recent studies conducted by the American AD Research Center revealed that up to 80% of the sporadic and late onset AD have some form of brain vascular pathology (Duncombe et al., 2017; Xu et al., 2020). The inflammation, oxidative stress, and amyloid-β (Aβ) accumulation commonly existed in AD pathology have been reported to be associated with CCH. In addition, CCH was found to appear in the “early” stage of AD. Before the obvious symptoms of AD appear, arterial spin-labeled magnetic resonance imaging has detected changes in cerebral blood flow, indicating that CCH may be a potential biomarker of AD (Duncombe et al., 2017; Xu et al., 2020). In general, it has been demonstrated that there is considerable overlap between the characteristics of VCID and AD. CCH seems to be the common underlying pathophysiological mechanisms, and it is the main contributor to cognitive decline and degenerative development of dementia (Duncombe et al., 2017; Xu et al., 2020).

It is well known that neuroinflammation is considered to be the important pathogenic mechanism of CCH-induced cognitive impairment (Du et al., 2020). Considerable evidence shows that CCH can promote the occurrence and progression of cognitive impairment and dementia through neuroinflammation (Kim et al., 2017). Astrocytes are the most abundant cells and play multiple roles in the central nervous system (CNS). It has been confirmed that astrocytes participate in the immune response of the CNS, and are potential sentinels in the brain parenchyma together with microglia (Leardini-Tristao et al., 2020). In addition, astrocytes are not only involved in the regulation of neurotransmission, neurodevelopment, cerebral blood flow, metabolism and neurogenesis, their coverage integrity but also related to the brain homeostasis and cognition (Leardini-Tristao et al., 2020; Miyamoto et al., 2020). Recent studies have confirmed that astrocytes have two phenotypes, the neurotoxic A1 and neuroprotective A2 phenotype (Liddelow et al., 2017). However, astrocytes activated after CCH mainly transform to A1 phenotype, which lose their normal function and aggravate the neuroinflammation progression (Miyamoto et al., 2020; Jiang et al., 2021). On the one hand, the loss of normal A1 astrocytes function and the interruption of their interaction with blood vessels may lead to homeostasis destruction of neurovascular units and cognitive impairment (Leardini-Tristao et al., 2020; Presa et al., 2020). On the other hand, it has been shown that the neuroinflammatory processes aggravated by the activated neurotoxic astrocytes are essential for the initiation and progression of cognitive disorders (Kim et al., 2017). Therefore, modulating the polarization of activated astrocytes from neurotoxicity to neuroprotective phenotype may be one of the potential therapeutic targets for CCH-induced cognitive impairment.

There is evidence that primary cilia play important roles in regulating inflammation, and the disturbance of primary cilia may lead to gliosis and neuroinflammation (Singh et al., 2019). Primary cilia are essential for the development and maintenance of neural homeostasis in the mammalian brain (Sipos et al., 2018). They act as the “sensing antenna” of cells and are the central hub for receiving and transducing extracellular signals to elaborate biological responses to a wide range of developmental and physiological processes. Primary cilia always play key roles in cell cycle control, cell proliferation, migration, and polarity (Alvarez-Satta et al., 2019; Alhassen et al., 2021). Additionally, large numbers of convincing studies have shown that there are strong correlations between primary cilia and cognition (Hu et al., 2017; Alhassen et al., 2021). Defects in primary cilia can lead to age-related cognitive decline, and primary cilia may be potential targets for AD and/or other dementia (Alvarez-Satta et al., 2019). Most mammalian cells have primary cilia, including astrocytes (Sipos et al., 2018). In response to various brain injuries, such as traumatic brain injury, ischemia, and neurodegenerative diseases, astrocytes proliferation is coordinated with the ciliogenesis and dismantling of astrocytes cilia (Sterpka and Chen, 2018). A study has reported that primary cilia dysfunction caused by congenital deletion of BBSome protein 8 can induce A1-like astrocyte activation, neuroinflammation, and changes in postsynaptic density (Singh et al., 2019). Primary cilia are an important component of the sonic hedgehog (Shh) signaling pathway, and the activation of the latter can promote astrocyte polarization toward to A2 phenotype (Payan-Gomez et al., 2018). These studies indicate that primary cilia are involved in the regulation of the A1/A2 phenotypic polarization of astrocytes. At present, little is known about the physiological and pathological functions of astrocytic primary cilia (Sterpka et al., 2020). Further exploration of the role of primary cilia in reactive astrocytes will not only help to better understand the regulatory mechanism of astrocytes polarization, but also to develop potential therapeutics for cognitive disorders.

Over the years, there have been many studies on the benefits of physical exercise. A lot of scientific evidences show that there is a positive correlation between active sports lifestyle and health benefits (De la Rosa et al., 2020; Marques-Aleixo et al., 2021; Padilha et al., 2021). Physical exercise is an effective non-toxic strategy to prevent and treat many chronic diseases. Its positive effects in reducing the risk of all-cause death and extending life span have been widely documented (Scheffer and Latini, 2020). More and more evidences showed that physical exercise, including aerobic and resistance exercise training, can alleviate age-related cognitive impairment (Brach et al., 2021; Chow et al., 2021; Pronk, 2021). Physical exercise can promote different physiological phenomena including neurogenesis, synaptogenesis, angiogenesis, and neurotrophic factor stimulation by inducing a series of cellular and molecular processes, thereby causing changes in the brain at the cellular, molecular and anatomic level, and eventually enhancing learning, memory and brain plasticity (De la Rosa et al., 2020). Additionally, the beneficial effects of physical exercise on health outcomes also involve the regulation of the immune system. Regular physical exercise can prevent viral and bacterial infections and enhance the immune response to vaccines and pathogens. This makes physical exercise a valuable tool for preventing infectious diseases such as COVID-19 (Scheffer and Latini, 2020). Moreover, studies have shown that physical inactivity favors promoting the polarization of immune cells toward a pro-inflammatory phenotype. In contrast, regular moderate-intensity physical exercise can direct the immune response to an anti-inflammatory state, which is considered to be the main molecular mechanism required for the improvement of health outcomes (Scheffer and Latini, 2020). Our previous study also found that physical exercise can regulate the polarization of astrocytes from pro-inflammatory A1 to neuroprotective A2 phenotype, and improve the cognitive impairment of rats with CCH (Jiang et al., 2021).

In this study, we will investigate the effects of physical exercise on primary ciliogenesis and astrocyte polarization in rats with CCH. In addition, we will further investigate the role of MAPKs signaling cascades, including ERK, JNK, and P38 signaling pathways in this process.



MATERIALS AND METHODS


Experimental Animals and Groups

In this experiment, male Wistar rats 280–320 g were used and purchased from Unilever Laboratory Animal Company, Beijing. The rats were kept in cages with ambient temperature of 23 ± 1°C, humidity of 55 ± 5%, light/dark cycle of 12 h, and free access to food and water. All animal experiments were conducted in accordance with the Guide for the Care and Use of laboratory Animals of the National Institutes of Health (Publication No. 80-23, revised 1996) and approved by Institutional Animal Care and Use Committee of Wuhan University Center for Animal Experiment. The experimental rats were randomly divided into sham group and 2-vessel occlusion (2VO) group. The successful 2VO rats were further divided into control group and physical exercise group randomly. The experimental procedure is shown in Figure 1A.
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FIGURE 1. Flow diagram of the experiment and the novel object discrimination ratio in rats with chronic cerebral hypoperfusion. (A) Flow chart of experimental design to explore the effect and mechanism of physical exercise on cognitive function in 2VO rats. 2VO, 2 vessel occlusion; NOR, novel object recognition; MWM, Morris water maze. (B) The novel object discrimination ratio of rats in each group. n = 10. Experimental data are expressed as the means ± SD. *P < 0.05, **P < 0.01. Con, control; PE, physical exercise.




Experimental Animal Model

Chronic cerebral hypoperfusion model was established by bilateral common carotid artery occlusion (2VO) in rats as previously described. For the 2VO operation, the rats were anesthetized with pentobarbital and the neck was incised longitudinally through the midline. Subsequently, the bilaterally common carotid arteries were exposed and carefully separated from the adjacent vagus nerve. The distal and proximal portions of the common carotid arteries were double permanently ligated with two 4-0 silk wires, respectively. Finally, the bilaterally common carotid arteries were cut between the middle of the two ligations. Rats in the sham group were subjected to the same procedure without ligation and cutting. The rats were placed on the heating pad and observed until they were fully awake before being brought back to the cage.



Physical Exercise Intervention

As described in our previous study (Jiang et al., 2017, 2021), rats in the physical exercise group were given electric wheel running training 48 h after 2VO. The initial speed was 5 rpm and gradually increased to 7 rpm in the first week after 2VO. It increased to 10 rpm in the second week, 15 rpm in the third week, 20 rpm in the fourth week after 2VO, and then maintained this speed until behavioral testing. The training time is 20 mins each time, two times a day, and six consecutive days a week. The animals in sham group and control group were kept in cages without exercise training intervention.



Morris Water Maze Test

The water maze test was used to evaluate the hippocampus-dependent spatial learning and memory of rats (Ghafarimoghadam et al., 2022). The experiment was carried out in a circular tank with a water depth of 30 cm, a diameter of 150 cm, and a height of 50 cm. The pool was divided into four quadrants, and a 1.5 cm underwater platform was placed at a fixed location in one of the quadrants. The place navigation test was designed for 5 days and four times a day. The animals were released into the water from a position in the middle of the outer edges of the four quadrants and facing the wall of the pool. During each trial, the escape latency was recorded as the time to find the platform within 60 s, and rats that could not find the platform within 60 s were guided to the platform. After the 5 day place navigation test, the underwater platform was taken away, and a spatial probe test was conducted on each animal to evaluate the reference memory. The data was recorded by Animal Video Tracking Analysis System (Anilab Scientific Instruments Co., Ltd., Ningbo, China).



Novel Object Recognition Test

The novel object recognition test was used to evaluate non-spatial memory between the prefrontal and subcortical circuits in rats. As described in previous studies (Jiang et al., 2017, 2021), the experiment was carried out in a transparent open box (72 cm3 × 72 cm3 × 35 cm3). On the day before the test, rats were allowed to explore the box freely without any objects for 10 mins. The test on the second day was divided into two phases: familiarization and testing phase. In the familiarization phase, rats were placed in the box containing two identical objects and explored freely for 5 mins, and were considered to be exploring when they touched the objects with their noses or were within 1 cm of the objects. After the familiarization period, the box and objects were cleaned with 70% ethanol to eliminate residual odors. One hour later, during the testing phase, one of the objects was replaced with a new object of completely different size and shape, and the rats were allowed to explore the two different objects for 5 mins. The exploration time of familiar object (F) and new object (N) were recorded, respectively, and the discrimination ratio (DR) = N/(N + F) was calculated × 100%.



Tissue Preparation for Histochemistry

Two months after 2VO, rats in each group were sacrificed after behavioral testing. Rats were deeply anesthetized with pentobarbital and perfused transcardially with 0.9% saline at 4°C and 4% paraformaldehyde (PFA) successively. The brain tissues of rats were quickly separated and fixed in 4% PFA at 4°C for 24 h, and then dehydrated in 20% and 30% sucrose. Then, the brain tissues were embedded with OCT (American cherry blossom) and placed in a cryomicrotome (CM1900, Leica, Germany) for continuous coronal sectioning (10 μm) for subsequent histological experiments.



Immunofluorescence Staining

Immunofluorescence staining was as previously described (Jiang et al., 2017, 2021), the brain sections were pretreated in citrate buffer (85°C) for 5 mins for antigen retrieval, blocked with immunostaining blocking buffer (P0102, Beyotime, China) for 1 h at room temperature and then incubated overnight at 4°C with the following primary antibody: mixtures of mouse anti-GFAP antibody (1:200, Boster, China) and goat anti-C3d antibody (1:200, R&D, United States), mouse anti-GFAP (1:200, Boster, China) and chicken anti-S100A10 antibody (1:200, Abcam, United Kingdom), mouse anti-GFAP (1:200, Boster, China) and rabbit anti-ARL13B antibody (1:200, Proteintech, United States). The following day, brain sections were incubated with mixtures of goat anti-mouse IgG (DyLight 488 Conjugated; 1:200, Boster, China) and rabbit anti-goat IgG (CY3 Conjugated AffiniPure; 1:200, Boster, China), goat anti-mouse IgG (DyLight 488 Conjugated; 1:200, Boster, China) and goat anti-chicken IgG (Goat Anti-Chicken IgY; 1:400, Abcam, United Kingdom), and goat anti-mouse IgG (DyLight 488 Conjugated; 1:200, Boster, China) and goat anti-rabbit IgG (Alexa Fluor® 555 Conjugate; 1:500, Cell Signaling Technology, Boston, MA, United States) for 1 h at room temperature. Then, sections were washed with phosphate buffered solution (PBS) and sealed with a DAPI-containing antifade solution. The fluorescence signals were examined by fluorescence microscopy (BX53; Olympus).



Western Blot Analysis

The total protein was extracted from the corpus callosum of rats for western blot analysis. Briefly, rats were deeply anesthetized with pentobarbital and perfused transcardially with 4°C saline (50 ml). The corpus callosum was rapidly separated and removed on ice. After adding the lysis buffer, the brain tissue was fragmented using a tissue grinder. Protein concentrations of all extracted samples were measured using Bio-Rad Protein Assay (BioRad, Hercules, CA, United States) and bovine serum albumin (BSA) standards. A 30 μg protein sample was loaded and separated by sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and transferred to a polyvinylidene fluoride (PVDF) membrane, which was then incubated overnight at 4°C with the following primary antibody: ERK (1:1,000, Cell Signaling Technology, Boston, MA, United States), P-ERK (1:1,000, Beyotime, China), JNK (1:1,000, Cell Signaling Technology, Boston, MA, United States), P-JNK (1:1,000, Beyotime, China), P38 (1:1,000, Cell Signaling Technology, Boston, MA, United States), P-P38 (1:1,000, Beyotime, China) and GAPDH (1:1,000, Servicebio, Wuhan, China). Next, the membrane was washed and incubated with horse-radish peroxidase-labeled goat anti-rabbit and goat anti-mouse secondary antibody (1:10,000, Boster, China) for 1 h at room temperature. Finally, the enhanced chemiluminescence system was used to observe protein bands.



Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics 20.0 and GraphPad Prism 8.0. The data are expressed as mean ± SD. In the behavioral tests, the movement trajectories and data are recorded by behavioral recording software (Anilab Scientific Instruments Co., Ltd., Ningbo, China). For immunofluorescence, three slices of each brain were selected at the corpus callosum, and 3–6 regions of each slice were randomly selected to be photographed for analysis. To measure the length of primary cilia, the standard scale bar was used as the reference and the length of primary cilia was measured from the base to the top by Image J software (National Institutes of Health, Bethesda, MD, United States). All immunofluorescence data were analyzed by Image J software. For western blot, the gray value of the western blot bands was measured by Image J software, and the gray value of the target protein was compared with the GADPH. The escape latency and swimming speed in the MWM test were analyzed by repeated measures analysis of variance (ANOVA). The platform crossings and dwell time in the MWM test, the discrimination index in the NOR test and the results of immunofluorescence and Western blotting were evaluated by one-way ANOVA followed by Tukey’s post hoc test. P < 0.05 is considered to be statistically significant.




RESULTS


Physical Exercise Improved Cognitive Function in Rats With Chronic Cerebral Hypoperfusion

Spatial and non-spatial learning memory abilities of rats 2 months after 2VO were assessed by MWM and NOR test, respectively. The results of the NOR test showed that the ability of novel object recognition in the control group was impaired compared to the sham group (63.91 ± 8.44 vs 76.29 ± 8.83%; P < 0.01). However, physical exercise alleviated this deficit as shown by the significantly improved discrimination index for novel objects (75.13 ± 6.44 vs 63.91 ± 8.44%; P < 0.05; Figure 1B). The results of the MWM test showed that in the place navigation test (Figures 2A,B), the control group had a longer escape latency to find the underwater platform on days 3–5 compared to the sham group (day 3: 37.74 ± 11.28 vs 26.17 ± 11.37 s, P < 0.05; day 4: 29.04 ± 4.96 vs 19.47 ± 6.79 s, P < 0.01; day 5: 25.67 ± 6.08 vs 14.38 ± 6.66 s, P < 0.01; respectively). However, the escape latency of the physical exercise group on days 3–5 was significantly shorter than the control group (day 3: 21.28 ± 7.56 vs 37.74 ± 11.28 s, P < 0.01; day 4: 18.46 ± 4.18 vs 29.04 ± 4.96 s, P < 0.001; day 5: 16.19 ± 5.11 vs 25.67 ± 6.08 s, P < 0.01; respectively). In the spatial probe test (Figures 2C–E), the control group had a reduced number of platform crossings (0.90 ± 0.57 vs 2.30 ± 1.25, P < 0.05) and decreased dwell time in the target quadrant (16.81 ± 5.17 vs 26.94 ± 10.00 s, P < 0.05) compared with the sham group. However, physical exercise increased the number of crossing the platform (2.20 ± 1.03 vs 0.90 ± 0.57, P < 0.05) and the time spent in the target quadrant (25.47 ± 5.91 vs 16.81 ± 5.17 s, P < 0.05) in rats relative to the control group. The above results indicate that physical exercise can improve not only the spatial memory but also the non-spatial memory between the prefrontal and subcortical circuits in rats with CCH.
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FIGURE 2. Physical exercise improved spatial memory in rats with chronic cerebral hypoperfusion. In the place navigation test: (A) the escape latency of rats in each group. PE vs. Con: **P < 0.01, ***P < 0.001; Sham vs. Con: #P < 0.05, ##P < 0.01. (B) The swimming speed of rats in each group. There was significant difference in the escape latency (P < 0.001) but not the swimming speed (P > 0.05) between the different groups in the overall. In the spatial probe test: (C) Representative swimming trajectories of rats in each group. (D) Times of crossing the target platform of rats in each group. (E) Time spent in the target quadrant of rats in each group. n = 10. Experimental data are expressed as the means ± SD. *P < 0.05, **P < 0.01. Con, control; PE, physical exercise.




Physical Exercise Promoted the Polarization of Astrocytes to Neuroprotective Phenotype

To investigate the effect of physical exercise on the phenotypic polarization of astrocytes in the brain of rats 2 months after 2VO, the C3/GFAP and the S100A10/GFAP immunofluorescent double-label staining were performed. In which C3 is considered as a marker for neurotoxic astrocytes of A1- phenotype and S100A10 is considered as a marker for neuroprotective astrocytes of A2- phenotype. The results showed an increased number of GFAP-positive astrocytes in the control group compared with the sham group (P < 0.001; Figures 3A,B, 4A,B), indicating that there is astrocytes response and activation after CCH. At the same time, the number of C3/GFAP-positive astrocytes was also significantly higher in the control group (221.63 ± 7.14 vs 103.45 ± 13.02/mm2; P < 0.001; Figures 3A,C), suggesting that activated astrocytes may shift primarily toward the A1 phenotype. However, physical exercise reduced the number of C3/GFAP-positive astrocytes (149.00 ± 8.41 vs 221.63 ± 7.14/mm2; P < 0.001) and promoted the expression of S100A10/GFAP-positive astrocytes (132.13 ± 4.75 vs 38.41 ± 7.37/mm2; P < 0.001) compared to the control group (Figures 3A,C, 4A,C). These results suggest that physical exercise may create a favorable microenvironment for promoting the activated astrocytes polarization from A1 to A2 phenotype, and eventually exert neuroprotective functions.
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FIGURE 3. Physical exercise decreased the number of A1 neurotoxic astrocytes. (A) Representative immunofluorescence images for GFAP (green) and C3 (red) double staining of rats in each group in the corpus callosum. Scale bar = 50 μm. (B) The quantification of GFAP positive astrocytes and (C) C3/GFAP positive A1 astrocytes. n = 6. Experimental data are expressed as the means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. GFAP, glial fibrillary acidic protein; C3, complement 3.
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FIGURE 4. Physical exercise enhanced the expression of A2 neuroprotective astrocytes. (A) Representative immunofluorescence images for GFAP (green) and S100A10 (red) double staining of rats in each group in the corpus callosum. Scale bar = 50 μm. (B) The quantification of GFAP positive astrocytes and (C) S100A10/GFAP positive A2 astrocytes. n = 6. Experimental data are expressed as the means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. S100A10, S100 calcium binding protein A10.




Physical Exercise Enhanced Primary Cilia Expression and Promoted the Length Recovery of Primary Cilia in Astrocytes

The ARL13B/GFAP immunofluorescence double staining was performed to evaluate the effects of physical exercise on primary cilia expression in astrocytes of rats after 2VO. ARL13B is considered to be the main marker of primary cilia in astrocytes. The results showed that the average length of astrocytic primary cilia in the sham group was about 2.62 ± 0.33 μm (Figure 5C). Compared with the sham group, the expression (28.39 ± 3.17 vs 32.86 ± 8.76%; P > 0.05) and length of primary cilia (2.18 ± 0.27 vs 2.62 ± 0.33 μm; P < 0.05) in astrocytes were decreased in the control group (Figures 5A–C). The results indicate that the primary cilia of astrocytes have undergone adaptive expression and morphological changes to reduce the cilia signal transduction in astrocytes, in turn affecting astrocytes responses and functions to injury under CCH. However, physical exercise can promote not only astrocytic primary ciliogenesis (36.69 ± 5.59 vs 28.39 ± 3.17%; P < 0.05; Figures 5A,B), but also the restoration of primary ciliary length (2.81 ± 0.38 vs 2.18 ± 0.27 μm; P < 0.05; Figures 5A,C). These results suggest that physical exercise may affect the function of astrocytes by regulating the occurrence and length of astrocytic primary cilia.
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FIGURE 5. Physical exercise augmented the expression and length of primary cilia in astrocytes. (A) Representative immunofluorescence images for GFAP (green) and ARL13B (red) double staining of rats in each group in the corpus callosum. Scale bar = 50 μm. (B) Quantification of the percentage of astrocytes containing primary cilia. (C) Quantification of length of astrocytic primary cilia. n = 6. Experimental data are expressed as the means ± SD. *P < 0.05. ARL13B, ADP-ribosylation factor-like 13B.




Physical Exercise Reduced the Phosphorylation Levels of ERK and JNK Pathway

To assess the effects of physical exercise on the MAPKs signaling cascades, including ERK, JNK and P38 signaling pathways in rats 2 months after 2VO, Western blot analysis was performed to detect the protein expression of ERK1/2, P-ERK1/2, JNK, P-JNK, P38, and P-P38 in the corpus callosum. According to the results, the control group showed increased phosphorylation level of ERK1/2 and JNK compared with the sham group (P < 0.05 and P < 0.001). However, physical exercise ameliorated these negative effects, as evidenced by significantly lower phosphorylation levels of ERK and JNK (P < 0.05 and P < 0.05; Figures 6A–D). These findings showed that physical exercise can modulate the expression of MAPKs signaling cascades especially ERK1/2 and JNK pathways.
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FIGURE 6. Physical exercise inhibited ERK and JNK phosphorylation. (A) Representative images for western blotting of ERK, p-ERK, JNK, p-JNK, P38, and p-P38 expressions. (B–D) Densitometry analyses of the expression of ERK, p-ERK, JNK, p-JNK, P38, and p-P38 normalized to GAPDH. n = 5. Experimental data are expressed as the means ± SD. *P < 0.05, ***P < 0.001.





DISCUSSION

Physical exercise has beneficial effects on both peripheral tissues and CNS, and is a kind of safe and effective intervention to improve cognitive function (Maugeri et al., 2021). In human and animal models, the multiple benefits of regular physical exercise have been fully demonstrated. Whether aerobic exercise, anaerobic exercise or resistance exercise, are all considered to be beneficial to physical and mental health (Xu et al., 2021). More and more evidence showed that physical exercise can help maintain optimal cerebrovascular function, thereby preventing or slowing down the occurrence and development of cognitive impairment (Bliss et al., 2021). In this study, we found that wheel running exercise for 2 months can improve the spatial memory and non-spatial memory of CCH rats (Figures 1B, 2A–E). This is consistent with our previous study, which found that physical exercise alleviated the cognitive impairment of 2VO rats, and the effects tended to be more pronounced as the duration of exercise increased (Jiang et al., 2021). Similarly, some studies have shown that long-term physical exercise has positive effects through delaying the onset of physiological memory loss. However, it is worth mentioning that the late-onset exercise intervention has also shown positive impacts in delaying brain aging (De la Rosa et al., 2020). At present, the effects of pharmacological treatment for patients with cognitive impairment and dementia are limited, which not only brings a huge economic burden to society, but also seriously affects the quality of life of families facing such conditions. Since physical exercise has significant beneficial effects on the cognitive function of different diseases, it has aroused a lot of research interests as a kind of safe and effective non-drug treatment (Chan et al., 2021; Consorti et al., 2021). Physical exercise cannot only be used as a therapeutic protocol for neurological diseases, but also help to unlock the potential molecular targets of pharmacological methods (Consorti et al., 2021). Recently, exercise mimetics have been proposed as a class of therapeutics that can specifically mimic or enhance the therapeutic effects of physical exercise. Clarifying the mechanism mediating the beneficial impacts of exercise at the molecular, cellular and system levels is essential for the development of novel exercise mimetics (Gubert and Hannan, 2021). However, the underlying mechanism by which exercise may improve cognition remains unclear.

Recently, more and more studies have shown that the changes in astrocytes may be a key mechanism accounting for the improvement of cognitive and executive functions related to exercise (Li et al., 2021; Maugeri et al., 2021). Astrocytes are the main homeostasis and defense elements of the brain, helping to maintain cognitive reserve through a variety of mechanisms (Verkhratsky et al., 2021). They can communicate with neurons and other astrocytes in a bidirectional manner by releasing transmitters, increasing synaptic activity and strength, and play an active role in storing and processing information in the brain (Maugeri et al., 2021). It has been shown that the multiple effects of physical exercise on astrocytes include the number of new astrocytes increase, the basal level of catecholamines maintenance, the glutamate uptake enhance, the trophic factors release, and the better astrocytic coverage of cerebral blood vessels (Maugeri et al., 2021). In this study, we found that the astrocytes were activated in the brain of rats 2 months after 2VO, and they were mainly polarized toward the neurotoxic A1 phenotype. While physical exercise can switch the polarization of astrocytes from neurotoxic A1 to neuroprotective A2 phenotype (Figures 3A–C, 4A–C). Our previous study also reported that physical exercise cannot only modulate the transition of microglia from M1 to M2 phenotype, but also regulate the phenotypic polarization of astrocytes (Jiang et al., 2021). Consistently, similar studies have revealed that the low intensity motor balance and coordinated exercise can suppress the phenotypic polarization of M1 microglia and A1 astrocytes in the hippocampus of AD mice, contributing to the inhibition of Aβ accumulation and counteraction of behavioral and cognitive decline (Nakanishi et al., 2021). Recent studies have also emphasized the importance of physical activity as an intervention to prevent development of a severe form of COVID-19, as exercise can suppress excessive immune responses and trigger anti-inflammatory functions to promote psychological health (Maugeri et al., 2021). Interestingly, studies have shown that astrocytes may be the perspective targets of exercise mimetics (Lalo and Pankratov, 2021). In general, astrocytes are the central components for physical exercise-induced cognitive improvement in many neurodegenerative and neurovascular diseases (Li et al., 2021). The modulation of astrocytes polarization from neurotoxic A1 to neuroprotective A2 phenotypes may be an important mechanism involved.

As mentioned before, studies have indicated that primary cilia are involved in the regulation of the A1/A2 phenotypic polarization of astrocytes. It is well known that primary cilia can regulate astrocyte proliferation, polarization and tissue regeneration (Sterpka et al., 2020). Since primary cilia originate from the maternal centrioles, astrocytes proliferation must be coordinated with the dismantling and ciliogenesis of astrocytic cilia (Sterpka and Chen, 2018). Studying astrocytic primary cilia will provide useful clues for intervention in reactive astrocytes to combat various neuropathologies such as brain injury and ischemia (Sterpka and Chen, 2018). Primary cilia can be used as sensors for chemical and mechanical cues from cellular environment and play critical roles in transducing environmental stimuli and concentrating signal molecules to regulate cellular properties (Sun et al., 2021; Tereshko et al., 2021). However, current research about the effects of physical exercise on primary cilia is still limited. In this study, we found that the average length of primary cilia in the corpus callosum varied between 2.62 ± 0.33 μm in the sham group. Compared with the sham group, the length of astrocytic primary cilia in rats with CCH was shortened. In addition, the incidence of cilia also showed a decreasing trend, but there was no significant difference. However, physical exercise can significantly increase the expression and length of astrocytic primary cilia in the brain of rats 2 months after 2VO (Figures 5A–C). The length of primary cilia is closely related to their functions. Studies have found that primary cilia in hypocretin/orexin cells of obese mice were shorter, resulting in losing their ability to sense the local environment in the lateral/perifonical hypothalamus (Tan et al., 2020). Similarly, the shortened Arl13b-positive astrocytic cilia can be observed in the hippocampus of mice with spontaneous seizures (Sterpka et al., 2020). Whereas the ciliary length elongation has been proposed to fine-tune signaling activity of organelles in response to changes in the extracellular environment. The longer the cilia, the more functional they are and the greater capacity for signaling transduction in their internal receptor system (Brodsky et al., 2017; Sterpka et al., 2020). Therefore, astrocytic primary cilia are shortened after CCH, which may impair the ability of astrocytes to maintain normal function and perceive local damage environment, leading astrocytes polarization primarily toward the neurotoxic A1 phenotype. In contrast, physical exercise can rescue this negative impact and modulate astrocytes polarization to neuroprotective A2 phenotype by promoting primary cilia expression and elongation.

In order to clarify the possible mechanisms involved in the regulation of primary ciliogenesis and astrocyte polarization by physical exercise, we further observed the expression of mitogen-activated protein kinases (MAPKs) cascades. The MAPKs cascades mainly include JNK, P38, and ERK signaling pathways. They are involved in the regulation of cell proliferation, differentiation, migration, apoptosis and senescence, and are core components in signaling networks in various mammalian cells (Asih et al., 2020). Additionally, MAPKs are also the main effectors of inflammatory and mechanical stress (He et al., 2016). In this study, we found that compared with the sham group, the ERK and JNK signaling pathways in the brain of rats with CCH were activated, and physical exercise significantly reduced the expression of phosphorylated ERK and JNK, but without significant effects on the expression of the phosphorylated P38 (Figures 6A–D). These results are consistent with our previous study. We previously revealed that physical exercise can reduce ERK and JNK phosphorylation in the brain of rats 28 days after 2VO and promote microglia polarization from neurotoxic M1 to neuroprotective M2 phenotype, and finally promote remyelination and cognition improvement (Jiang et al., 2021). These findings suggest that the ERK and JNK signaling pathways may be the important effectors of exercise-induced anti neuroinflammatory responses. The inhibition of MAPKs activation, such as ERK, JNK, or P38, cannot only reduce inflammatory factors released from astrocytes and prevent astrocytes forming neurotoxic activity, but also increase neurotrophic factors release, maintain stable expression of glutamine synthetase from astrocytes, and promote neuroprotective effects of astrocytes (Efremova et al., 2017; Li et al., 2017; Liu et al., 2017; Wang et al., 2018, 2021; Zhou et al., 2019). Studies have also shown that mechanical signals sensed by primary cilia were transduced into biochemical signals involving pathways including ERK, JNK, and P38 (He et al., 2016). In some ciliopathy and cystic disease, MAPKs are important effector pathways closely associated with the process of ciliogenesis (Ma et al., 2013). Therefore, physical exercise may reduce the activation of ERK and JNK signaling pathways through regulating astrocytic primary cilia, and promote the activated astrocytes polarization from neurotoxic A1 to A2 phenotype to exert neuroprotective effects.

In summary, we have provided new evidence for clarifying the mechanism of physical exercise induced cognitive function recovery in CCH. Physical exercise can promote reactive astrocytes to exert neuroprotective roles by enhancing primary cilia length and ciliogenesis, and finally improve the cognitive function of rats with CCH. Moreover, the JNK and ERK signaling pathways are at least partly involved in this regulatory process (Figure 7).


[image: image]

FIGURE 7. Schematic diagram for the possible mechanism of primary cilia and astrocyte polarization involved in physical exercise induced cognitive improvement in rats with chronic cerebral perfusion.
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