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Post-stroke anxiety severely affects recovery in patients with intracerebral hemorrhage (ICH). Dexmedetomidine (Dex), a highly selective alpha 2 adrenal receptor (α2-AR) agonist, was recently found to exert an excellent protective effect against mental disorders including anxiety. The transient receptor potential vanilloid 4 (TRPV4) channel is involved in a series of diseases such as asthma, cancer, anxiety, and cardiac hypertrophy. This study examines whether Dex improved ICH-induced anxiety via the inhibition of TRPV4 channel opening. A rodent model of moderate ICH in the basal ganglia was established using autologous blood injection (20 μl). Mice were treated with Dex (25 μg/kg, intraperitoneal injection) every day for 3 days post-ICH. GSK1016790A (1 μmol/2 μl), an agonist of TRPV4, was administered via the left lateral ventricle. Thirty days post-ICH, post-stroke anxiety was evaluated by elevated plus-maze and open-field tests. Following behavioral tests, superoxide dismutase (SOD), malondialdehyde (MDA), astrocytic activation, and A1-and A2-type astrocytes were determined. Primary astrocytes were exposed to hemin to simulate ICH in vitro. Compared with sham-treated mice, Dex administration ameliorates ICH-induced decreases of distance and time in the open-arm, reduces distance and time in the central zone, increases astrocytic activation and A1-type astrocytes, elevates MDA content, downregulates total SOD contents, and decreases A2-type astrocytes. However, GSK1016790A partially reversed the neuroprotective effects of Dex. In addition, Dex significantly inhibited hemin-induced astrocytic activation in vitro. Dex improves ICH-induced anxiety-like behaviors in mice, and the mechanism might be associated with the inhibition of TRPV4-channel opening.
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INTRODUCTION
Although spontaneous intracerebral hemorrhage (ICH) represents a relatively small percentage of all types of strokes, the resultant high mortality and disability rates impose a heavy economic and social burden (Murayama et al., 2016). Ischemic injury induced by hematoma mechanical compression, blood–brain barrier disruption that results from hemoglobin, and metabolism disorders caused by inflammatory response have been suggested to lead to secondary brain damage (Wang et al., 2018; Zhu et al., 2019). Mental disorders following a moderate ICH such as anxiety, have recently received attention because of secondary brain injury (Koivunen et al., 2015). Numerous publications have demonstrated that post-stroke anxiety severely hinders patients with an ICH from returning to society (Sallinen et al., 2019). The potential functions of anti-inflammatory agents including cell-permeable peptides, and anti-oxidative stress agents including hydrogen gas have been widely demonstrated in animal models of ICH (Luo et al., 2019; An et al., 2022). Effective strategies or drugs for the treatment of ICH are not yet available in clinical practice.
Dexmedetomidine (Dex) induces norepinephrine releases on the presynaptic membrane via activating alpha 2 adrenal receptor, which exerts analgesic, sedative, sympatholytic, and anxiolytic effects (Keating, 2015). Recently, Dex has been reported to inhibit the production of inflammatory cytokines in multiple organs including the brain, kidney, and lungs (Zhang Y. et al., 2018; Bao and Dai, 2020; Mei et al., 2021). In addition, Chen et al. (2018) showed that the protective effects of Dex are associated with the attenuation of apoptosis and the inhibition of oxidative stress. It is worth noting that Dex significantly suppresses inflammasome activation and maintains the integrity and permeability of the blood–brain barrier under the ICH condition (Song and Zhang, 2019). Interestingly, Dex can improve a patient’s anxiety, and reduce the incidence rate of cognitive dysfunction (Ji et al., 2014; Wu and Kang, 2020). However, little is known about the potential anxiolytic effects of Dex in mild ICH, including its potential involvement in antioxidative and anti-inflammatory responses.
Alpha 2 adrenal receptor is co-localized with transient receptor potential vanilloid (TRPV) receptor, and it was suggested that dexmedetomidine contributes to the anti-nociceptive action via inhibition of TRPV (Lee et al., 2020). As a member of the transient receptor potential (TRP) superfamily, it has been demonstrated that the TRPV4 channel exists widely in the central nervous system (Kitchen et al., 2020). A variety of stimuli including moderate temperature, mechanical stimulation, and cell swelling can activate the opening of TRPV4 channels, subsequently inducing the influx of the calcium ion (Vriens et al., 2004). Changes in the calcium ion concentration further regulate the integrity of the blood-cerebrospinal fluid barrier, cell volume, tension of cerebral vessels, and excitability of neurons (Dunn et al., 2013). Under brain ischemia and reperfusion conditions, it was reported that neuronal death and brain edema are associated with the participation of TRPV4 channels. Moreover, the inhibition of the TRPV4-channel opening also exhibits a neuroprotective effect in ICH (Shen et al., 2019). Astrocyte, one of the most widely distributed cell types in the brain, has been suggested to involve in structural and functional modifications of neurons (Liu and Chopp, 2016). Astrocyte inflammation and dysfunction are related to the pathogenesis of anxiety-associated diseases (Yang et al., 2016; Martin-Fernandez et al., 2017). Intriguingly, TRPV4 channels also plays a vital role in the regulation of astrocytes in a series of diseases such as hypertension and stroke (Filosa et al., 2013; Wang et al., 2019). Based on these findings, we examined whether TRPV4 channels in astrocytes participate in the process of ICH-induced pathophysiology.
Therefore, we hypothesized that Dex administration ameliorated anxiety-like behaviors in mice with ICH. In addition, we also investigated whether TRPV4 channels in astrocytes were involved in the neuroprotective effects of Dex.
MATERIALS AND METHODS
Experimental Animals
Adult male C57BL/6 mice (25–30 g, 10–12 weeks) were purchased from Changsheng Biotechnology Co., Ltd (Benxi, Liaoning, China). All mice were allowed to take food and water freely, and kept in a 12-h alternating light and dark facility at 25 ± 1°C and a humidity of 50–70%. The tests involving animals were performed according to the guidelines of the Animal Ethics Committee of China Medical University.
Grouping and Treatments
Thirty-six adult male C57BL/6 mice were divided into six groups according to a computer-based randomization in experiment 1 (n = 12) as follows: 1) sham + vehicle, 2) ICH + vehicle, and 3) ICH + Dex. Autologous blood injection in the basal ganglia was used to establish a mild ICH model in mice. Based on previous studies (Gu et al., 2011; Liang et al., 2017) and our preliminary experiments, 25 μg/kg of Dex (Jiangsu Hengrui Medicine Co., Ltd., Jiangsu, China) was administered using intraperitoneal injection post-ICH daily for 3 days. Mice in sham + vehicle and ICH + vehicle groups received an equal volume of saline via intraperitoneal injection (Figure 1A).
[image: Figure 1]FIGURE 1 | Experimental schematic diagram. Mice with intracerebral hemorrhage (ICH) and dexmedetomidine (Dex) administration. Elevated plus-maze and open-field tests were used to evaluate anxiety-like behaviors. ICH: Rats received an injection of autologous arterial blood (20 μl) in the basal ganglia. mNSS: modified neurological severity score (A) Dex: 25 μg/kg Dex using intraperitoneal injection was administered post-ICH daily for 3 days. (B) GSK: GSK1016790A, an agonist of transient receptor potential vanilloid 4 (TRPV4), injected into the left lateral ventricle 30 min before Dex administration. Sham: Mice underwent identical surgery except for ICH treatment.
Twenty-four adult male C57BL/6 mice were divided into two groups according to a computer-based randomization in experiment 2 (n = 12) as follows: 1) ICH + Dex + GSK and 2) ICH + Dex + vehicle. GSK1016790A (GSK, 1 μmol/2 μl, HY-19608, MedChemExpress, United States), an agonist of TRPV4, was dissolved in 10% dimethyl sulfoxide (DMSO) (D8418, Beyotime, China) and 90% corn oil (HY-Y1888, MedChemExpress, United States), and injected into the left lateral ventricle (stereotaxic coordinates: 1.0 mm lateral to the midline, 0.3 mm posterior to the bregma, and 2.5 mm below the skull) 30 min before Dex administration. Vehicle was administered with an equivalent volume of DMSO plus corn oil as a control (Figure 1B).
Intracerebral Hemorrhage Model
Following anesthetic induction with 7–8% sevoflurane, mice were fixed on a warming pad (temperature, 38 ± 1°C) with 2–3% sevoflurane. After sterilization, shaving, and exposing the skull, we made a hole on the skull (1 mm in diameter and 2 mm to the right of the bregma). We infused 5 μl of autologous arterial blood obtained from the central tail artery using a microsyringe into the basal ganglia (0.4 mm anterior and 2.0 mm right lateral to the bregma) at 2.8 mm ventral to the skull. Five minutes later, the needle was further deepened to 3.5 mm ventral to the skull, and 15 μl of autologous arterial blood was infused. Five minutes later, the needle was slowly withdrawn. Bone wax was used to cover the drill site, and then the skin was closed through the interrupted suture. In mice with sham treatment, the sham group, 20 μl of sterile saline (0.9%) was administered into the basal ganglia.
Neurological Behavioral Assessment
The modified neurological severity score (mNSS) was used to evaluate the severity of ICH at 24 h and 30 d after surgical exposure. Four functions including sensory (visual, tactile, and proprioceptive tests), motor (test by raising mouse by the tail and placing it on the floor), balance (beam-balance tests), and reflex (reflexes absent and abnormal movements) were performed by two observers who were blinded to the experiments on a scale of 0–18. Severe, moderate, and mild ICH were classified based on scores of 1–6, 7–12, and 13–18, respectively.
Open Field Test
At 30 d after ICH, the open-field test (OFT) was used to assess the anxiety-like behaviors in mice. After acclimatizing to the room for 1 h, mice were placed into an acrylic container (length: 60 cm; width: 60 cm; height: 60 cm). At the beginning of each trial, each mouse was placed at the bottom right of the container. After 1 min of adaptation, the behaviors of mice were recorded for 5 min. The movement was tracked by a video camera fixed 1 m above the container. The apparatus was cleaned with 75% alcohol to remove the smell. The distance, speed, time, and distance in the central zone were recorded and further analyzed.
Elevated Plus Maze Test
After the OFT was completed, the elevated plus-maze test (EPMT) was also used to measure the anxiety-like behaviors in mice. The elevated plus-maze was constituted by two closed arms (with walls of 40.5 cm in height) and two open arms (without walls). The apparatus was placed on a position that was elevated 70 cm from the ground. Mice facing the open arm were positioned in the center of the apparatus, and their behaviors were recorded for 5 min. The apparatus was cleaned with 75% alcohol to remove the smell. The distance and time spent in the open arm were used to analyze for anxiety-like behaviors.
Culture of Primary Astrocytes and Treatment Administration
We obtained primary mouse astrocytes from newborns within 24 h. Cortical tissues were minced, digested with 0.025% pancreatic enzymes, and filtered using 200 mesh. Following centrifugation, we resuspended precipitates in Dulbecco’s modified eagle medium (DMEM) medium with 10% fetal bovine serum (FBS). Primary cell cultures were incubated in a humidified atmosphere of 95% air and 5% CO2 at 37°C. On day in vitro (DIV) 3, half of the culture medium was removed and replaced with fresh DMEM medium with 10% FBS. On DIV 7, astrocyte cultures were purified by shaking with 270 r/min for 2 h at 37°C in an orbital shaker. Cells in the culture were shown to be astrocytes with a purity of 97 ± 2% after characterization by immunostaining using a primary anti-autoimmune glial fibrillary acidic protein (GFAP) antibody. On DIV 9, the astrocytes were randomly divided into five groups: 1) control + vehicle 1; 2) hemin + vehicle 1; 3) hemin + Dex; 4) hemin + Dex + vehicle 2; 5) hemin + Dex + GSK. 30 μM of hemin (HY-19424, MedChemExpress, United States) dissolved in DMSO for 12 h was used to imitate ICH in vitro. Dex (1 μM) and GSK1016790A (1 μM) were administered into cell culture 30 min after hemin treatment. 0.9% saline and DMSO were used as vehicle 1 and vehicle 2, respectively.
Cell Viability Assay and Lactate Dehydrogenase Assay
Cell counting kit-8 (CCK-8) (C0038, Beyotime, China) was used to measure cell viability. In addition, a lactate dehydrogenase (LDH) cytotoxicity assay kit (C0016, Beyotime, China) was used to evaluate cell injury. Astrocytes plated into a 96-well plate were treated with the above-mentioned exposures. Then the experiment continued according to the instructions for the usage of kits. Absorbances at 450 and 490 nm were read using a microplate absorbance reader (DeTie, Nanjing, China). Acquired data were expressed as the percentage of the control + vehicle 1 group.
Measurements of Reactive Oxygen Species and Superoxide Dismutase Contents
Contents of malondialdehyde (MDA) and superoxide dismutase (SOD) were measured using MDA (thiobarbituric acid method) (A003, Jiancheng, Nanjing, China) and SOD (WST-1 method) (A001, Jiancheng, Nanjing, China) assay kits according to the manufacturers’ instructions, respectively.
Immunofluorescence
Once behavior tests ended, mice were anesthetized with sevoflurane, and perfused with 4°C saline containing heparin and 4% paraformaldehyde in sequence. The cerebral tissue was rapidly removed, dehydrated, and embedded in the paraffin. Then, 4-μm thick coronal paraffin slices were used for immunofluorescence assay. Primary antibodies including mouse monoclonal anti-GFAP (catalog #AF0156, lot #061220201221, 1:100; Beyotime, Shanghai, China), rabbit polyclonal anti-C3 complement (1:100; Beyotime, Shanghai, China), and rabbit polyclonal anti-S100β (1:100; Beyotime, Shanghai, China) were assayed for 12 h at 4°C. Cy3-conjugated goat anti-mouse IgG (1:500; Beyotime, Shanghai, China) and fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (1:500; Beyotime, Shanghai, China) were used as secondary antibodies. Nuclei were labeled with 4′,6-diamidino-2-phenylindole (DAPI) (10 μg/ml, C1002, Beyotime, China) after the last wash with phosphate-buffered saline. Fluorescent signals were detected with a fluorescence microscope (DP70, Olympus, Japan). Fluorescence analysis and cell count were performed using ImageJ software. Six fields with a magnification of 200× in three sections were randomly selected from each group. Sholl analysis was performed to assess branch tips in a given astrocyte indicated by GFAP-positive cells. The percentage of GFAP- and C3 complement-positive cells, and GFAP- and S100β-positive cells were analyzed using Image-Pro Plus 6.0 (NIH, Bethesda, MD, United States).
Statistical Analysis
All data are presented as a mean ± standard deviation (SD), then analyzed using GraphPad prism 8.0 software (GraphPad Software Inc., San Diego, CA, United States). The homogeneity of variance hypothesis was identified using the Levene test. Statistical comparisons were made using one-way ANOVA following Tukey post hoc test. For all comparisons, statistical significance was set at a p < 0.05.
RESULTS
Dex Administration Attenuated Anxiety-Like Behaviors After ICH
Evaluation of behavioral performance was carried out at 24 h and 30 d after ICH. It was shown that mNSS at 24 h after ICH in the sham + vehicle group was significantly lower than that in the ICH + vehicle and ICH + Dex groups (sham + vehicle versus ICH + vehicle, p < 0.0001; sham + vehicle versus ICH + Dex, p < 0.0001; Figure 2A). However, there was no remarkable difference in the mNSS between ICH + vehicle and ICH + Dex groups (Figure 2A). In addition, there was also no difference in the mNSS between the three groups (Figure 2B).
[image: Figure 2]FIGURE 2 | Dexmedetomidine administration attenuated anxiety-like behaviors after ICH exposure. (A,B) Changes in the mNSS caused by the indicated stimuli 1 and 30 d post-ICH. (C) Computer printouts of shift trajectories in the elevated plus-maze test caused by the indicated stimuli 30 d post-ICH. (D,E) Distance and time in the open-arm during the elevated plus-maze test results caused by the indicated stimuli 30 d post-ICH. (F) Computer printouts of shift trajectories in the open-field caused by the indicated stimuli 30 d post-ICH. (G–I) Distance and time in the central zone, and average speed during the open-field test results caused by the indicated stimuli 30 d post-ICH. Data are presented as the mean ± SD (n = 12). Sham, ICH, and Dex are described above.
Anxiety, a negative emotional state, has been reported to be related with the perception of potential or ambiguous threat (Rombolà et al., 2017). The distance and time in the open arm indicated by the EPMT and the distance and time in the central zone indicated by the OFT were used to evaluate the negative emotional state mentioned above. Compared with sham-treated mice, ICH-treated mice exhibited a significant attenuation of distance (versus sham + vehicle, p < 0.0001; Figures 2C,D) and time (versus sham + vehicle, p < 0.0001; Figures 2C,E) in the open-arm time. In the OFT, mice exposed to ICH walked less distance (versus sham + vehicle, p < 0.0001; Figures 2F,G) and spent less time (versus sham + vehicle, p < 0.0001; Figures 2F,H) in the central zone than that of the sham animals in a 5-min test session. However, compared with ICH-treated animals, Dex administration attenuated the open-arm distance (versus ICH + vehicle, p = 0.0008; Figures 2C,D) and time (versus ICH + vehicle, p = 0.0003; Figures 2C,E) in the EPMT, as well as the distance to the center (versus ICH + vehicle, p = 0.0003; Figures 2F,G) and time (versus ICH + vehicle, p = 0.0002; Figures 2F,H) in the OFT. In addition, there was no significant difference of average speed in the EPMT and OFT between the above three groups (Figures 2F,I).
Dex Administration Mitigated Oxidative Stress and Neuronal Injury Post-ICH
The total SOD and MDA contents around the hematoma in the corpus striatum were used to assess oxidative stress at 30 days after ICH. As shown in Figure 3, compared to mice exposed to sham treatment, ICH resulted in a significant reduction in the total SOD content (versus sham + vehicle, p < 0.0001; Figure 3A), but an increase in the MDA content (versus sham + vehicle, p < 0.0001; Figure 3B) occurred in mice treated with ICH plus vehicle. However, compared to mice with ICH exposure, the content of total SOD was partially restored (versus ICH + vehicle, p = 0.0277; Figure 3A), but the content of MDA (versus ICH + vehicle, p < 0.0001; Figure 3B) was heavily attenuated in mice with ICH plus Dex treatment. As a neural characteristic structure, the number of Nissl bodies reflects the state of neurons. Compared with sham animals, ICH exposure remarkably decreased the number of Nissl bodies around the hematoma in the corpus striatum (versus sham + vehicle, p < 0.0001; Figures 3C,D) at 30 days after ICH, while Dex treatment partially reversed these changes (versus ICH + vehicle, p < 0.0001; Figures 3C,D).
[image: Figure 3]FIGURE 3 | Dexmedetomidine administration attenuated oxidative stress and neuronal injury after ICH exposure. (A,B) Changes in the total SOD and MDA contents around the hematoma in the corpus striatum caused by the indicated stimuli. (C,D) Representative photomicrographs of Nissl staining and Nissl bodies around the hematoma in the corpus striatum caused by the indicated stimuli. Arrows indicate Nissl bodies. Data are presented as the mean ± SD (n = 6). Sham, ICH, and Dex are described above.
Dex Administration Mitigated the Activation of Astrocytes Post-ICH
The activation of astrocytes around the hematoma in the corpus striatum post-ICH was measured using detailed Sholl analysis of individual reactive astrocytes and the transformation from A2-to A1-type astrocytes. From the results of immunofluorescence, it was shown that the sum of intersects (p < 0.0001; Figures 4A,B), ramification index (p < 0.0001; Figures 4A,C), and ending radius (p < 0.0001; Figures 4A,D) significantly elevated in mice treated with ICH + vehicle compared to sham + vehicle (versus sham + vehicle), whereas Dex administration partially reversed the increase in the sum of intersects (p = 0.0028; Figures 4A,B), ramification index (p = 0.0138; Figures 4A,C), and ending radius (p = 0.0186; Figures 4A,D) (versus ICH + vehicle). Recent evidence have demonstrated that there are two different types of reactive astrocytes including the C3 immunopositive neurotoxic A1-type astrocytes and the S100β immunopositive neuroprotective A2-type astrocytes (King et al., 2020; Kaur and Conti, 2021). We found that A1-type astrocytes indicated by C3 complement combined with GFAP were heavily increased in mice exposed to ICH compared to sham (versus sham + vehicle, p < 0.0001; Figures 4E,G). However, Dex administration significantly reduced A1-type astrocytes in mice exposed to ICH plus Dex (versus ICH + vehicle, p = 0.0003; Figures 4E,G). In addition, A2-type astrocytes indicated by S100β combined with GFAP were remarkably reduced in mice exposed to ICH compared with sham (versus sham + vehicle, p < 0.0001; Figures 4F,H), while Dex administration partially restored the number of A2-type astrocytes (versus ICH + vehicle, p < 0.0001; Figures 4F,H).
[image: Figure 4]FIGURE 4 | Dexmedetomidine administration attenuated the activation of astrocytes after ICH exposure. (A) Representative detailed Sholl analysis of individual reactive astrocytes around the hematoma in the corpus striatum caused by the indicated stimuli. The interval of the concentric circles is 1 μm. (B–D) Changes in the sum of intersects, ramification index, and ending radius in the corpus striatum caused by the indicated stimuli. (E) Representative photomicrographs of GFAP and C3 complement plus DAPI staining (GFAP, red; C3 complement, green; DAPI, blue). 200× magnification, scale bar = 50 μm. (F) The percentage of GFAP combined with C3 complement-positive cells (A1-type) caused by the indicated stimuli. (G) Representative photomicrographs of GFAP and S100β plus DAPI staining (GFAP, red; S100β, green; DAPI, blue). 400× magnification, scale bar = 50 μm. (H) The percentage of GFAP combined with S100β-positive cells (A2-type) caused by the indicated stimuli. Data are presented as the mean ± SD (n = 6). Sham, ICH, and Dex are described above.
TRPV4 Signal Responsible for Dex-Mediated Neuroprotective Effects Post-ICH
Subsequently, the TRPV4 signal was determined to play a vital role in the neuroprotective effects induced by the Dex administration under the ICH condition. Our data showed that the opening of TRPV4 channels activated by GSK1016790A heavily abolished the beneficial effects of Dex administration in attenuating anxiety-like behaviors. All the data were evaluated by ANOVA after merging with sham, ICH + vehicle and ICH + Dex groups. In the EPMT, it was shown that GSK1016790A significantly reduced the distance (p = 0.0349; Figures 5A,B) and time (p = 0.0181; Figures 5A,C) in the open-arm in mice treated with ICH plus Dex and GSK1016790A exposure compared to ICH plus Dex and vehicle (versus ICH + Dex + vehicle). Similarly, OFT results also indicated that GSK1016790A heavily attenuated the distance (p < 0.0001; Figures 5D,E) and time (p = 0.0021; Figures 5D,F) in the central zone (versus ICH + Dex + vehicle). Intriguingly, there was an obvious reduction of the total SOD content (p = 0.0310; Figure 5H), but an elevation of the MDA content (p < 0.0001; Figure 5I) and attenuation of Nissl bodies (p < 0.0001; Figures 5J,K), which reflect aggravated oxidative stress and neuronal injury (versus ICH + Dex + vehicle). In addition, we found that GSK1016790A treatment remarkably increased the sum of intersects (p = 0.0054; Figures 5L,M), ramification index (p = 0.0048; Figures 5L,N), and ending radius (p = 0.0456; Figures 5L,O) in the detailed Sholl analysis, and upregulated the percentage of A1-type astrocytes (p = 0.0013; Figures 5P,R), downregulated A2-type-astrocytes (p < 0.0001; Figures 5Q,S) in mice treated with ICH plus Dex, and GSK1016790A exposure compared to ICH plus Dex and vehicle (versus ICH + Dex + vehicle). In addition, there was no significant difference of average speed between mice exposed to ICH + Dex + vehicle and ICH + Dex + GSK groups (Figure 5G). These findings confirm that the TRPV4 signal is responsible for Dex-mediated neuroprotective effects post-ICH.
[image: Figure 5]FIGURE 5 | GSK1016790A reversed the neuroprotective effects induced by dexmedetomidine-post-ICH. (A) Computer printouts of shift trajectories in the elevated plus-maze caused by the indicated stimuli 30 d post-ICH. (B,C) Distance and time in the open-arm during the elevated plus-maze results caused by the indicated stimuli 30 d post-ICH. (D) Computer printouts of shift trajectories in the open-field caused by the indicated stimuli 30 d post-ICH. (E–G) Distance and time in the central zone, and average speed during the open-field test results caused by the indicated stimuli 30 d post-ICH. (H,I) Changes in the total SOD and MDA contents around the hematoma in the corpus striatum caused by the indicated stimuli. (J,K) Representative photomicrographs of Nissl staining and Nissl bodies around the hematoma in the corpus striatum caused by the indicated stimuli. Arrows indicate Nissl bodies. (L) Representative detailed Sholl analysis of individual reactive astrocytes around the hematoma in the corpus striatum caused by the indicated stimuli. (M–O) Changes in the sum of intersects, ramification index, and ending radius in the corpus striatum caused by the indicated stimuli. (P) Representative photomicrographs of GFAP and C3 complement plus DAPI staining (GFAP, red; C3 complement, green; DAPI, blue). 400× magnification, scale bar = 50 μm. (Q) Representative photomicrographs of GFAP and S100β plus DAPI staining (GFAP, red; S100β, green; DAPI, blue). 200× magnification, scale bar = 50 μm. (R) The percentage of GFAP combined with C3 complement-positive cells (A1-type) caused by the indicated stimuli. (S) The percentage of GFAP combined with S100β-positive cells (A2-type) caused by the indicated stimuli. Data are presented as the mean ± SD (n = 12 or 6). ICH, Dex, and GSK are described above.
Activation of the TPRV4 Signal in Astrocytes Eliminates Dex-Mediated Anti-Oxidative and Anti-Inflammatory Response In Vitro
It was concluded that astrocytes under the ICH condition responded to Dex administration in vivo. Furthermore, cultured astrocytes exposed to hemin were used to establish an ICH model in vitro. The results of the CCK-8 assay showed that astrocyte viability of the hemin + vehicle 1 group was significantly lower than that of the control + vehicle 1 group (versus control + vehicle 1, p < 0.0001; Figure 6A). However, Dex significantly increased astrocyte viability in the hemin + Dex group compared to hemin + vehicle 1 group (versus hemin + vehicle 1, p = 0.0006; Figure 6A), whereas GSK1016790A reversed the increases of viability in the hemin + Dex + GSK group (versus hemin + Dex + vehicle 2, p < 0.0001; Figure 6A). In contrast, the data of LDH-releasing assay revealed that astrocyte injury dramatically elevated in the hemin + vehicle 1 group, compared to the control + vehicle 1 group (versus control + vehicle 1, p < 0.0001; Figure 6B). Dex resulted in a remarkable reduction in the astrocyte injury in the hemin + Dex group (versus hemin + vehicle 1, p < 0.0001; Figure 6B), whilst GSK1016790A abolished the astrocyte injury reduction mediated by Dex in the hemin + Dex + GSK group (versus hemin + Dex + vehicle 2, p < 0.0001; Figure 6B). Dex was found to produce antioxidative and anti-inflammatory responses against hemin-induced astrocytic injury. Astrocytes exposed to Dex treatment demonstrated a significant reduction in A1-type astrocytes indicated by C3 complement (p = 0.0006; Figures 6C,E), but a remarkable increase in A2-type astrocytes indicated by S100β (p < 0.0001; Figures 6D,F) (hemin + vehicle 1 versus hemin + Dex + vehicle 2), while GSK1016790A treatment led to astrocytes returning to a status similar to the hemin + vehicle 1 group (for A1, p < 0.0001; Figures 6C,E) (for A2, p < 0.0001; Figures 6D,F) (hemin + Dex + GSK versus hemin + Dex + vehicle 2). Taken together, these findings indicate that activation of the TPRV4 signal in astrocytes eliminates Dex-mediated antioxidative and anti-inflammatory response under hemin exposure in vitro.
[image: Figure 6]FIGURE 6 | Activation of the TPRV4 signal in astrocytes eliminates dexmedetomidine-mediated neuroprotective effects in vitro. (A,B) Changes in the cell viability and LDH releases in cultured astrocytes caused by the indicated stimuli. (C) Representative photomicrographs of GFAP and C3 complement plus DAPI staining (GFAP, red; C3 complement, green; DAPI, blue). 400× magnification, scale bar = 20 μm. (D) Representative photomicrographs of GFAP and S100β plus DAPI staining (GFAP, red; S100β, green; DAPI, blue). 200× magnification, scale bar = 20 μm. (E) The percentage of GFAP combined with C3 complement-positive cells (A1-type) caused by the indicated stimuli. (F) The percentage of GFAP combined with S100β-positive cells (A2-type) caused by the indicated stimuli. Data are presented as the mean ± SD (n = 12 or 6). Hemin: 30 μM of hemin for 12 h was used to imitate ICH in vitro; Dex: Dex (1 μM) was administered into cell culture 30 min after hemin treatment; GSK: GSK1016790A (1 μM) was administered into cell culture 30 min after hemin treatment.
DISCUSSION
This study showed that Dex treatment in mice with ICH exhibited improved anxiety-like behaviors, as indicated by an increased time and distance in the open arm, an upregulated time and distance in the central zone, an elevated total SOD content, a reduced MDA content, and a decreased number of A1-type astrocytes, a restored number of A2-type astrocytes, whereas an agonist of TRPV4 channels (GSK1016790A) partially reversed these changes in mice. Taken together, these results indicate that Dex treatment alleviated ICH-induced anxiety-behaviors via modulation of TRPV4 channels in the astrocyte.
In the present study, we established a mouse model of moderate ICH using an injection of 20 μl autologous arterial blood, which is indicated by the mNSS 7–12. Our current data suggested that the mNSS was increased 24 h post-ICH, which indicates neurologic deficits at early stage after ICH. Moreover, we also found that there was no significant difference of motor function as indicated by the mNSS 30 days post-ICH, which is consistent with a previous study (An et al., 2022). Growing evidence suggested that the neurologic deficit of mice exposed to mild and moderated ICH is gradually attenuated (Bonsack et al., 2016; Diaz Diaz et al., 2020), but severe ICH induced by 100 μl autologous arterial blood can result in a long-term neurologic deficit (MacLellan et al., 2008). Results revealed that an autologous blood injection model in vivo induced significant emotional changes such as anxiety-like behaviors, which is consistent with the results of previous publications (Li et al., 2017; Luo et al., 2019). Although multiple pathological mechanisms have been demonstrated in the pathophysiological process of ICH, increasing evidence suggest that the oxidative stress and inflammatory response in the striatum are the main causes toward the progression of ICH (Duan et al., 2016; Zhang et al., 2017). In this study, we chose MDA and SOD contents as typical examples of oxidative stress, which are utilized in numerous other studies (Koskenkorva-Frank et al., 2013; El Tabaa et al., 2017). We found that ICH exposure results in the aggravation of oxidative stress. Hayashi et al. (2020) reported oxidative stress as indicated by increased levels of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase subunits, cyclooxygenases-2 (COX-2), and SOD was observed in the long-term after ICH. Inflammatory A1-type astrocytes, which release neurotoxic factors, induce neuronal injury and degeneration (Cunha, 2008). In addition, the ramification of astrocytes indicated by the Sholl analysis was significantly increased. In contrast, A2-type astrocytes are reported to take part in neuroprotection against ischemia/reperfusion injury, traumatic brain injury, and neurodegenerative disease (Fan and Huo, 2021). We also observed the transformation from A1-to A2-type astrocytes under the ICH condition. It has been reported that Dex exerts excellent cytoprotective effects against oxidative stress and inflammatory response in ischemia- and hemorrhage-associated diseases (Jiang et al., 2017; Liu H. et al., 2020). More specifically, Dex administration has been suggested to have a neuroprotective effect in mice by suppressing the ICH-induced inflammatory response (Song and Zhang, 2019). Consistent with previous publications (Hwang et al., 2013; Huang and Jiang, 2019), we found that Dex remarkably reduced ICH-induced oxidative stress and inflammatory response. Taken together, these results suggest that the neuroprotective effects of Dex may be associated with the inhibition of ICH-induced excessive oxidative stress and neurotoxic response.
TRPV4 channels are reported to act as chemical, mechanical stimuli, and osmotic sensors, and changes in the internal environment can induce the activation of TRPV4 (Liedtke and Kim, 2005; Suzuki et al., 2013). TRPV4 can sense mechanical stimulation, eicosanoid metabolites, and cell swelling, and then, it can adjust its state (Liu et al., 2021). Numerous publications have demonstrated that oxidative stress after ICH results in cell swelling and brain edema (Zhang Z. et al., 2018; Liu XC. et al., 2020). The pathophysiological process of the internal environment further induces the activation of the TRPV4-channel opening (Vriens et al., 2004). TRPV4 is mainly expressed in astrocytes, which are the predominant cell type in the brain, and perform key functions vital to the central nervous system’s physiology, including blood–brain barrier formation and maintenance, synaptogenesis, neurotransmission, and metabolic regulation (Kitchen et al., 2020). It was reported that TRPV4-mediated calcium influx in astrocytes contributes to neuronal activation, enhancing the accompanying vasodilation (Ye et al., 2018). Moreover, a previous study suggested that approximately 30% of astrocytes in the brain possess TRPV4, and TRPV4 activation in astrocytes results in the enhancement of synaptic activity through the release of excitatory glutamate (Shibasaki et al., 2014). Our data showed that the agonist of TRPV4 abolished the improvement of anxiety-like behaviors induced by ICH exposure. In addition, GSK1016790A not only inhibited astrocytic activation indicated by increased ramification and A1 phenotype in mice exposed to ICH plus Dex treatment, but also eliminated astrocytic activation after hemin exposure in vivo. These results indicated that the inhibition of TRPV4-channel opening in astrocytes may be related to the neuroprotective effects of Dex under the ICH condition.
In conclusion, Dex administration improves ICH-induced anxiety-like behaviors in mice, and the mechanism may be associated with attenuation of neuronal activation regulated by astrocytic transformation from A1-to A2-type via the inhibition of TRPV4-channel opening. Although further studies including downstream signals of TRPV4-channel are required, we suggest that Dex has the potential to provide therapy for ICH.
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