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Abstract

:

Osteopontin (OPN) enhances autophagy, reduces apoptosis, and attenuates early brain injury (EBI) after a subarachnoid hemorrhage (SAH). A total of 87 Sprague–Dawley rats were subjected to sham or SAH operations to further investigate the signaling pathway involved in osteopontin-enhanced autophagy during EBI, and the potential effect of recombinant OPN (rOPN) administration to improve long-term outcomes after SAH. Rats were randomly divided into five groups: Sham, SAH + Vehicle (PBS, phosphate-buffered saline), SAH + rOPN (5 μg/rat recombinant OPN), SAH + rOPN + Fib-14 (30 mg/kg of focal adhesion kinase (FAK) inhibitor-14), and SAH + rOPN + DMSO (dimethyl sulfoxide). Short-term and long-term neurobehavior tests were performed, followed by a collection of brain samples for assessment of autophagy markers in neurons, pathway proteins expression, and delayed hippocampal injury. Western blot, double immunofluorescence staining, Nissl staining, and Fluoro-Jade C staining assay were used. Results showed that rOPN administration increased autophagy in neurons and improved neurobehavior in a rat model of SAH. With the administration of FAK inhibitor-14 (Fib-14), neurobehavioral improvement and autophagy enhancement induced by rOPN were abolished, and there were consistent changes in the phosphorylation level of ERK1/2. In addition, early administration of rOPN in rat SAH models improved long-term neurobehavior results, possibly by alleviating hippocampal injury. These results suggest that FAK–ERK signaling may be involved in OPN-enhanced autophagy in the EBI phase after SAH. Early administration of rOPN may be a preventive and therapeutic strategy against delayed brain injury after SAH.
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1. Introduction


Aneurysmal subarachnoid hemorrhage (SAH) is a devastating subtype of hemorrhagic stroke with high mortality and disability [1,2]. Early brain injury (EBI), which occurs within 72 h after SAH is the primary cause of the poor outcomes for the high mortality and delayed neurological deficits in patients who suffer from subarachnoid hemorrhage (SAH) [3,4].



In the past few decades, researchers have implicated many pathological mechanisms contributing to EBI. The rupture of intracranial aneurysms initially lead to emergency illness such as elevated intracranial pressure, decreased cerebral blood flow, and decreased cerebral perfusion pressure. These events consecutively initiate various cascades of pathophysiological processes such as inflammation, oxidative stress, blood–brain barrier dysfunction, and apoptosis [5,6]. Among all these processes, neuronal apoptosis is an important pathologic event in the pathogenesis of SAH-induced EBI [7].



Autophagy is an intracellular process that maintains cellular homeostasis and recycles damaged organelles and proteins [8]. An elevated autophagy level and activated autophagy-related pathway proteins have been demonstrated in experimental SAH [9,10]. In summary of these previous studies, autophagy is a pro-survival mechanism, attempting to inhibit neuronal apoptosis in EBI after SAH [9,11,12,13,14].



Osteopontin (OPN) is a pleiotropic glycoprotein, widely expressed in bone, immune cells, smooth muscle, epithelial and endothelial cells, neurons, adipocytes, Kupffer cells, etc. [15]. OPN plays a crucial role in the regulation of apoptosis, angiogenesis, and in cancer progression [16,17]. Previous studies also suggested neuroprotective effects of OPN after SAH in rats [7,18]. However, there has been no previous research about the role of OPN after SAH in human studies.



Since studies showed that OPN was a potential activator of autophagy in the in vitro model of abdominal aorta aneurysm [19] and hepatocellular carcinoma [20], one of our recent studies investigated the effect of recombinant OPN (rOPN) administration on autophagy after SAH in rat endovascular perforation models. We found increased expressions of endogenous OPN and autophagy-related proteins during the EBI phase. After rOPN administration, there were elevated autophagy protein expressions and a decreased apoptosis level in the perforated side of rat brains 24 h after SAH. We also observed an interaction between autophagy initiator Beclin 1 and apoptosis-related protein Caspase-3 which could be regulated by rOPN administration at 24 h after SAH [21]. However, the molecular mechanism involved in OPN-enhanced autophagy after SAH has not been studied yet. Moreover, there has been no previous research about whether rOPN administration can influence long-term outcome after SAH.



One previous study suggested that OPN could activate autophagy through both of its receptors, integrin and CD44 [19]. Focal adhesion kinase (FAK) is one of the major integrin signaling mediators and is activated via autophosphorylation on Y397 [22]. One of our previous studies already showed that OPN’s anti-apoptosis effect after SAH is through FAK signaling [7]. Thus, to better understand the underlying mechanisms of OPN-enhanced autophagy after SAH, we designed the mechanism part of the current study using the specific inhibitor of FAK. Moreover, we investigated whether rOPN-attenuated EBI has a beneficial effect on long-term outcomes after experimental SAH.




2. Materials and Methods


2.1. Animals


A total of 87 adult male Sprague–Dawley rats (290–330 g, Harlan, Indianapolis, IN, USA) were housed in a room with constant temperature (25 °C), humidity control, 12 h/12 h light/dark cycle and with free access to food and water. All the experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Loma Linda University (No. 8170018), and in accordance with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals. All experiments were reported with the ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines for reporting in vivo experiments.




2.2. SAH Model


The SAH endovascular perforation model was conducted as previously described [23,24]. Briefly, rats were intubated and maintained with 3% isoflurane in 70%/30% medical air/oxygen by a rodent ventilator (Harvard Apparatus, Holliston, MA, USA). Rats were placed in a supine position, and the neck was opened with a sharp scalpel in the midline. Subsequently, we exposed the left carotid artery and its branches. A sharpened 4–0 nylon suture was inserted into the left internal carotid artery through the external carotid artery stump until resistance was detected. The suture was further advanced 3 mm to perforate the bifurcation of the anterior and middle cerebral artery, followed by immediate withdrawal. Rats in the Sham group underwent the same procedure; however, the suture was withdrawn without puncture. After removal of the suture, the skin incision was closed and the rats were placed on a heating pad to maintain the body temperature. Respiration and mucosal color were monitored every 10 min until animals could maintain an upright posture and walk normally. Then they were transferred back to their home cage and re-evaluated at the end of the day [25].




2.3. SAH Grading


The assessment of SAH grading score was performed as previously described at 24 h after SAH by an independent observer blinded to the experimental group information. The basal cistern was divided into six segments, each graded from 0 to 3, depending on the amount of blood clots. The total score was calculated by adding all area scores (maximum SAH grade = 18). Animals with mild SAH (SAH grade ≤ 8) were excluded from the current study as previously described [1,4].




2.4. Experimental Design


Experimantal design of the current study is described below and illustrated in Figure 1.



2.4.1. Experiment 1


To determine the effect of rOPN on autophagy protein expression in neurons after SAH, nine rats were randomly divided into three groups (n = 3 per group) for double immunofluorescence staining and subsequent double positive-stained cell counting: Sham, SAH + Vehicle (30 μL PBS), SAH + rOPN (5 μg/rat recombinant osteopontin in 30 μL PBS, 6359-OP-050, R&D Systems, Minneapolis, MN, USA). Vehicle or rOPN was delivered via the nasal route 1 h after SAH induction, and brain samples were collected 24 h after SAH. The intranasal rOPN dosage was selected based on previous studies [7,21].




2.4.2. Experiment 2


To investigate the signaling pathway involved in rOPN-enhanced autophagy after SAH, 30 rats were randomly assigned to five groups (n = 6 per group): Sham, SAH + Vehicle (30 μL PBS), SAH + rOPN (5 μg/rat recombinant osteopontin in 30 μL PBS), SAH + rOPN + Fib-14 (30 mg/kg in 200 μL of 25% DMSO in PBS) and SAH + rOPN + DMSO (200 μL of 25% DMSO in PBS) for western blot analysis. FAK inhibitor 14 (Fib-14, ab146739, Abcam, Cambridge, MA, USA) and DMSO were intraperitoneally (i.p.) delivered 1 h before SAH induction. Vehicle or rOPN was delivered via the nasal route 1 h after SAH induction. The intraperitoneal Fib-14 dosage was selected based on a previous study [26], and according to the manufacturer’s instructions ab146739 is a selective focal adhesion kinase (FAK) autophosphorylation inhibitor, with no significant activity at other kinases including EGFR, PDGFR, and IGF-RI. Neurological tests including modified Garcia test and beam balance test were evaluated 24 h after SAH, after which brain samples were collected for western blot analysis.




2.4.3. Experiment 3


To evaluate the long-term effect of rOPN after SAH, 30 rats were randomly divided into three groups (n = 10 per group): Sham, SAH + Vehicle (30 μL PBS), SAH + rOPN (5 μg/rat recombinant osteopontin in 30 μL PBS) for evaluation of long-term neurological scores and histological results including Nissl staining and Fluoro-Jade C staining. Vehicle or rOPN was delivered via the nasal route 1 h after SAH induction. Neurobehavior tests were carried out from day 7 to day 26 after SAH. Brain samples were collected on the 28th day after SAH.





2.5. Intranasal Administration


Vehicle or rOPN was delivered via the intranasal route 1 h after SAH induction as previously described [21]. Rats under 2% isoflurane anesthesia were placed in a supine position and a total volume of 30 μL PBS or rOPN was administered alternately into the left and right nares, 5 μL each time with an interval of 2 min between each administration.




2.6. Short-Term Neurobehavior Assessment


Short-term neurobehavior tests, including modified Garcia test and beam balance test, were performed by an independent investigator blinded to the experimental group information at 24 h after SAH as previously described [27]. The modified Garcia test (maximum score = 18) includes judgments of spontaneous activity, spontaneous movement of all limbs, forelimbs outstretching, response to vibrissae touch, body proprioception, and climbing capacity.



The beam balance test was conducted to assess the ability of rats to walk on a 15-mm-wide wooden beam for 1 min [1]. The mean score was calculated based on three consecutive trials scored from 0 to 4 according to the walking ability. Higher scores indicated better neurological function.




2.7. Long-Term Neurobehavior Assessment


The rotarod test and Morris water maze were performed to evaluate the long-term neurobehavioral function of animals by an independent investigator blinded to the grouping information.



The rotarod test was performed by the end of the first, second, and third-week post-SAH to assess sensorimotor coordination and balance as previously described [28]. The rotarod apparatus (Columbus Instruments, Columbus, OH, USA) consists of a horizontal rotating cylinder (diameter = 7 cm) which is divided into four 9.5-cm-wide lanes. After animals were stably placed on the cylinder, its rotating speed started at 5 revolutions per minute (RPM) and 10 RPM, respectively, and accelerated by 2 RPM every 5 s. Latency to fall off the cylinder was recorded by a photo beam circuit.



The Morris water maze test was performed from day 22 to day 26 after SAH to evaluate spatial learning capacity as previously described [29]. Briefly, a platform was placed at the center of one of the quadrants. Rats were placed using a semi-random set of start locations to find a visible platform above the water level in 60 s. Then rats were guided to the platform and stayed on it for 5 s. On the last day, the animals were tested with a 60-s probe trial with the platform submerged in the water. Swimming velocity, swimming distance, and escape latency were recorded by a computerized tracking system (Video Tracking System SMART-2000 (San Diego Instruments Inc., CA, USA)). Then the platform was removed from the water, and probe quadrant duration was also recorded by the same video recording system.




2.8. Western Blot Analysis


Western blot tests were performed as previously reported [30]. Briefly, whole left hemispheres of rats in different groups were isolated and collected 24 h after SAH. After protein extraction, equal amounts of protein samples were loaded onto each lane of SDS-PAGE gel. After electrophoresis, the protein samples were transferred onto a nitrocellulose membrane for blocking and incubation at 4 °C overnight with the following primary antibodies: Anti-osteopontin (1:1000, sc-21742), anti-ERK 1/2 (phosphor-Thr202/Tyr204) (1:200, sc-16982), anti-ERK1/2 (1:2000, sc- 514302), and anti-β-actin (1:5000, I-19) from Santa Cruz Biotechnology Inc., TX, USA; anti-Beclin 1 (1:1000, NB500-249), anti-ATG 5 (1:500, NB110-53818), anti-LC3 (1:5000, NB600-1384) from Novus Biologicals, CO, USA; anti-FAK (phospho-Y397) (1:1000, ab81298), anti-FAK (1:1000, ab131435), anti-SQSTM1/p62 (1:5000, ab56416) from Abcam, Cambridge, MA, USA). Secondary antibodies used were anti-mouse (1:5000, sc-2031), anti-goat (1:5000, sc-2354) from Santa Cruz Biotechnology Inc., and anti-rabbit (1:5000, 2839792) from EMD Millipore Corporation, MA, USA.




2.9. Double Immunofluorescence Staining


Double immunofluorescence staining was performed as previously described [31]. A series of 8-μm-thick frozen brain tissue slices were prepared. The primary antibodies used were anti-NeuN (1:500, ab177487) from Abcam, Cambridge, MA, USA; anti-osteopontin (1:100, sc-21742) from Santa Cruz Biotechnology Inc., TX, USA; anti-Beclin 1 (1:100, NB500-249) and anti-LC3 (1:5000, NB600-1384) from Novus Biologicals, CO, USA. Corresponding secondary antibodies used were purchased from Jackson ImmunoResearch, West Grove, PA, USA, and applied at the concentration of 1:500. After staining, the sections were visualized and photographed with a fluorescence microscope (Leica Microsystems, Germany) at ×400 magnification by an independent observer. Three rat brains per group with six sections per brain were used for quantification analysis. Image J software (Image J 1.4, NIH, Bethesda, MD, USA) was used for cell counting. The data were presented as the average number of double-labeled cells per square millimeter (cell/mm2).




2.10. Nissl Staining


On the 28th day after SAH, the animals were sacrificed after deep anesthesia. They were transcardially perfused with 300 mL of ice-cold PBS, followed by 300 mL of formalin solution. Hippocampal coronal sections 16 μm thick were taken every 500 μm at −3 to −4.3 mm from the bregma according to the coordinates in “Paxinos and Watson method” as previously described [29] using a cryostat (CM3050S; Leica Microsystems, Buffalo Grove, IL, USA). Nissl staining was performed using 0.5% crystal violet as previously described [32]. The sections were observed under a light microscope at 200× magnification by an independent observer for morphologic signs of hippocampal injury and neuronal degeneration (neuronal shrinkage, hyperchromasia, and vacuolization).




2.11. Fluoro-Jade C Staining


Fluoro-Jade C (FJC) staining was performed to detect degenerating neurons with a modified FJC ready-to-dilute staining kit (Biosensis, Thebarton, South Australia) according to the manufacturer’s instructions [33]. Samples were collected on day 28 after SAH. Hippocampal coronal sections 16 μm thick were taken every 500 μm at −3 to −4.3 mm from the bregma in the same manner as in Nissl staining. Three rat brains per group (six hippocampal sections per brain) were used for quantification analysis in the hippocampal area. Images of FJC-positive neurons in designated locations were captured at 200× magnification by an independent observer. Image J software (Image J 1.4, NIH, USA) was used for cell counting. The data were presented as the average number of FJC-positive neurons per square millimeter (cell/mm2).




2.12. Statistical Analysis


Data were presented as mean ± SD (standard deviation). After the normality test, data were analyzed by one-way analysis of variance (ANOVA) followed by multiple comparisons between groups using Tukey’s post hoc test. A Kruskal–Wallis test was used for Garcia scores, beam balance test, and SAH grading scores. The analyses were performed using SPSS version 24.0 (IBM Corp., Armonk, NY, USA). A p-value less than 0.05 was considered statistically significant.





3. Results


3.1. Mortality and SAH Grades


A total of 87 rats were used: 68 underwent SAH induction, 19 rats received sham surgery. Five rats were excluded from the study due to mild SAH (SAH grade ≤ 8). The mortality (calculated after exclusion of low-grade rats) of all SAH rats was 20.63% (13/63). No rat died in the Sham group (Table 1). After SAH, blood clots were mainly seen around the circle of Willis and ventral brain stem (Figure 2A). The average SAH grades showed no significant differences among all SAH groups (Figure 2B).




3.2. Nasal Administration of rOPN Increased the Expression of Beclin 1 and LC3 in Neurons 24 h after SAH


Double immunofluorescence was carried out and cells labeling NeuN and Beclin 1 or NeuN and LC3 were counted and compared among the groups. This was done in order to determine whether rOPN administration increases autophagy level in neurons during the early brain injury phase after SAH. Results showed that there were significant increases of Beclin 1-positive neurons and LC3-positive neurons in the SAH + Vehicle group when compared with the Sham group. Moreover, these positive cells significantly increased after rOPN administration in SAH + rOPN group when compared with the Sham group or the SAH + Vehicle group (p < 0.05, Figure 3). Thus, indicating that rOPN administration could enhance autophagy in neurons after SAH.




3.3. Administration of FAK Inhibitor Abolished Neurobehavioral Improvement Induced by rOPN


Intranasal administration of rOPN significantly improved neurological scores and increased phosphorylation of FAK 24 h after SAH, compared with SAH rats given vehicle only. Meanwhile, there was a significant decreased phosphorylation level of ERK1/2 in the SAH + rOPN group as compared with the SAH + Vehicle group (p < 0.05, Figure 4).



However, pre-SAH intraperitoneal injection of FAK inhibitor-14 (Fib-14) significantly reversed the protective effects of rOPN administration in the SAH + rOPN + Fib-14 group compared with the SAH + rOPN + DMSO group at 24 h after SAH (p < 0.05, Figure 4A). Moreover, Fib-14 administration remarkedly decreased the protein level of phosphorylated FAK while the level of phosphorylated ERK1/2 increased significantly (p < 0.001, Figure 4B).




3.4. FAK Inhibitor Partially Reversed rOPN-Enhanced Autophagy Level in the Brain and Blocked Autophagy Flux after SAH


At 24 h after SAH, expression of autophagy-related proteins (Beclin 1 and ATG 5) were significantly increased in the SAH + Vehicle group compared with the Sham group, and rOPN administration further increased the expression of those proteins in the SAH + rOPN group compared with the SAH + Vehicle group. With the pre-SAH intraperitoneal injection of FAK inhibitor-14 (Fib-14), expression of autophagy-related proteins (Beclin 1 and ATG 5) in the SAH + rOPN + Fib-14 group decreased, as compared with that in the SAH + rOPN + DMSO group, indicating autophagy suppression by Fib-14 administration (p < 0.001, Figure 5A). Furthermore, rOPN administration significantly increased LC3 II to I ratio and decreased expression of p62 in the SAH + rOPN group compared with the SAH + Vehicle and Sham groups, respectively. However, conversely, the significantly decreased LC3 II to I ratio and elevated p62 protein level after Fib-14 administration indicated blocked autophagy flux in the SAH + rOPN + Fib-14 group as compared with the SAH + rOPN + DMSO group (p < 0.05, Figure 5B).




3.5. An Early Nasal Administration of rOPN Improved Long-Term Neurobehavior after SAH


In the rotarod test by the end of the first, second, and third week after SAH, the SAH + Vehicle group had significantly shorter falling latency in both 5 RPM and 10 RPM tests when compared with Sham. However, falling latency in the SAH + rOPN group was significantly improved by the second and third week as compared with the SAH + Vehicle group (p < 0.05, Figure 6A).



In the Morris water maze test, the swimming distance and escape latency increased significantly in the SAH + Vehicle group as compared with the Sham group (p < 0.05, Figure 6B). However, both parameters were improved after rOPN administration as indicated by significantly decreased swimming distance since day 2 and significantly reduced escape latency since block 2 (p < 0.05, Figure 6B). Swimming velocity throughout the trials was of no significant difference among the three groups, indicating the differences observed in escape latency were not due to different swimming speed. In probe quadrant trials, rats in the SAH + Vehicle group also spent remarkably less time in the target quadrants when compared with the Sham group. rOPN administration also increased the time spent in the target quadrants in the SAH + rOPN group as compared with that in the SAH + Vehicle group (p < 0.05, Figure 6B).




3.6. Nasal Administration of rOPN Decreased Neuronal Deaths in the Hippocampus Region and Attenuated Delayed Brain Injury after SAH


To investigate the underlying mechanisms for the water maze results, Nissl staining and Fluoro-Jade C staining of the hippocampus were carried out on day 28 after SAH.



In Nissl staining, the morphology of neurons in the hippocampal tissue was normal in the Sham group. After SAH, there were severe degenerative changes (shrunken cytoplasm and condensed staining) observed in the CA1, CA3, and dentate gyrus sectors. However, these degenerative changes were alleviated in the SAH + rOPN group (Figure 7).



Fluoro-Jade C staining and consecutive cell count and statistical analysis also revealed a significantly increased number of FJC-positive cells in the SAH + Vehicle group compared with the Sham group in the CA1, CA3, and dentate gyrus sectors (p < 0.001, Figure 8). However, the number of FJC-positives cells in all three sectors was significantly decreased in the SAH + rOPN group compared with the SAH + Vehicle group (p < 0.01, Figure 8), indicating attenuation of neuronal injury or degeneration by nasal administration of rOPN.





4. Discussion


The management of early brain injury (EBI) is a major goal in the treatment of patients with SAH [34]. In recent years, there has been more focus on the role of autophagy and its underlying mechanisms during EBI [13]. Thus, we investigated the effect of osteopontin on autophagy regulation and found that rOPN administration could activate autophagy in neurons 24 h after SAH, probably by regulating the FAK–ERK pathway (Figure 9). Furthermore, we found that early administration of rOPN may be a preventive and therapeutic strategy against delayed brain injury after SAH.



OPN is a neuroprotective glycoprotein expressed in various types of cells. Our previous studies showed that endogenous OPN expression increased after SAH induction [21,35]. Moreover, exogenous OPN treatment showed protective effects against vasospasm and blood-brain barrier disruption after SAH through integrin receptor-dependent activation of MKP-1 and MAPK phosphatase in astrocytes and endothelial cells [18,36]. In experimental SAH models, intranasal administration of rOPN also decreases neuronal apoptosis through FAK/PI3K/Akt-induced inhibition of Caspase-3 cleavage [7]. Regarding the potential effect of OPN on autophagy, one recent study suggested that OPN enhances autophagy via binding with integrin αvβ3 receptor to promote chemo-resistance and cancer stem cell-like phenotype of human hepatocellular carcinoma cells (HCC) [20]. Another study showed that osteopontin stimulates autophagy in vascular smooth muscle cells (VSMC) via both of its receptors: Integrin and CD44 [19]. Our recent previous study further demonstrated the effect of rOPN nasal administration on enhancing autophagy, alleviating apoptosis, and regulating autophagy–apoptosis interaction in a rat model of SAH [21]. In the current study, using the double immunofluorescence method, we determined on the histological level that nasal administration of rOPN increased the expression of Beclin 1 and LC3 in neurons. Our previous study [21] used western blotting to measure the change of the overall amount of autophagy proteins in the whole left hemispheres of rats after SAH. The histological results in the current study provided more evidence that rOPN administration has a direct influence on the autophagy level in neurons at 24 h after SAH.



Previous research indicated that “self-eating” autophagy emerges to be beneficial and can inhibit “self-killing” apoptosis in EBI after experimental SAH [10]. Our previous study also demonstrated that rOPN alleviates EBI, possibly by enhancing autophagy and regulating autophagy–apoptosis interaction [21]. However, there has been a paucity of research regarding the upstream regulation pathway of autophagy after SAH. In the present study, we investigated the possible signaling pathway involved in the rOPN-induced autophagy activation. It has been reported that OPN functions through the binding to its two receptors: Integrin and CD44 [37]. In a previous study by Zheng et al. [19], OPN-induced autophagy was attenuated by blocking the receptor activity using an integrin inhibitor or anti-CD44 antibody. Since focal adhesion kinase (FAK) is one of the most important pathway proteins in the OPN–integrin signaling [22], we investigated in the current study whether blockade of FAK phosphorylation by its specific inhibitor would influence OPN-enhanced autophagy after SAH. We found that after rOPN administration, there was significant increase in the phosphorylation level of FAK, decrease in the phosphorylation level of ERK1/2, and increased autophagy level 24 h after SAH. On the other hand, with the administration of FAK inhibitor, the phosphorylation level of ERK1/2 was drastically elevated, autophagy level in the brain was significantly suppressed, and autophagy flux was also blocked, judging from a significantly elevated p62 level. According to previous studies, ERK is one of the classic downstream proteins to FAK [38,39]. In one of our previous studies, blocking endogenous OPN expression after SAH led to a significant increase in phospho-ERK1/2 level and exacerbated neurologic impairment and BBB disruption [36]. Regarding the role of ERK phosphorylation in autophagy regulation, even though previous results are complicated and controversial conclusions remain, there are evidences suggesting that some agents such as aplasia Ras homolog member I (ARHI; DIRAS3) [40] and pterostilbene [41] can induce autophagy via inhibiting ERK or its upstream molecules as Ras and Map. On the other hand, using specific inhibitors of the Ras–Raf–MEK–ERK axis activates autophagy in human breast cancer cells and human hepatocellular carcinoma (HepG2) cells [42,43]. Combining these previous findings with our results in the current study, we proposed that ERK1/2 phosphorylation may have participated in the OPN–FAK-enhanced autophagy.



Lately, more emphasis has been placed on the investigation of long-term outcomes after SAH [1,4,44], yet previous studies have only focused on short-term neuroprotection of OPN after SAH [7,23,36]. In the current study, we performed a long-term study and found that rOPN administration significantly improved animals’ long-term neurological scores in the rotarod and water maze test. We further observed hippocampal neurons in long-term brain samples and found that SAH caused severe damage and degeneration in CA1, CA3, and dentate gyrus sectors, yet early rOPN administration attenuated these injuries. The injured sectors observed in our current study were consistent with previous studies investigating SAH-induced hippocampal injury [45,46]. Previous studies demonstrated that hippocampal injury began in the EBI phase [47], thus we speculate that the improvement of our single rOPN administration during the EBI phase on long-term outcome might be due to its attenuation of EBI. This is consistent with the proposal by previous research that from a basic research point of view, admission poor clinical grade indicates that severe early brain injury (EBI) is arising at admission and possibly leads to poor outcomes directly or associated with delayed cerebral ischemia [48].



This study has several limitations. First, since previous studies mainly focus on the role of autophagy during the EBI phase, our current study also evaluated the autophagy level in neurons and investigated the possible underlying mechanism at the 24 h time point after SAH. However, the potential effect of autophagy in delayed brain injury after SAH should also be considered and investigated in future experiments. Second, FAK plays multiple roles as one of the most important pathway proteins in the OPN–integrin signaling. Thus, while our western blotting results suggested that the FAK–ERK pathway may be involved in rOPN-enhanced autophagy, we cannot exclude the possibility that blockade of FAK by its inhibitor may also have exerted other effects that caused neurobehavior deterioration. Moreover, investigation about a more detailed signaling pathway such as the role of the Ras/Raf/MER/ERK axis in OPN-enhanced autophagy and its possible connection with upstream pathway proteins such as FAK should be carried out in future studies. In addition, the underlying mechanisms and a more specific time window in the long-term study should be investigated in future studies.




5. Conclusions


Our results suggested that rOPN administration in rat models could activate autophagy in neurons 24 h after SAH, and FAK–ERK signaling might be the upstream regulation pathway involved. Furthermore, early administration of rOPN may be a preventive and therapeutic strategy against delayed hippocampal injury after SAH due to its attenuation of early brain injury.
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Figure 1. Experimental design. SAH, subarachnoid hemorrhage; WB, western blot; PBS, phosphate-buffered saline; IF, immunofluorescence; rOPN, recombinant osteopontin; i.n., intra nasal administration; Fib-14, focal adhesion kinase (FAK) inhibitor 14; i.p., intraperitoneal administration; DMSO, dimethyl sulfoxide; FJC, Fluoro-Jade C. 
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Figure 2. Analysis of subarachnoid hemorrhage (SAH) grades in all SAH groups. (A) Representative brain images of Sham and SAH rats. (B) Summary of SAH grading scores of all groups. SAH, subarachnoid hemorrhage; rOPN, recombinant OPN; Fib-14, FAK inhibitor 14; DMSO, dimethyl sulfoxide. 
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Figure 3. Nasal administration of rOPN increases the expression of Beclin 1 (red fluorescence) and LC3 (red fluorescence) in neurons (green fluorescence). Cell nuclei were counterstained with DAPI (blue fluorescence). n = 3 per group. Scale bar = 50 µm. Data are presented as mean ± SD. * p < 0.05, ** p < 0.01 vs. Sham group; # p < 0.05, vs. SAH + Vehicle group. 
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Figure 4. Administration of FAK inhibitor 14 (Fib-14) abolishes neurobehavioral improvement induced by recombinant osteopontin (rOPN) and causes expression changes of downstream protein p-ERK. (A) Administration of Fib-14 partially reversed neurobehavioral dysfunction improvement induced by rOPN in modified Garcia and beam balance tests at 24 h after SAH. (B) Fib-14 administration significantly inhibited the expression of p-FAK protein while increasing the level of p-ERK 1/2. n = 6 per group. Data are presented as mean ± SD. *** p < 0.001 vs. Sham group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. SAH + Vehicle group; & p < 0.05, &&& p < 0.001 vs. SAH + rOPN + DMSO group. DMSO, dimethyl sulfoxide. 
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Figure 5. Inhibiting FAK phosphorylation before SAH induction partially reverses recombinant osteopontin (rOPN)-enhanced autophagy and blocks autophagy flux 24 h after SAH. (A) FAK inhibitor 14 (Fib-14) administration decreased autophagy level enhanced by rOPN after SAH. (B) Fib-14 blocked autophagy flux enhanced by rOPN after SAH. n = 6 per group. Data are presented as mean ± SD. * p < 0.05, ** p < 0.01 vs. Sham group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. SAH + Vehicle group; &&& p < 0.001 vs. SAH + rOPN + DMSO group. DMSO, dimethyl sulfoxide. 
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Figure 6. The effects of recombinant osteopontin (rOPN) administration on long-term neurological scores after SAH. (A) rOPN increased falling latency in the rotarod test by the end of second and third week after SAH. (B) rOPN improved water maze performance on day 22 to 26 after SAH. n = 10 per group. Data are presented as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. Sham group; # p < 0.05, ## p < 0.01 vs. SAH + Vehicle group. Block, daily experimental trial. 
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Figure 7. The effects of recombinant osteopontin (rOPN) administration on long-term Nissl staining results after SAH. rOPN decreased the amount of degenerative neurons and attenuated hippocampal injury in the CA1, CA3, and DG sectors in long-term SAH + rOPN rats. n = 3 per group. The red boxes in the brain slices images (left side) indicate the locations observed. Arrows indicate degenerative neurons with shrunken cytoplasm and condensed staining. Scale bar = 50 μm. DG, dentate gyrus. 
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Figure 8. The effects of rOPN administration on long-term Fluoro-Jade C (FJC) results after SAH. rOPN significantly decreased the number of FJC-positive neurons and attenuated hippocampal injury in the CA1, CA3, and DG sectors in long-term SAH + rOPN rats. n = 3 per group. Data are presented as mean ± SD. *** p < 0.001 vs. Sham group; ## p < 0.01, ### p < 0.001 vs. SAH + Vehicle group. The red boxes in the hippocampus images on top indicate the locations observed. Scale bar = 50 μm. rOPN, recombinant osteopontin; DG, dentate gyrus. 
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Figure 9. Graphical abstract. SAH, subarachnoid hemorrhage; rOPN, recombinant osteopontin; i.n., intranasal administration; Fib-14, FAK inhibitor 14. 
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Table 1. Summary of animal usage and mortality.
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	Groups
	Mortality
	Exclusion





	Experiment 1 Short-term study
	
	



	Sham
	0 (0/3)
	0



	SAH + Vehicle (PBS)
	25% (1/4)
	1



	SAH + rOPN (5 µg/rat)
	25% (1/4)
	0



	Experiment 2 Mechanism study
	
	



	Sham *
	0 (0/6)
	0



	SAH + Vehicle (PBS) *
	14.29 (1/7)
	2



	SAH + rOPN (5 µg/rat) *
	25% (2/8)
	0



	SAH + rOPN + Fib-14
	25% (2/8)
	1



	SAH + rOPN + DMSO
	14.29% (1/7)
	1



	Experiment 3 Long-term study
	
	



	Sham
	0 (0/10)
	0



	SAH + Vehicle (PBS)
	23.08% (3/13)
	0



	SAH + rOPN (5 µg/rat)
	16.67% (2/12)
	0



	Total
	
	



	Sham
	0 (0/19)
	0



	SAH
	20.63% (13/63)
	5







SAH: Subarachnoid hemorrhage; PBS: Phosphate-buffered saline; rOPN: Recombinant osteopontin; Fib-14: FAK inhibitor 14; DMSO: Dimethyl sulfoxide; * shared samples with study in reference [21].
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