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Aneurysmal subarachnoid hemorrhage (SAH) is one of the special stroke subtypes with high mortality and mobility. Although the mortality of SAH has decreased by 50% over the past two decades due to advances in neurosurgery and management of neurocritical care, more than 70% of survivors suffer from varying degrees of neurological deficits and cognitive impairments, leaving a heavy burden on individuals, families, and the society. Recent studies have shown that white matter is vulnerable to SAH, and white matter injuries may be one of the causes of long-term neurological deficits caused by SAH. Attention has recently focused on the pivotal role of white matter injury in the pathophysiological processes after SAH, mainly related to mechanical damage caused by increased intracerebral pressure and the metabolic damage induced by blood degradation and hypoxia. In the present review, we sought to summarize the pathophysiology processes and mechanisms of white matter injury after SAH, with a view to providing new strategies for the prevention and treatment of long-term cognitive dysfunction after SAH.
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INTRODUCTION

Aneurysmal subarachnoid hemorrhage (SAH) is one of the special stroke subtypes with high mortality and mobility. Neurosurgical clipping or endovascular coiling is highly recommended for the early repair of ruptured aneurysms (1), focusing the medical management of SAH patients on early brain injury and delayed cerebral ischemia (2). However, more than 70% of survivors suffer from varying degrees of neurological deficits and cognitive impairments, leaving a heavy burden on individuals, families, and the society (3). Compared with cohorts with unruptured intracranial aneurysm, patients with aneurysmal SAH have higher mean diffusivity in white matter, leading to cognitive impartment 3 months after SAH onset (4). Apparently, the mammillothalamic tract is more vulnerable than the corticospinal tract in SAH patients with a good Glasgow Outcome Scale at 3 months after ictus (5), which demonstrates a correlation between early brain injury and long-term cognitive dysfunction after SAH.

White matter contains most of the volume of human brain and is made up of neural axons and myelin sheath. As early as 1989, the autopsy of six SAH cases had reported the remarkable hyperemia and edema in the deep frontal white matter, with microscopic axonal degeneration (6). Despite that enormous progresses have been made in the pathophysiology of early brain injury after SAH, the mechanisms of white matter injury are still a blur (7). Unlike intracerebral hemorrhage and traumatic brain injury, most SAH patients, especially those without obvious hematoma volume, do not usually fracture the nervous tract due to primary mechanical stress but suffer with remarkable secondary brain injury and neurological deficits. Mechanical pressure due to increased intracerebral pressure, glial response, and ischemia is considered as the pivotal mechanism of white matter injury after SAH but lacks high-quality clinical and basic research evidence (7).

In the present review, we sought to summarize the pathophysiology processes and mechanisms of white matter injury after SAH, with a view to providing new strategies for the prevention and treatment of long-term cognitive dysfunction after SAH.



WHITE MATTER INJURY AFTER SAH

Previous clinical studies have not significantly improved neurological outcomes in patients with SAH. Recent studies have shown that there is a significant white matter injury after SAH, which plays an important role in the early brain injury secondary to SAH. The development of stroke imaging techniques suggests that the protection of white matter injury is very important for the recovery of neurological function and prognosis in patients with SAH. However, the relationship between white matter injury and SAH remains unclear. It has been reported that common cognitive dysfunction after SAH may be caused by white matter injury (8). Studies have shown that white matter injuries such as demyelination and axial rupture are reversible to a certain extent (9), while gray matter injuries such as neuronal apoptosis are difficult to recover. Therefore, the study of white matter injury after SAH may be of more importance than we currently know. Lee et al. found extensive white matter abnormalities in SAH patients through tract-based spatial statistical analysis, but not in retrolenticular parts of the internal capsule, right superior longitudinal fasciculus, or right superior corona radiata (10), providing important data support for the accurate diagnosis of the presence and severity of nerve injury in patients with subarachnoid hemorrhage. Clinical studies did find different types of white matter lesions in SAH patients. For example, the white matter lesions around the ventricle are mostly moon-shaped, thin-shaped, or cap-shaped, and these small spots or caps are asymptomatic and progress slowly (11); the white matter lesions in the deep brain are mostly patchy, macular, or fused large masses which progress rapidly and lead to long-term disease (11). In addition, autopsy observations of death cases with SAH showed white matter edema and demyelination (12). Brain tissue from a patient who died in the acute phase of SAH showed multiple subcortical white matter abnormalities in the brain, cerebellum, and brainstem (13). Distinct kinds of white matter injuries lead to cognitive dysfunction, memory loss, emotional apathy, movement disorders, and many other related clinical manifestations in SAH patients (11).

Retrospective quantitative MRI studies have also shown diffuse vasogenic edema and white matter injury after SAH (14). In recent years, diffusion tensor imaging (DTI) has been used to evaluate the neural tracts and structures in SAH patients (15). Jang et al. found 62.5% of SAH patients had at least one hemisphere of mammillothalamic tract abnormal 6 weeks after SAH onset (16). Some other SAH patients may have severe memory impairment and provoked confabulation in clear consciousness since SAH onset, with Papez circuit injury even 3 months later (17). In addition, Schweizer et al. also reported a reduction in hippocampal white matter integrity and long-term memory loss of SAH patients (18). In 2007, Liu et al. suggested that SAH may cause whole brain edema in the deep gray and white matter (19). Subsequently, Rejmer et al. reported that the mean white matter diffusion rate 2 weeks after onset in 49 patients with aneurysmal SAH was higher than that in 22 patients with unruptured aneurysms (4). Moreover, the gray matter/white matter ratio has been proved to be a good predictor for long-term cognitive function and quality of life in SAH patients (20). These studies suggest that it is essential to pay attention to white matter injury for the recovery of neurological function after SAH.



POTENTIAL PATHOPHYSIOLOGY MEDIATED SECONDARY WHITE MATTER INJURY AFTER SAH

Acute white matter injury in ICH and TBI is similar in principle and is caused by barotrauma and physical expansion of hematoma masses (21, 22). The difference is that barotrauma in TBI is caused by a blow to the outside of the head, whereas ICH is caused by the impact of a large amount of blood rushing out of the arteries in the brain cavity (21). In addition, neuroinflammation, oxidative stress, and excitatory toxicity induced by hematoma effect played major roles in the injury of secondary white matter (23). White matter, especially deep white matter, receives less collateral circulation than gray matter and is more sensitive to ischemia (24). Thus, ischemic stroke damages white matter rapidly and profoundly. In addition, oliodendrocytes are highly susceptible to cerebral ischemia-induced oxidative stress (25), excitotoxicity (26), and neuroinflammation, leading to oliodendrocyte apoptosis and consequent white matter damage.

Since most blood spread into the subarachnoid space without direct nervous tract disruption, white matter injury after SAH is initially considered to be the consequence of blood–brain barrier disruption (27, 28) and neurotoxicity of blood disintegration (29). Physical factors such as biological stress, mainly caused by elevated intracranial pressure, attack the whole brain in the acute phase, while biochemical factors including thrombin, excitatory amino acids, and inflammatory cytokines lead to subsequent white matter injury after SAH (Figure 1).
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FIGURE 1. Schematic representation of the process of white matter injury in the brain after SAH. Blood from the ruptured vessel enters the subarachnoid space and increases the intracranial pressure. Subsequently, biochemical factors, including thrombin, excitatory amino acids, and inflammatory cytokines, lead to disruption of the blood–brain barrier, neural apoptosis, and demyelination, eventually causing white matter injury after SAH.



Elevated Intracranial Pressure

Changes occurring within 1 min after aneurysmal SAH cause early brain injury, and the degree of early brain injury affects the final prognosis of patients (30). There is evidence that acute intracranial hypertension after SAH is often accompanied by sudden loss of consciousness and worse prognosis (31). Therefore, control of intracranial pressure in the acute phase of SAH is helpful to improve patient prognosis. Blood breaks into the enclosed cranial cavity after SAH, causing a sharp increase in intracranial pressure (ICP). Cerebral white matter midline displacement directly caused by uneven pressure causes the brain tissue to bulge into the tentorium cerebellum and foramen magnum, inducing the herniation of the supraoptic temporal lobe or cerebellar tonsillar hernia, and then squeezes the brain stem and respiratory center, resulting in acute crisis, loss of consciousness, respiratory depression, and cardiac arrest (32). Therefore, almost one-third of patients suffering from SAH consequently die of cerebral hernia due to high intracranial pressure. The indirect effects of high intracranial pressure on white matter after SAH seem clear as well. First, elevated intracranial pressure leads to neurovascular coupling disorders, reducing the focal cerebral blood flow and blood supply to the white matter (33). Second, high intracranial pressure disrupts the blood–brain barrier (BBB) at a very early phase after SAH. Excessive water (H[[sb]]2[[/s]]O) and Na+ diffuse into the brain parenchyma via the impaired BBB, resulting in vasogenic white matter edema. Edema also aggravates intracranial pressure again after SAH (34). Third, increased intracranial pressure causes the extrusion of H[[sb]]2[[/s]]O into the extracellular mesenchyme along the white matter fiber bundles, enhancing interstitial cerebral edema following SAH (33, 35). Since cerebrospinal fluid penetrates the ventricle wall and infiltrates the white matter surrounding the ventricle, it increases hydrostatic pressure and results in myelin disintegrating and disappearing rapidly (34). Finally, increased intracranial pressure suppresses the venous and lymphatic systems, leading to obstruction of venous and lymphatic influx, further increasing cerebral edema and intracranial pressure (36).

It is of great importance to develop intervention strategies that target pathogens to improve ICP-induced white matter injury after SAH. The primary cause is the occupancy effect of excess blood in the subarachnoid space. Hence, early intracranial hematoma evacuation and cerebrospinal fluid drainage can alleviate white matter damage after SAH. Another cause of increased ICP after SAH is hydrocephalus. Both traffic hydrocephalus and non-traffic hydrocephalus aggravate the increase in ICP (34) and further compress the central aqueducts, impeding the absorption and circulation of cerebrospinal fluid (37). Therefore, a lumbar puncture and drainage procedure or application of diuretics is urgently needed to reduce white matter injury after SAH. As mentioned above, mitigation of brain edema is beneficial to reduce the damage of intracranial pressure on the white matter. However, at present, hormone drugs based on improvement of the BBB are not recommended because of their disadvantages, such as poor specificity and side effects (38).



Thrombin

Thrombin plays inclusive roles in the human brain, including coagulation cascades and non-clotting processes. Under physiological conditions, thrombin exists in the form of prothrombin participating in the endogenous and exogenous coagulation cascade (39). Thrombin is also involved in non-clotting processes, such as maintenance of the blood–brain barrier, aggregation and activation of platelets, formation of cerebral edema, inflammatory cell infiltration, physiological proliferation, and repair of brain tissue (40). Cerebrovascular spasm is highly correlated with the prognosis of SAH patients (41), and thrombin plays an important role in it (42). The stimulative effect of thrombin on vasospasm after SAH is irreversible (43). Therefore, how to reduce the enhancing effect of thrombin on vasospasm after SAH so as to reduce the subsequent toxic effect and improve the prognosis of SAH patients remains to be further studied.

Excessive activation of thrombin during pathological scenarios shows neurotoxic effects. First, thrombin activates its membrane receptors and accumulates intracellular calcium (Ca2+), which activates the calcium-dependent apoptosis signaling pathway, killing the neurons and glial cells (44). Second, thrombin activates matrix metalloproteinases (MMPs), which may degrade various extracellular matrix proteins (such as tight junction proteins), increasing blood–brain barrier permeability and aggravating posterior cerebral edema after SAH (45). Third, activation of microglia in the brain and peripheral blood immune cells, which enter the central nervous system through an impaired blood–brain barrier, may cause serious neuroinflammatory injury (46). Fourth, studies regarding ischemia–reperfusion injury in mouse models have reported that astrocytes originally activated by thrombin may aid in the production of MMP-2 and reduce myelin cells (47). The MMP-2 inhibitor reduced the proliferation of astrocytes and the damage of myelin cells but failed to reduce the damage to oligodendrocytes caused by thrombin (47), which suggests that the damage of thrombin to oligodendrocytes may occur through apoptotic or inflammatory pathways rather than through the MMP pathway.

Although thrombin receptor inhibitors should work against white matter injury after SAH, very few antagonists of thrombin receptors have been applied to SAH patients because of the risk of secondary hemorrhage (48). Furthermore, most small molecular inhibitors of thrombin have been found to be effective in animal experiments, yet failed in clinical trials (49). Recent research in our laboratory found that the direct use of antagonist peptides of the thrombin receptor in a mouse model of SAH promoted remyelination and neurological recovery (50). However, in consideration of the substantial differences among species, there is still a long way to go to achieve a clinical transformation.



Blood–Brain Barrier Damage

Approximately 10% of SAH patients suffer from severe edema in many cerebral regions, including the white matter, cortical cortex, and corpus callosum (51). Vasogenic edema caused by disruption of the blood–brain barrier is an independent risk factor for death and disability in SAH patients (52). The blood–brain barrier maintains the homeostasis of the internal environment of the human brain with its particular structure: a basal membrane, pericytes, an endothelium, and astrocytic endfeet (53). An ultrastructural observation showed changes in the blood–brain barrier after SAH, including a decrease in the number of pericytes, a lack of connection between the pericytes and the endothelium, disintegration of the astrocytic endfeet, destruction of the tight junctions of the endothelium, degradation of the basal membrane, vacuole-like changes in the endothelial cells, and plasma leakage (54). Furthermore, some phenomena, such as myelin edema, axonal energizing and information transmission disorders, and disintegration of white matter fibers, have also been observed after SAH (55). Interestingly, the MMPs that cause destruction of the endothelial tight junctions and disruption of the BBB have shown promotion of remyelination in the peripheral nervous system (56, 57), suggesting that the potential mechanism of correlation between BBB damage and white matter injury remains elusive in SAH scenarios.

Two mechanisms have been involved in BBB maintenance: tight junction and transcytosis (58). The MMPs, as tissue scissors, regulate the integrity of tight junctions, while docosahexaenoic acid (DHA) suppresses endothelial transcytosis (58). Our previous works found that both mechanisms were apparent in the regulation of the BBB in white matter (where it is adjacent to the blood clot directly) after SAH (58). Moreover, capillary pericytes are involved in the two mechanisms by secreting matrix metalloproteinase-9 (MMP-9) and DHA, revealing an interesting role of pericytes in white matter injury after SAH.



Excitatory Amino Acids

Glutamate is the main excitatory amino acid (EAA) of the human brain. Glutamatergic neurons participate in mediating motor conduction in the spinal cord, red nucleus giant cells, and Deiters' nucleus giant cells (59). The concentration of glutamate is abundant (up to 10 μmol/g brain tissue) in the human central nervous system (60). Its receptors (glutamate receptor, GluR) include the metabotropic (mGluR) and ionic (iGluR) receptors (60). The former, mGluR, is a G protein-coupled receptor that activates protein modification and regulates the process of learning, memory, anxiety, and pain transmission. The latter, iGluR, is a ligand-gated ion channel that is further subdivided into three subtypes: the N-methyl-D-aspartate receptor (NMDAR), aminohydroxymethyl oxazole propionate receptor (AMPAR), and kainate receptor (KAR). Studies have found that both mGluR and iGluR are widely distributed in white matter (61). In pathological scenarios, excess glutamate is released from damaged glutamatergic neurons, causing demyelination, axonal injury, and glial cell death (62). Furthermore, the blocking of reuptake and physiological elimination of glutamate also lead to its excessive accumulation (62). This reuptake failure is mainly because of the functional inhibition of the presynaptic membrane of neurons or the transporter of glutamic acids (GluTs, which consume ATP) on the glial cell membrane (62). In the ischemic and hypoxic environment caused by stroke, ATP supply is disturbed, and glutamate reuptake is weakened (62). However, the antiport of the sodium-dependent glutamate transporter further aggravates the accumulation of glutamate and causes cell excitotoxicity (62). Excessive glutamate leads to intracellular calcium overload, oxidative stress, and endoplasmic reticulum stress, resulting in oligodendrocyte apoptosis, and demyelination (62).

Excess glutamate is found in cerebrospinal fluid and brain tissues of SAH patients. A correlation study analyzed the level of excitatory amino acids in the intercellular substance of SAH patients using microdialysis and found that the elevation of aspartic acid and glutamate levels was negatively correlated with the prognosis of SAH patients (63). Another animal experiment showed that the expression of mGluR and the glutamate transporter decreased significantly in the early stage of SAH (64). In their report, upregulation of the glutamate receptor and its transporter by using magnesium sulfate or nimodipine significantly improved neurological functions (64). These studies suggest that glutamate levels in the brain may be an important indicator of white matter injury after SAH.



Inflammatory Injury

Neuroinflammation has been shown to be an important pathogenic factor for white matter injury after SAH (65). A case comparison study by Leviton and colleagues classified neonatal intracerebral hemorrhage into three types according to whether there was white matter injury: cerebral hemorrhage with white matter injury (68 cases), cerebral hemorrhage without white matter injury (123 cases), and no cerebral hemorrhage or white matter injury (1,677 cases). This study found that the inflammatory response was more significant and lasting in patients who had white matter injury (66). After SAH, the majority of inflammation was induced by the polarization of microglia from the resting state (M0 type) to the immune damage state (M1 type) or neuroprotection state (M2 type) (67). Therefore, it was a promising direction of inflammatory therapy by converting the polarization of microglia after SAH (68). Peng et al. recently reported that low-density lipoprotein receptor-related protein-1 activation could modulate M2 microglial polarization and attenuate white matter injury after SAH (69), and apolipoprotein E and its mimetic peptide COG1410 could reduce M1 microglia activation for the protection of white matter injury after SAH (70). In addition, peripheral lymphocytes, such as T lymphocytes and macrophages, penetrated into the brain through the damaged blood–brain barrier after SAH (71). These immune cells either killed or phagocytosed neurons and glia, causing white matter inflammatory injury (71). Microglia secrete proinflammatory factors such as TNFα, NIL1, and IL13, leading to oligodendrocyte and periventricular white matter injury in ischemic circumstances (72). Activation of microglia also transformed inactive MMPs into active MMP-3 and MMP-9, thereby destroying the BBB and degrading myelin (73). In addition, intervention of inflammatory injury after SAH should be undertaken as early as possible since inflammation can interfere with the videographic diagnosis of SAH (74).




REPAIR FACTORS OF WHITE MATTER AFTER SAH


Oligodendrocyte Precursor Cells

Oligodendrocytes are responsible for the myelination of axons. During the development of the brain, oligodendrocytes usually originate from the neuroepithelial area where neural stem cells differentiate into oligodendrocyte precursor cells (OPCs) before developing into early oligodendrocytes (75). Recent studies have shown that OPCs develop in stages and form potentially diverse populations (76). OPCs from different sources have different susceptibilities and transcriptional profiles (76). If some OPCs are more sensitive than others, there may be a promising therapeutic strategy to target the vulnerable OPC subpopulation. OPCs, which still exist in the adult brain, are crucial for myelin maintenance and can be recruited for remyelination in the case of myelin damage (77). Moreover, in adult mice, OPCs account for ~8–9% of the white matter cell population and 2–3% of the gray matter cell population, suggesting that OPCs are the most important cells mobilized in remyelination after brain injury (77).

After proliferation, most OPCs are integrated into neural circuits, and excessive ones are removed by microglia (78). In addition, it has been shown that myelination is a dynamic and plastic process (79). For example, studies in animals and humans have shown that neural activity facilitates the differentiation and myelination of OPCs during exercise and learning (79). OPCs have a gross cone-like structure and can reach damaged areas under the guidance of multiple chemokines (80). For example, the concentration gradients of bone morphogenetic protein (BMP), Sonic hedgehog (Shh), and Wnt protein determine the direction of migration of OPCs (80). Other factors, such as growth factors, extracellular matrix proteins, axon-inducing molecules, and neural activity, can also influence the migration of OPCs (77). In addition, it has been shown that the migration of OPCs is also stimulated by extracellular matrix components such as laminin, fibronectin, vitronectin, anosmin-1, and tenascin-C (81). Interestingly, glutamate can promote the migration of OPCs by stimulating the expression of polysialic acid–neuronal cell adhesion molecules and activating the Tiam1/Rac1/ERK signaling transduction pathway (82). A recent study by Tsai and colleagues showed that correct cerebral vascularization was essential for the migration of OPCs (83). More specifically, OPCs migrated by “crawling” along the blood vessels and could also “jump” from one blood vessel to another (83). This behavior of OPCs may aim to ensure an adequate oxygen supply during the myelination process, which requires a high oxygen consumption. Xu and colleagues recently reported that perioxisomal dysfunction exacerbated white matter injury after SAH, at least partly through thioredoxin-interacting protein and glycerone phosphate acyl transferase signals (84).

OPCs will not stop proliferating after reaching their destination until the number of OPCs reaches homeostasis (75). OPCs are in a state of moderate proliferation and differentiation inhibition. PDGF signaling is the main inducer of OPC proliferation, while Notch and Wnt signaling and downstream transcription factors are inhibitors of OPC differentiation (85, 86). The inhibition of OPC differentiation is relieved after white matter injury, and OPCs differentiate into immature oligodendrocytes and eventually form myelin sheaths under the promotion of transcription factors such as myelin regulators (Myrf) (87). Mature oligodendrocytes ultimately achieve myelin assembly of axons by expressing a large number of myelin genes after contact with neuronal axons, including myelin-associated glycoprotein (MAG), myelin oligodendrocyte glycoprotein (MOG), myelin basic protein (MBP), and myelin protein lipoprotein (PLP) (88). Therefore, the proliferation, migration, differentiation, and maturation of OPCs, as well as the internal regulatory mechanism, could provide new strategies for plastic myelin regeneration after SAH (Figure 2).


[image: Figure 2]
FIGURE 2. Schematic representation of the main processes of NSCs, OPCs, and pericytes in white matter repair after SAH. OPCs proliferate and migrate to the injured foci and differentiate into oligodendrocytes to repair damaged myelin. NSCs differentiate into white matter neurons and oligodendrocytes to repair axons and myelin. Pericytes restore the blood supply to the white matter by modulating capillary constriction; moreover, pericytes enhance BBB integrity and alleviate white matter injury after SAH. NSCs, neural stem cells; OPCs, oligodendrocyte precursor cells; SAH, subarachnoid hemorrhage; BBB, blood–brain barrier.




Neural Stem Cells

Neural stem cells (NSCs) are located in the stem pool (subventricular zone and hippocampus) of the brain and are considered to be the center of cerebral regeneration (89). Surprisingly, NSCs are the source of myelin repair by differentiating into oligodendrocytes (90). Stem cell therapy has been confirmed in rescue organs and tissues in a variety of animal models (90). However, most of these therapies are still experimental, and only small-scale and experimental stem cell therapy trials have been conducted in clinical practice (90). Furthermore, some issues that are not negligible, including directional differentiation, side effects, and risk of immune rejection, have not been resolved at present.

Compared with other described therapeutic cells, including embryonic stem cells, mesenchymal stem cells, umbilical cord stem cells, and induced pluripotent stem cells, human NSCs have shown the advantage of stable proliferation, mainly differentiating into neurons and oligodendrocytes. Studies have shown that nasal administration of mesenchymal stem cells (MSCs) after 6 days of SAH in rats significantly reduced brain injury and neuroinflammation and improved neurofunctional outcomes after 21 days of SAH (91). The first case of venous stem cell treatment of a high-grade aneurysmal SAH patient indicated that the patient recovered rapidly and well after intravenous infusion of bone marrow-derived allogeneic MSCs on day 3 after hemorrhage and achieved a modified Rankin Scale score of 3 at 6 months (92). The immunological rejection of neural stem cell transplantation may be improved by gene editing in the future, and we may quickly obtain a large number of neurons by using iPSC technology, reducing costs and shortening the transplantation time (93). These clinical trials suggest that neural stem cells have great clinical application value and should be used as one of the treatment options for white matter injury.

In recent years, some achievements have been made in basic and clinical studies of stem cell therapy, but there are still some limitations. The safety and reliability of stem cell therapy, especially the safety of long-term treatment, need to be verified by more experiments. Stem cell type, delivery location and route, and optimal time of intervention of stem cell therapy need to be further explored. There are great challenges and still has a long way to go from animal experiments to clinical applications, but we believe that these findings provide a certain basis and guidance for stem cell therapy in the treatment of white matter injury after SAH (Figure 2).



Pericytes

The pericytes surrounding capillaries are essential for maintaining the structure and function of the blood–brain barrier. Pericytes have been found to be involved in white matter injury in cerebral arterial disease with subcortical infarcts and leukoencephalopathy, cerebral ischemia, and primary brain calcification (94). Deletion of beta-type platelet-derived growth factor receptor (PDGFRb) causes pericyte loss and affects white matter functions in two ways: one is that the loss or dysfunction of pericytes leads to blood–brain barrier leakage, causing further toxic injury and white matter edema (95); the other is that pericyte contraction causes microcirculatory disturbance, blocking the white matter blood supply and causing white matter ischemia and hypoxia damage (96). Under pathological conditions, pericytes can be transformed into α-smooth muscle actin (a-SMA)-positive phenotype, showing the regulation of contractile function and leading to neurological impairment (97). Our previous studies have shown that regulating eNOS/NO signal can inhibit the conversion of pericytes to a-SMA-positive phenotype, thereby increasing the diameter of capillaries and regulating the neurological dysfunction caused by microcirculation disturbance after SAH (98). Moreover, increased expression and secretion of MMP-9 in pericytes after SAH degrades endothelial tight junction protein and basement membrane (99), while cyclosporine A (CsA) can improve nerve injury caused by vasogenic edema by inhibiting this process (58). The activation of oxidative stress induced by SAH leads to increased apoptosis of pericytes, and edaravone can inhibit this change and improve the early brain injury after SAH (100). In addition, pericytes also show stem cell properties and differentiate into neurons under certain conditions and further repair nerve damage (101). Therefore, pericytes have great potential in the treatment and intervention of white matter injury (Figure 2).




POTENTIAL THERAPEUTIC STRATEGIES TARGETING WHITE MATTER INJURY AFTER SAH

Currently, clinical trials on SAH mainly focus on alleviating vascular spasm, and there are few studies related to white matter injury. The study on the neuroprotective effect of ketamine infusion after aneurysmal SAH is in phase 3 clinical trial now, which will provide an effective treatment for the protection of neurocognitive function in patients with SAH after completion (ClinicalTrials.gov identifier: NCT02636218). Moreover, the effect of Xenon treatment on brain injury in the acute phase after aneurysmal SAH is in the initial phase of a phase 2 clinical trial and is expected to be a new approach for treating white matter injury after SAH (ClinicalTrials.gov identifier: NCT04696523).

In addition, there are a variety of drugs that promote remyelination or impedance demyelination in preclinical and clinical application stages. For example, bazedoxifene (BZA) is one of the third-generation selective estrogen receptor modulators that has been shown in preclinical studies to promote myelin regeneration (102) and is currently undergoing phase II clinical trials in MS patients (ClinicalTrials.gov identifier: NCT04002934). In an animal model of cuprizone-induced demyelination, testosterone promotes the proliferation and differentiation of OPCs into mature oligodendrocytes through targeting neuroandrogen receptors (103). Due to the potential side effects and risk of overdose of hormone therapy, the phase II clinical study of testosterone is currently being conducted only in patients with testosterone deficiency, with the primary objective of determining the efficacy of testosterone in MS (ClinicalTrials.gov identifier: NCT03910738). Experiments have shown that metformin can promote the expansion, migration, and differentiation of endogenous neural progenitor cells in injured rodent brains, so as to carry out self-repair and functional recovery (104). The research on the effect of metformin on endogenous neural progenitor cells in patients with multiple sclerosis is undergoing phase II clinical trial (ClinicalTrials.gov identifier: NCT04121468). Canavan disease is a congenital white matter disorder characterized by severe motor abnormalities and low myelination, and a phase II clinical trial of RAAV-Oligo001-ASPA in the treatment of Canavan disease has just initiated (ClinicalTrials.gov identifier: NCT04833907). RAAV-Olig001-ASPA is the first gene therapy targeting oligodendrocytes, which are critical for myelination and brain development (105). A phase II clinical trial of nanocrystalline gold for multiple sclerosis has initiated (ClinicalTrials.gov identifier: NCT03536559). If these clinical trials are successful, the high specificity of gene therapy and strong targeting of nanomaterials will provide new therapeutic strategies for remyelination after SAH. Besides, clomastine, solinacine, and benzotropine have been tested in preclinical studies and approved for clinical use. Other promising drugs, such as VX15/2503, BIIB033, and GSK239512, promoted the differentiation of oligodendrocyte precursor cells by inhibiting Wnt, Notch, and other signaling pathways in vitro/animal experiments, thus promoting myelin regeneration. However, no relevant clinical studies have been conducted so far. Several drugs and their targets are summarized in Table 1.


Table 1. Advances in drug research for myelin repair.
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PERSPECTIVE AND CONCLUSION

Previous studies have focused on early brain injury (EBI) and delayed cerebral ischemia (DCI) in patients with SAH. Most of these studies focus on the cortical gray matter neurovascular units or white matter neurons and ignore the myelin sheath regeneration and the structure and function of white matter fiber tracts. While <20% of the volume of white matter is present in commonly used laboratory rodents, white matter makes up more than 50% of the human brain. From the perspective of clinical treatment, even if damage of gray matter can be restored, the treatment of patients is difficult to achieve ideal results without repair of white matter fiber bundle and myelin sheath. These studies suggest that it is important to pay attention to white matter injury for neurological rehabilitation after subarachnoid hemorrhage.

The therapeutic strategies for white matter injury are mainly limited to maintaining the balance of damage and reconstruction of white matter components after SAH ictus. The present review discusses the pathogenic factors and repair mechanisms of white matter injury after SAH, as well as the anti-inflammatory mechanisms to mitigate existing damage by reducing blood–brain barrier destruction, decreasing intracranial pressure, blocking thrombin-activating molecular cascades, and other means. On the other hand, regeneration of the myelin sheath and the repair of neurovascular can be promoted through the repair and functional stability of OPC cells, neural stem cells, and pericytes. The combination of these two strategies can reduce white matter injury after SAH and accelerate the recovery of neurological function. Potential drugs have been approved for clinical use and are expected to be used in the treatment of white matter injury after SAH. Given these exciting works, especially in preclinical studies, new breakthroughs in the treatment of neurological deficits caused by white matter injury in SAH patients may be possible in the near future.



AUTHOR CONTRIBUTIONS

XR, LG, JZ, QL, SZ, YC, and ZL draft the manuscript and figures. HF, ZL, and YC proof read and revise the manuscript. YC and ZL give the final prove for this submission. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation of China (82030036 and 81901216); Natural Science Foundation of Chongqing (cstc2019jcyj-msxmX0535); State Key Laboratory of Trauma, Burn, and Combined Injury (SKLYQ202002); and Southwest Hospital (SWH2018BJKJ-05).



REFERENCES

 1. Dong Y, Guo ZN, Li Q, Ni W, Gu H, Gu YX, et al. Chinese stroke association guidelines for clinical management of cerebrovascular disorders: executive summary and 2019 update of clinical management of spontaneous subarachnoid haemorrhage. Stroke Vasc Neurol. (2019) 4:176–81. doi: 10.1136/svn-2019-000296

 2. Neifert SN, Chapman EK, Martini ML, Shuman WH, Schupper AJ, Oermann EK, et al. Aneurysmal subarachnoid hemorrhage: the last decade. Transl Stroke Res. (2020) 12:428–46. doi: 10.1007/s12975-020-00867-0

 3. Macdonald RL, Schweizer TA. Spontaneous subarachnoid haemorrhage. Lancet. (2017) 389:655–66. doi: 10.1016/S0140-6736(16)30668-7

 4. Reijmer YD, Van Den Heerik MS, Heinen R, Leemans A, Hendrikse J, De Vis JB, et al. Microstructural white matter abnormalities and cognitive impairment after aneurysmal subarachnoid hemorrhage. Stroke. (2018) 49:2040–5. doi: 10.1161/STROKEAHA.118.021622

 5. Darwazeh R, Wei M, Zhong J, Zhang Z, Lv F, Darwazeh M, et al. Significant injury of the mammillothalamic tract without injury of the corticospinal tract after aneurysmal subarachnoid hemorrhage: a retrospective diffusion tensor imaging study. World Neurosurg. (2018) 114:e624–30. doi: 10.1016/j.wneu.2018.03.042

 6. Nakazawa S, Kobayashi S, Yokota H, Shimura T. [A clinical and pathological study of diffuse axonal injury]. No Shinkei Geka. (1989) 17:247–53.

 7. Wu Y, Peng J, Pang J, Sun X, Jiang Y. Potential mechanisms of white matter injury in the acute phase of experimental subarachnoid haemorrhage. Brain. (2017) 140:e36. doi: 10.1093/brain/awx084

 8. Wong GK, Lam SW, Wong A, Mok V, Siu D, Ngai K, et al. Early MoCA-assessed cognitive impairment after aneurysmal subarachnoid hemorrhage and relationship to 1-year functional outcome. Transl Stroke Res. (2014) 5:286–91. doi: 10.1007/s12975-013-0284-z

 9. Adina M, Patricia R, Peter S. Chapter 11-Stroke and Head Injury. The Nervous System. 2nd ed. Edinburgh: Churchill Livingstone (2010) 199–226p. doi: 10.1016/B978-0-7020-3373-5.00011-3

 10. Lee SJ, Kim MS, Jang SH. White matter abnormalities in spontaneous subarachnoid hemorrhage: a tract-based spatial statistics study. Stroke. (2020) 51:e246–9. doi: 10.1161/STROKEAHA.120.029996

 11. Guo D, Wilkinson DA, Thompson BG, Pandey AS, Keep RF, Xi G, et al. MRI characterization in the acute phase of experimental subarachnoid hemorrhage. Transl Stroke Res. (2017) 8:234–43. doi: 10.1007/s12975-016-0511-5

 12. Neil-Dwyer G, Lang DA, Doshi B, Gerber CJ, Smith PW. Delayed cerebral ischaemia: the pathological substrate. Acta Neurochir. (1994) 131:137–45. doi: 10.1007/BF01401464

 13. Satomi J, Hadeishi H, Yoshida Y, Suzuki A, Nagahiro S. Histopathological findings in brains of patients who died in the acute stage of poor-grade subarachnoid hemorrhage. Neurol Med Chir. (2016) 56:766–70. doi: 10.2176/nmc.oa.2016-0061

 14. Weimer JM, Jones SE, Frontera JA. Acute cytotoxic and vasogenic edema after subarachnoid hemorrhage: a quantitative MRI study. AJNR Am J Neuroradiol. (2017) 38:928–34. doi: 10.3174/ajnr.A5181

 15. Cho MK, Jang SH. Diffusion tensor imaging studies on spontaneous subarachnoid hemorrhage-related brain injury: a mini-review. Front Neurol. (2020) 11:283. doi: 10.3389/fneur.2020.00283

 16. Jang SH, Choi BY, Kim SH, Chang CH, Jung YJ, Kwon HG. Injury of the mammillothalamic tract in patients with subarachnoid haemorrhage: a retrospective diffusion tensor imaging study. BMJ Open. (2014) 4:e005613. doi: 10.1136/bmjopen-2014-005613

 17. Jang SH, Yeo SS. Injury of the papez circuit in a patient with provoked confabulation following subarachnoid hemorrhage: a diffusion tensor tractography study. Acta Neurol Belg. (2016) 116:655–8. doi: 10.1007/s13760-016-0602-9

 18. Schweizer TA, Al-Khindi T, Loch Macdonald R. Diffusion tensor imaging as a surrogate marker for outcome after perimesencephalic subarachnoid hemorrhage. Clin Neurol Neurosurg. (2012) 114:798–800. doi: 10.1016/j.clineuro.2011.12.045

 19. Liu Y, Soppi V, Mustonen T, Kononen M, Koivisto T, Koskela A, et al. Subarachnoid hemorrhage in the subacute stage: elevated apparent diffusion coefficient in normal-appearing brain tissue after treatment. Radiology. (2007) 242:518–25. doi: 10.1148/radiol.2422051698

 20. Ali A, Bitir B, Abdullah T, Sabanci PA, Aras Y, Aydoseli A, et al. Gray-to-white matter ratio predicts long-term recovery potential of patients with aneurysmal subarachnoid hemorrhage. Neurosurg Rev. (2020) 43:195–202. doi: 10.1007/s10143-018-1029-y

 21. Powers WJ. Intracerebral hemorrhage and head trauma: common effects and common mechanisms of injury. Stroke. (2010) 41:S107–10. doi: 10.1161/STROKEAHA.110.595058

 22. Kummer TT, Magnoni S, Macdonald CL, Dikranian K, Milner E, Sorrell J, et al. Experimental subarachnoid haemorrhage results in multifocal axonal injury. Brain. (2015) 138:2608–18. doi: 10.1093/brain/awv180

 23. Tao C, Hu X, Li H, You C. White matter injury after intracerebral hemorrhage: pathophysiology and therapeutic strategies. Front Hum Neurosci. (2017) 11:422. doi: 10.3389/fnhum.2017.00422

 24. Iadecola C, Park L, Capone C. Threats to the mind: aging, amyloid, and hypertension. Stroke. (2009) 40:S40–4. doi: 10.1161/STROKEAHA.108.533638

 25. Husain J, Juurlink BH. Oligodendroglial precursor cell susceptibility to hypoxia is related to poor ability to cope with reactive oxygen species. Brain Res. (1995) 698:86–94. doi: 10.1016/0006-8993(95)00832-B

 26. Domercq M, Sanchez-Gomez MV, Sherwin C, Etxebarria E, Fern R, Matute C. System xc- and glutamate transporter inhibition mediates microglial toxicity to oligodendrocytes. J Immunol. (2007) 178:6549–56. doi: 10.4049/jimmunol.178.10.6549

 27. Egashira Y, Zhao H, Hua Y, Keep RF, Xi G. White matter injury after subarachnoid hemorrhage: role of blood-brain barrier disruption and matrix metalloproteinase-9. Stroke. (2015) 46:2909–15. doi: 10.1161/STROKEAHA.115.010351

 28. Toyota Y, Wei J, Xi G, Keep RF, Hua Y. White matter T2 hyperintensities and blood-brain barrier disruption in the hyperacute stage of subarachnoid hemorrhage in male mice: the role of lipocalin-2. CNS Neurosci Ther. (2019) 25:1207–14. doi: 10.1111/cns.13221

 29. Egashira Y, Hua Y, Keep RF, Xi G. Acute white matter injury after experimental subarachnoid hemorrhage: potential role of lipocalin 2. Stroke. (2014) 45:2141–3. doi: 10.1161/STROKEAHA.114.005307

 30. Chen S, Feng H, Sherchan P, Klebe D, Zhao G, Sun X, et al. Controversies and evolving new mechanisms in subarachnoid hemorrhage. Prog Neurobiol. (2014) 115:64–91. doi: 10.1016/j.pneurobio.2013.09.002

 31. Suwatcharangkoon S, Meyers E, Falo C, Schmidt JM, Agarwal S, Claassen J, et al. Loss of consciousness at onset of subarachnoid hemorrhage as an important marker of early brain injury. JAMA Neurol. (2016) 73:28–35. doi: 10.1001/jamaneurol.2015.3188

 32. Lee VH, Temes RE, John S, Conners JJ, Bleck T, Prabhakaran S. Posterior reversible leukoencephalopathy syndrome presenting with global cerebral edema and herniation. Neurocrit Care. (2013) 18:81–3. doi: 10.1007/s12028-012-9798-6

 33. Hartwell RC, Sutton LN. Mannitol, intracranial pressure, and vasogenic edema. Neurosurgery. (1993) 32:444–450; discussion 450. doi: 10.1097/00006123-199303000-00017

 34. Leinonen V, Vanninen R, Rauramaa T. Raised intracranial pressure and brain edema. Handb Clin Neurol. (2017) 145:25–37. doi: 10.1016/B978-0-12-802395-2.00004-3

 35. Rabinstein AA, Lanzino G. Aneurysmal subarachnoid hemorrhage: unanswered questions. Neurosurg Clin N Am. (2018) 29:255–62. doi: 10.1016/j.nec.2018.01.001

 36. Nemoto EM. Dynamics of cerebral venous and intracranial pressures. Acta Neurochir Suppl. (2006) 96:435–7. doi: 10.1007/3-211-30714-1_89

 37. Owler BK, Pitham T, Wang D. Aquaporins: relevance to cerebrospinal fluid physiology and therapeutic potential in hydrocephalus. Cerebrospinal Fluid Res. (2010) 7:15. doi: 10.1186/1743-8454-7-15

 38. Hampl R, Bicikova M, Sosvorova L. Hormones and the blood-brain barrier. Horm Mol Biol Clin Investig. (2015) 21:159–64. doi: 10.1515/hmbci-2014-0042

 39. Coughlin SR. Protease-activated receptors in hemostasis, thrombosis and vascular biology. J Thromb Haemost. (2005) 3:1800–14. doi: 10.1111/j.1538-7836.2005.01377.x

 40. Alberelli MA, De Candia E. Functional role of protease activated receptors in vascular biology. Vascul Pharmacol. (2014) 62:72–81. doi: 10.1016/j.vph.2014.06.001

 41. Kassell NF, Sasaki T, Colohan AR, Nazar G. Cerebral vasospasm following aneurysmal subarachnoid hemorrhage. Stroke. (1985) 16:562–72. doi: 10.1161/01.STR.16.4.562

 42. White RP, Robertson JT. Role of plasmin, thrombin, and antithrombin III as etiological factors in delayed cerebral vasospasm. Neurosurgery. (1985) 16:27–35. doi: 10.1227/00006123-198501000-00007

 43. Kikkawa Y, Kameda K, Hirano M, Sasaki T, Hirano K. Impaired feedback regulation of the receptor activity and the myofilament Ca2+ sensitivity contributes to increased vascular reactiveness after subarachnoid hemorrhage. J Cereb Blood Flow Metab. (2010) 30:1637–50. doi: 10.1038/jcbfm.2010.35

 44. Babu R, Bagley JH, Di C, Friedman AH, Adamson C. Thrombin and hemin as central factors in the mechanisms of intracerebral hemorrhage-induced secondary brain injury and as potential targets for intervention. Neurosurg Focus. (2012) 32:E8. doi: 10.3171/2012.1.FOCUS11366

 45. Yang CC, Hsiao LD, Yang CM, Lin CC. Thrombin enhanced matrix metalloproteinase-9 expression and migration of SK-N-SH cells via PAR-1, c-Src, PYK2, EGFR, Erk1/2 and AP-1. Mol Neurobiol. (2017) 54:3476–91. doi: 10.1007/s12035-016-9916-0

 46. Li L, Tao Y, Tang J, Chen Q, Yang Y, Feng Z, et al. A cannabinoid receptor 2 agonist prevents thrombin-induced blood-brain barrier damage via the inhibition of microglial activation and matrix metalloproteinase expression in rats. Transl Stroke Res. (2015) 6:467–77. doi: 10.1007/s12975-015-0425-7

 47. Walker EJ, Rosenberg GA. Divergent role for MMP-2 in myelin breakdown and oligodendrocyte death following transient global ischemia. J Neurosci Res. (2010) 88:764–73. doi: 10.1002/jnr.22257

 48. Gulati D, Dua D, Torbey MT. Hemostasis in intracranial hemorrhage. Front Neurol. (2017) 8:80. doi: 10.3389/fneur.2017.00080

 49. Esteve-Pastor MA, Hernandez-Romero D, Valdes M, Marin F. New approaches to the role of thrombin in acute coronary syndromes: quo vadis bivalirudin, a direct thrombin inhibitor? Molecules. (2016) 21:284. doi: 10.3390/molecules21030284

 50. Li Q, Zhao HL, Pan PY, Ru XF, Zuo SL, Qu J, et al. Nexilin regulates oligodendrocyte progenitor cell migration and remyelination and is negatively regulated by protease-activated receptor 1/Ras-proximate-1 signaling following subarachnoid hemorrhage. Front Neurol. (2018) 9:282. doi: 10.3389/fneur.2018.00282

 51. Hayman EG, Patel AP, James RF, Simard JM. Heparin and heparin-derivatives in post-subarachnoid hemorrhage brain injury: a multimodal therapy for a multimodal disease. Molecules. (2017) 22:724. doi: 10.3390/molecules22050724

 52. Mocco J, Prickett CS, Komotar RJ, Connolly ES, Mayer SA. Potential mechanisms and clinical significance of global cerebral edema following aneurysmal subarachnoid hemorrhage. Neurosurg Focus. (2007) 22:E7. doi: 10.3171/foc.2007.22.5.8

 53. Sweeney MD, Sagare AP, Zlokovic BV. Blood-brain barrier breakdown in alzheimer disease and other neurodegenerative disorders. Nat Rev Neurol. (2018) 14:133–50. doi: 10.1038/nrneurol.2017.188

 54. Zhao Z, Nelson AR, Betsholtz C, Zlokovic BV. Establishment and dysfunction of the blood-brain barrier. Cell. (2015) 163:1064–78. doi: 10.1016/j.cell.2015.10.067

 55. Hase Y, Horsburgh K, Ihara M, Kalaria RN. White matter degeneration in vascular and other ageing-related dementias. J Neurochem. (2018) 144:617–33. doi: 10.1111/jnc.14271

 56. Lehmann HC, Kohne A, Bernal F, Jangouk P, Meyer Zu Horste G, Dehmel T, et al. Matrix metalloproteinase-2 is involved in myelination of dorsal root ganglia neurons. Glia. (2009) 57:479–89. doi: 10.1002/glia.20774

 57. Skuljec J, Gudi V, Ulrich R, Frichert K, Yildiz O, Pul R, et al. Matrix metalloproteinases and their tissue inhibitors in cuprizone-induced demyelination and remyelination of brain white and gray matter. J Neuropathol Exp Neurol. (2011) 70:758–69. doi: 10.1097/NEN.0b013e3182294fad

 58. Pan P, Zhang X, Li Q, Zhao H, Qu J, Zhang JH, et al. Cyclosporine A alleviated matrix metalloproteinase 9 associated blood-brain barrier disruption after subarachnoid hemorrhage in mice. Neurosci Lett. (2017) 649:7–13. doi: 10.1016/j.neulet.2017.03.050

 59. Tremblay R, Lee S, Rudy B. GABAergic interneurons in the neocortex: from cellular properties to circuits. Neuron. (2016) 91:260–92. doi: 10.1016/j.neuron.2016.06.033

 60. Macrez R, Stys PK, Vivien D, Lipton SA, Docagne F. Mechanisms of glutamate toxicity in multiple sclerosis: biomarker and therapeutic opportunities. Lancet Neurol. (2016) 15:1089–102. doi: 10.1016/S1474-4422(16)30165-X

 61. Bakiri Y, Burzomato V, Frugier G, Hamilton NB, Karadottir R, Attwell D. Glutamatergic signaling in the brain's white matter. Neuroscience. (2009) 158:266–74. doi: 10.1016/j.neuroscience.2008.01.015

 62. Spitzer S, Volbracht K, Lundgaard I, Karadottir RT. Glutamate signalling: a multifaceted modulator of oligodendrocyte lineage cells in health and disease. Neuropharmacology. (2016) 110:574–85. doi: 10.1016/j.neuropharm.2016.06.014

 63. Davalos A, Shuaib A, Wahlgren NG. Neurotransmitters and pathophysiology of stroke: evidence for the release of glutamate and other transmitters/mediators in animals and humans. J Stroke Cerebrovasc Dis. (2000) 9:2–8. doi: 10.1053/jscd.2000.18908

 64. Feng D, Wang W, Dong Y, Wu L, Huang J, Ma Y, et al. Ceftriaxone alleviates early brain injury after subarachnoid hemorrhage by increasing excitatory amino acid transporter 2 expression via the PI3K/Akt/NF-kappaB signaling pathway. Neuroscience. (2014) 268:21–32. doi: 10.1016/j.neuroscience.2014.02.053

 65. Zhao H, Qu J, Li Q, Cui M, Wang J, Zhang K, et al. Taurine supplementation reduces neuroinflammation and protects against white matter injury after intracerebral hemorrhage in rats. Amino Acids. (2018) 50:439–51. doi: 10.1007/s00726-017-2529-8

 66. Leviton A, Allred EN, Dammann O, Engelke S, Fichorova RN, Hirtz D, et al. Systemic inflammation, intraventricular hemorrhage, and white matter injury. J Child Neurol. (2013) 28:1637–45. doi: 10.1177/0883073812463068

 67. Miyanohara J, Kakae M, Nagayasu K, Nakagawa T, Mori Y, Arai K, et al. TRPM2 channel aggravates CNS inflammation and cognitive impairment via activation of microglia in chronic cerebral hypoperfusion. J Neurosci. (2018) 38:3520–33. doi: 10.1523/JNEUROSCI.2451-17.2018

 68. Dambska M, Maslinska D, Laure-Kamionowska M, Toborowicz J. Inflammatory and reparative tissue reaction in developing human central nervous system. Acta Neurobiol Exp. (2004) 64:475–80.

 69. Peng J, Pang J, Huang L, Enkhjargal B, Zhang T, Mo J, et al. LRP1 activation attenuates white matter injury by modulating microglial polarization through Shc1/PI3K/Akt pathway after subarachnoid hemorrhage in rats. Redox Biol. (2019) 21:101121. doi: 10.1016/j.redox.2019.101121

 70. Pang J, Peng J, Matei N, Yang P, Kuai L, Wu Y, et al. Apolipoprotein E exerts a whole-brain protective property by promoting M1? Microglia quiescence after experimental subarachnoid hemorrhage in mice. Transl Stroke Res. (2018) 9:654–68. doi: 10.1007/s12975-018-0665-4

 71. Wang X, Mallard C. Editorial: white blood cells matter in neonatal white-matter injury. J Leukoc Biol. (2016) 99:4–6. doi: 10.1189/jlb.3CE0615-242R

 72. Qin C, Fan WH, Liu Q, Shang K, Murugan M, Wu LJ, et al. Fingolimod protects against ischemic white matter damage by modulating microglia toward M2 polarization via STAT3 pathway. Stroke. (2017) 48:3336–46. doi: 10.1161/STROKEAHA.117.018505

 73. Narantuya D, Nagai A, Sheikh AM, Wakabayashi K, Shiota Y, Watanabe T, et al. Microglia transplantation attenuates white matter injury in rat chronic ischemia model via matrix metalloproteinase-2 inhibition. Brain Res. (2010) 1316:145–52. doi: 10.1016/j.brainres.2009.12.043

 74. Marder CP, Narla V, Fink JR, Tozer Fink KR. Subarachnoid hemorrhage: beyond aneurysms. AJR Am J Roentgenol. (2014) 202:25–37. doi: 10.2214/AJR.12.9749

 75. Hughes EG, Kang SH, Fukaya M, Bergles DE. Oligodendrocyte progenitors balance growth with self-repulsion to achieve homeostasis in the adult brain. Nat Neurosci. (2013) 16:668–76. doi: 10.1038/nn.3390

 76. Crawford AH, Tripathi RB, Richardson WD, Franklin RJM. Developmental origin of oligodendrocyte lineage cells determines response to demyelination and susceptibility to age-associated functional decline. Cell Rep. (2016) 15:761–73. doi: 10.1016/j.celrep.2016.03.069

 77. De Castro F, Bribian A. The molecular orchestra of the migration of oligodendrocyte precursors during development. Brain Res Brain Res Rev. (2005) 49:227–41. doi: 10.1016/j.brainresrev.2004.12.034

 78. Taylor DL, Pirianov G, Holland S, Mcginnity CJ, Norman AL, Reali C, et al. Attenuation of proliferation in oligodendrocyte precursor cells by activated microglia. J Neurosci Res. (2010) 88:1632–44. doi: 10.1002/jnr.22335

 79. Svatkova A, Mandl RC, Scheewe TW, Cahn W, Kahn RS, Hulshoff Pol HE. Physical exercise keeps the brain connected: biking increases white matter integrity in patients with schizophrenia and healthy controls. Schizophr Bull. (2015) 41:869–78. doi: 10.1093/schbul/sbv033

 80. Simpson PB, Armstrong RC. Intracellular signals and cytoskeletal elements involved in oligodendrocyte progenitor migration. Glia. (1999) 26:22–35.

 81. Bribian A, Esteban PF, Clemente D, Soussi-Yanicostas N, Thomas JL, Zalc B, et al. A novel role for anosmin-1 in the adhesion and migration of oligodendrocyte precursors. Dev Neurobiol. (2008) 68:1503–16. doi: 10.1002/dneu.20678

 82. Gudz TI, Komuro H, Macklin WB. Glutamate stimulates oligodendrocyte progenitor migration mediated via an alphav integrin/myelin proteolipid protein complex. J Neurosci. (2006) 26:2458–66. doi: 10.1523/JNEUROSCI.4054-05.2006

 83. Tsai HH, Niu J, Munji R, Davalos D, Chang J, Zhang H, et al. Oligodendrocyte precursors migrate along vasculature in the developing nervous system. Science. (2016) 351:379–84. doi: 10.1126/science.aad3839

 84. Xu W, Yan J, Chen S, Ocak U, Shao A, Zhang J. Peroxisomal dysfunction contributes to white matter injury following subarachnoid hemorrhage in rats via thioredoxin-interacting protein-dependent manner. Front Cell Dev Biol. (2020) 8:576482. doi: 10.3389/fcell.2020.576482

 85. Calver AR, Hall AC, Yu WP, Walsh FS, Heath JK, Betsholtz C, et al. Oligodendrocyte population dynamics and the role of PDGF in vivo. Neuron. (1998) 20:869–82. doi: 10.1016/S0896-6273(00)80469-9

 86. Guo F, Lang J, Sohn J, Hammond E, Chang M, Pleasure D. Canonical Wnt signaling in the oligodendroglial lineage–puzzles remain. Glia. (2015) 63:1671–93. doi: 10.1002/glia.22813

 87. Bujalka H, Koenning M, Jackson S, Perreau VM, Pope B, Hay CM, et al. MYRF is a membrane-associated transcription factor that autoproteolytically cleaves to directly activate myelin genes. PLoS Biol. (2013) 11:e1001625. doi: 10.1371/journal.pbio.1001625

 88. Nawaz S, Sanchez P, Schmitt S, Snaidero N, Mitkovski M, Velte C, et al. Actin filament turnover drives leading edge growth during myelin sheath formation in the central nervous system. Dev Cell. (2015) 34:139–51. doi: 10.1016/j.devcel.2015.05.013

 89. Corsini NS, Knoblich JA. Tracing stem cell division in adult neurogenesis. Cell Stem Cell. (2018) 22:143–5. doi: 10.1016/j.stem.2018.01.012

 90. Bond AM, Ming GL, Song H. Adult mammalian neural stem cells and neurogenesis: five decades later. Cell Stem Cell. (2015) 17:385–95. doi: 10.1016/j.stem.2015.09.003

 91. Nijboer CH, Kooijman E, Van Velthoven CT, Van Tilborg E, Tiebosch IA, Eijkelkamp N, et al. Intranasal stem cell treatment as a novel therapy for subarachnoid hemorrhage. Stem Cells Dev. (2018) 27:313–25. doi: 10.1089/scd.2017.0148

 92. Brunet MC, Chen SH, Khandelwal P, Hare JM, Starke RM, Peterson EC, et al. Intravenous stem cell therapy for high-grade aneurysmal subarachnoid hemorrhage: case report and literature review. World Neurosurg. (2019) 128:573–5. doi: 10.1016/j.wneu.2019.04.055

 93. Takahashi J. Stem cells and regenerative medicine for neural repair. Curr Opin Biotechnol. (2018) 52:102–8. doi: 10.1016/j.copbio.2018.03.006

 94. Ghosh M, Balbi M, Hellal F, Dichgans M, Lindauer U, Plesnila N. Pericytes are involved in the pathogenesis of cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy. Ann Neurol. (2015) 78:887–900. doi: 10.1002/ana.24512

 95. Keller A, Westenberger A, Sobrido MJ, Garcia-Murias M, Domingo A, Sears RL, et al. Mutations in the gene encoding PDGF-B cause brain calcifications in humans and mice. Nat Genet. (2013) 45:1077–82. doi: 10.1038/ng.2723

 96. Li Q, Liu X, Ruan H, Chen Y, Feng H. Pericyte: potential target for hemorrhagic stroke prevention and treatment. Curr Drug Deliv. (2017) 14:773–84. doi: 10.2174/1567201813666160829103222

 97. Thanabalasundaram G, Schneidewind J, Pieper C, Galla HJ. The impact of pericytes on the blood-brain barrier integrity depends critically on the pericyte differentiation stage. Int J Biochem Cell Biol. (2011) 43:1284–93. doi: 10.1016/j.biocel.2011.05.002

 98. Li Q, Chen Y, Li B, Luo C, Zuo S, Liu X, et al. Hemoglobin induced NO/cGMP suppression deteriorate microcirculation via pericyte phenotype transformation after subarachnoid hemorrhage in rats. Sci Rep. (2016) 6:22070. doi: 10.1038/srep22070

 99. Pan P, Zhao H, Zhang X, Li Q, Qu J, Zuo S, et al. Cyclophilin a signaling induces pericyte-associated blood-brain barrier disruption after subarachnoid hemorrhage. J Neuroinflammation. (2020) 17:16. doi: 10.1186/s12974-020-1699-6

 100. Fumoto T, Naraoka M, Katagai T, Li Y, Shimamura N, Ohkuma H. The role of oxidative stress in microvascular disturbances after experimental subarachnoid hemorrhage. Transl Stroke Res. (2019) 10:684–94. doi: 10.1007/s12975-018-0685-0

 101. Dore-Duffy P, Katychev A, Wang X, Van Buren E. CNS microvascular pericytes exhibit multipotential stem cell activity. J Cereb Blood Flow Metab. (2006) 26:613–24. doi: 10.1038/sj.jcbfm.9600272

 102. Green AJ, Gelfand JM, Cree BA, Bevan C, Boscardin WJ, Mei F, et al. Clemastine fumarate as a remyelinating therapy for multiple sclerosis (ReBUILD): a randomised, controlled, double-blind, crossover trial. Lancet. (2017) 390:2481–9. doi: 10.1016/S0140-6736(17)32346-2

 103. Ghoumari AM, Abi Ghanem C, Asbelaoui N, Schumacher M, Hussain R. Roles of progesterone, testosterone and their nuclear receptors in central nervous system myelination and remyelination. Int J Mol Sci. (2020) 21:3163. doi: 10.3390/ijms21093163

 104. Dadwal P, Mahmud N, Sinai L, Azimi A, Fatt M, Wondisford FE, et al. Activating endogenous neural precursor cells using metformin leads to neural repair and functional recovery in a model of childhood brain injury. Stem Cell Reports. (2015) 5:166–73. doi: 10.1016/j.stemcr.2015.06.011

 105. Francis JS, Markov V, Wojtas ID, Gray S, Mccown T, Samulski RJ, et al. Preclinical biodistribution, tropism, and efficacy of oligotropic AAV/Olig001 in a mouse model of congenital white matter disease. Mol Ther Methods Clin Dev. (2021) 20:520–34. doi: 10.1016/j.omtm.2021.01.009

 106. Choi JW, Gardell SE, Herr DR, Rivera R, Lee CW, Noguchi K, et al. FTY720 (fingolimod) efficacy in an animal model of multiple sclerosis requires astrocyte sphingosine 1-phosphate receptor 1 (S1P1) modulation. Proc Natl Acad Sci USA. (2011) 108:751–6. doi: 10.1073/pnas.1014154108

 107. Deshmukh VA, Tardif V, Lyssiotis CA, Green CC, Kerman B, Kim HJ, et al. A regenerative approach to the treatment of multiple sclerosis. Nature. (2013) 502:327–32. doi: 10.1038/nature12647

 108. Liu J, Dupree JL, Gacias M, Frawley R, Sikder T, Naik P, et al. Clemastine enhances myelination in the prefrontal cortex and rescues behavioral changes in socially isolated mice. J Neurosci. (2016) 36:957–62. doi: 10.1523/JNEUROSCI.3608-15.2016

 109. Miron VE, Zehntner SP, Kuhlmann T, Ludwin SK, Owens T, Kennedy TE, et al. Statin therapy inhibits remyelination in the central nervous system. Am J Pathol. (2009) 174:1880–90. doi: 10.2353/ajpath.2009.080947

 110. Najm FJ, Madhavan M, Zaremba A, Shick E, Karl RT, Factor DC, et al. Drug-based modulation of endogenous stem cells promotes functional remyelination in vivo.Nature. (2015) 522:216–20. doi: 10.1038/nature14335

 111. Preisner A, Albrecht S, Cui QL, Hucke S, Ghelman J, Hartmann C, et al. Non-steroidal anti-inflammatory drug indometacin enhances endogenous remyelination. Acta Neuropathol. (2015) 130:247–61. doi: 10.1007/s00401-015-1426-z

 112. Mi S, Pepinsky RB, Cadavid D. Blocking LINGO-1 as a therapy to promote CNS repair: from concept to the clinic. CNS Drugs. (2013) 27:493–503. doi: 10.1007/s40263-013-0068-8

 113. Mei F, Fancy SPJ, Shen YA, Niu J, Zhao C, Presley B, et al. Micropillar arrays as a high-throughput screening platform for therapeutics in multiple sclerosis. Nat Med. (2014) 20:954–60. doi: 10.1038/nm.3618

 114. Abiraman K, Pol SU, O'bara MA, Chen GD, Khaku ZM, Wang J, et al. Anti-muscarinic adjunct therapy accelerates functional human oligodendrocyte repair. J Neurosci. (2015) 35:3676–88. doi: 10.1523/JNEUROSCI.3510-14.2015

 115. Hammond TR, Mcellin B, Morton PD, Raymond M, Dupree J, Gallo V. Endothelin-B receptor activation in astrocytes regulates the rate of oligodendrocyte regeneration during remyelination. Cell Rep. (2015) 13:2090–7. doi: 10.1016/j.celrep.2015.11.002

 116. Huang JK, Jarjour AA, Oumesmar BN, Kerninon C, Williams A, Krezel W, et al. Retinoid X receptor gamma signaling accelerates CNS remyelination. Nat Neurosci. (2011) 14:45–53. doi: 10.1038/nn.2702

 117. Yamaguchi W, Tamai R, Kageura M, Furuyama T, Inagaki S. Sema4D as an inhibitory regulator in oligodendrocyte development. Mol Cell Neurosci. (2012) 49:290–9. doi: 10.1016/j.mcn.2011.12.004

 118. Watzlawik JO, Warrington AE, Rodriguez M. PDGF is required for remyelination-promoting IgM stimulation of oligodendrocyte progenitor cell proliferation. PLoS ONE. (2013) 8:e55149. doi: 10.1371/journal.pone.0055149

 119. Saligrama N, Case LK, Del Rio R, Noubade R, Teuscher C. Systemic lack of canonical histamine receptor signaling results in increased resistance to autoimmune encephalomyelitis. J Immunol. (2013) 191:614–22. doi: 10.4049/jimmunol.1203137

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Ru, Gao, Zhou, Li, Zuo, Chen, Liu and Feng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-12-659740-t001.jpg
Medicines

Fingolimod

Benzatropine

Quetiapine hemifumarate

Simvastatin

Clobetasol

Indomethacin

BIIBO33

Clemastine

Solifenacin

BQ788

IRX4204

VX15/2503

rHigM22

GSK239512

Targets

S1P1 receptor

Notch signal; muscarinic
receptor

D2, 5-HT2A antagonist, H1,
al, and 5-HT1A receptor

3-Hydroxy-8-methylglutaryl-
CoA (HMG-CoA) reductase
inhibitor

Corticosteroid receptors

Nonsteroidal
anti-inflammatory drugs;
drug (NSAID) inhibits cyclic
oxidase

LINO-1; RhoA signal

Antihistamine/anticholinergic
compounds; blocks.
histamine H1 receptor
Blocks CHRMS, an M3R
muscarine acetylcholine
receptor

Endothelin (ET) receptor
antagonist

Retinoic acid receptor g
(RXR-g)
SEMAAD/plexinB1 signal

Hypoprotein/fibronectin
receptor

Histamine H3 receptor
agonist

Mechanism

Promotion of the maturity of
oligodendiocytes

Redution in cholinergic demyelination;
promotion of the differentiation of OPC.
Promotion of the proliferation and
maturation of oligodendrocytes; increased
antioxidative stress.

Reduction in brain atrophy SPMS;
reduction in recurrent frequency or lesion
load

Promotion of the differentiation of OPC
cells

Increase the phosphorylation of p-catenin
and induce its degradation; promotion of
differentiation of OPC cells

Enhancement of oligodendrocyte
maturation, myelin formation, and
redluction in severity of EAE

Enhancement of OPC cell differentiation

Enhancement of OPC cell differentiation

Blocking of astrocytes and
oligodendrocyte demyelination

Enhancement of oligodendrocyte
differentiation

Promotion of OPC differentiation; repair of
the BBB

Reduction in glial cel apoptosis;
promotion of the regeneration of myelin
Promotion of OPC differentiation

Current state

FDA approved for RRMS

Approved for Parkinson’s, dystonia, and
EAE

Approved for schizophrenia, bipolar
disorder; MS patient phase | clinical tral
(CiinicalTrials.gov: NCTO2087631)

Approved for hypercholesterolemia; phase
1l clinical rials of SPMS (NCT00647348)

Local antimicrobials; no clinical studies
have been conducted

Approved as an OTC pain reliever. No
clinical studies have been conducted

MS phase Il clinical trial (NCTO1864148);
phase | of optic neuritis (NCTO1721161)

RRMS patient Il cinical trial
(NCT02040298)

FDA approval for contractive bladder
contraction; no clinical studies have been
conducted

In vitro/animal experimental evidence, no
clinical application o related test

Cliinical trials of MS patients are in the
planning stage

MS patient phase | clinical trial
(NCT01764737)

MS patient phase | clinical trial
(NCT01803867)

Patients with MS were given an additional
therapy tral for the glatiramer acetate or
interferon b-1a, which was completed in
phase Il (NCTO1772199)

Correlational
research

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113

(114

(115)

(116)

()

(118)

(119)






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Secondary White Matter Injury and Therapeutic Targets After Subarachnoid Hemorrhage



		Introduction



		White Matter Injury After SAH



		Potential Pathophysiology Mediated Secondary White Matter Injury After SAH



		Elevated Intracranial Pressure



		Thrombin



		Blood–Brain Barrier Damage



		Excitatory Amino Acids



		Inflammatory Injury







		Repair Factors of White Matter After SAH



		Oligodendrocyte Precursor Cells



		Neural Stem Cells



		Pericytes







		Potential Therapeutic Strategies Targeting White Matter Injury After SAH



		Perspective and Conclusion



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Secondary White Matter Injury and
Therapeutic Targets After
Subarachnoid Hemorrhage





OPS/images/fneur-12-659740-g001.gif
o Excited amino acds





OPS/images/fneur-12-659740-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





