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Intracerebral hemorrhage (ICH) accounts for 10%–30% of all types of stroke. Bleeding within the brain parenchyma causes gray matter (GM) destruction as well as proximal or distal white matter (WM) injury (WMI) due to complex pathophysiological mechanisms. Because WM has a distinct cellular architecture, blood supply pattern and corresponding function, and its response to stroke may vary from that of GM, a better understanding of the characteristics of WMI following ICH is essential and may shed new light on treatment options. Current evidence using histological, radiological and chemical biomarkers clearly confirms the spatio-temporal distribution of WMI post- ICH. Although certain types of pathological damage such as inflammatory, oxidative and neuro-excitotoxic injury to WM have been identified, the exact molecular mechanisms remain unclear. In this review article, we briefly describe the constitution and physiological function of brain WM, summarize evidence regarding WMI, and focus on the underlying pathophysiological mechanisms and therapeutic strategies.
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INTRODUCTION

Intracerebral hemorrhage (ICH) accounts for approximately 10%–15% of all strokes in Western countries and 20%–30% of strokes in Asia and has a high mortality and poor functional outcome. Less than 30% of patients are independent 1 year after the stroke onset (Samarasekera et al., 2015). ICH leads to both gray matter (GM) and white matter (WM) injury (WMI). Indeed, the typical clinical syndromes, such as contralateral hemiplegia due to injury to the corticospinal tracts (CSTs) and corticonuclear tracts, hemidysesthesia due to injury to the central thalamic radiations and hemianopia due to damage to the optic radiation after deep basal ganglia ICH are the main sequelae resulting from WMI (Chung et al., 2000; Qureshi et al., 2001). Additionally, the cognitive dysfunction following striatal ICH may predominantly reflect injury to adjacent WM pathways rather than damage to the putamen or caudate (Smith and Venegas-Torres, 2014). Therefore, WMI is a great contributor to the neurological deficits after ICH, but experimental and clinical studies focus more on GM damage than WMI, which may be partially responsible for the failure of treatments with massive neuroprotectants targeting degenerating neuronal cells (Wasserman and Schlichter, 2008). Fortunately, the importance of ICH-induced WMI has been increasingly recognized and WMI has been recommended as a priority for basic and clinical stroke research (NINDS ICH Workshop Participants, 2005). However, current studies remain limited in their understanding of WMI in ICH. A comprehensive review of the pertinent literature that discusses the pathophysiological mechanisms underlying WMI, potential therapeutic targets and novel treatment modalities is essential.

WM DISTRIBUTION IN THE BRAIN

The central nervous system consists of the following two types of brain tissue: GM and WM. In humans, nearly half of the brain is composed of GM and half is composed of WM. The GM is mainly composed of neuronal cell bodies and unmyelinated axons while the WM contains myelinated axon tracts and, supporting glia cells, including oligodendrocytes, astrocytes and microglia. Axons are tightly wrapped by multiple myelin sheaths that are produced by mature oligodendrocytes, and the integrity of the myelin sheath is vital for accurate and high speed nerve signal conduction. According to the connectivity and functionality, WM can be further divided into projection tracts, commissural tracts and association tracts (Gerrish et al., 2014). Projection tracts transmit nerve signals from the cortex to other regions of the brain, including the CST and optical and thalamocortical radiations. The commissural tracts allow the left and right cerebral hemispheres to communicate. The association tracts connect one cortical lobe with another within the ipsilateral hemisphere. WM accounts for approximately half of the forebrain volume (Ge et al., 2002) and may account for a greater proportion in the hindbrain, particularly in the brainstem, in humans.

THE FUNCTION OF WM

WM is believed to be passive tissue that acts as a relay and coordinates communication among different regions of GM. However, WM has recently been shown to affect neuron functioning in learning and cognitive processes in the absence of pathology (Wang and Young, 2014). For example, the number of hours a professional musician practices is correlated with structural changes in WM (Ullén, 2009), and the volume and functional connectivity of the WM tracts that link the cortical regions that are vital for reading are increased when learning to read (Carreiras et al., 2009). Therefore, WM may have more diverse functions than is currently known. Under many pathological conditions, WMI can cause sensorimotor impairment, cognitive dysfunction, psychiatric disorders, gait disturbance, disequilibrium, urinary incontinence and pain, thus contributing to the development of critical neurological impairments (Schmahmann et al., 2008).

HISTOLOGICAL EVIDENCE OF WMI AFTER ICH

Axonal injury and demyelination were first described in a collagenase-induced ICH rat model by Wasserman and Schlichter (2008) using immunohistochemical staining. Anti-bodies against myelin basic protein (MBP), degraded MBP (dMBP) and amyloid precursor protein (APP) were used to detect intact myelin, demyelination and axonal injury, respectively. The authors found obvious demyelination and axonal damage at the edge of the hematoma within 3 days, and the axonal injury progressively extended to the surrounding parenchyma over time, but no dMBP or APP accumulation was detected outside of the hematoma at a later time point of 28 days. These results are consistent with studies by Moxon-Emre and Schlichter (2011) and Zou et al. (2017) who discovered that APP nearly disappeared after 7 days using a blood infusion rat model. However, the demyelination detected using Luxol fast blue staining can persist for up to 2 months, suggesting that the WMI is long-lasting following ICH (Liu et al., 2010; Ni et al., 2015). Moreover, we further found that the significant demyelination and axonal damage 3 days post-ICH were highly associated with brain edema and neurologic dysfunction using an ICH rat model in which autologous blood was infused into the pons, indicating that WMI plays a vital role in neurologic impairment (Tao et al., 2016). Although these histological studies were all performed in rats, which have low levels of WM, the WMI was remarkable during the acute stage and may persist for a longer period of time, which is likely related to the residual disability observed in most clinical patients. Further studies in animals that are rich in WM may provide evidence of more widespread WMI caused by ICH.

Oligodendrocytes, which are the most important cellular components of WM, are vulnerable to hemorrhagic insults (Zhuo et al., 2016). Oligodendrocyte death has been shown to be accompanied by oligodendrocyte precursor cell proliferation during the acute period in the peri-hematoma WM (Sahinkaya et al., 2014; Joseph et al., 2016; Tao et al., 2016; Zhuo et al., 2016). Regarding the specific pathogens, iron released from hemoglobin breakdown is commonly believed to damage oligodendrocytes because an increase in intracellular Fe2+ is toxic to oligodendrocytes, and iron chelator inhibits oxidative toxicity in oligodendrocytes in vitro (Masuda et al., 2007). Other mechanisms underlying oligodendrocyte apoptosis involve endoplasmic reticulum and mitochondrial pathways, and oligodendrocyte apoptosis was observed to be accompanied by an upregulated expression of caspase-12 and enhanced release of cytochrome c (Zhuo et al., 2016). Specific inhibitors blocking these apoptotic pathways are expected to reduce apoptosis in oligodendrocytes.

In summary, WMI that is characterized by demyelination, axonal damage and loss of oligodendrocytes frequently occurs within 3 days of the onset of ICH, implying that a relatively wide therapeutic time window may exist in ICH which is advantageous for the design of potential treatments.

DETECTION OF WMI AFTER ICH USING ADVANCED MRI TECHNIQUES

Histological techniques are rarely applicable as diagnostic tool in clinical practice because tissue specimens are difficult to obtain. Hence, noninvasive advanced MRI is more useful for the detection of WMI with a greater translational potential. Diffusion tensor imaging (DTI) has evolved considerably over the previous decade and can currently detect the magnitude and directionality of water molecules in WM with a higher sensitivity during WMI monitoring than conventional MRI. By calculating certain technical parameters such as the fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (λ//) and radial diffusivity (λ⊥), DTI can assess the integrity and connectivity of WM tracts, reconstruct the three-dimensional distribution of WM pathways in the brain, and help determine the WM microstructural pathophysiology. For instance, a decreased FA, a decreased λ//, and an increased λ⊥ reflect general WMI, axonal damage and myelin injury, respectively (Song et al., 2003; Fox et al., 2011).

The CST, which consists of the internal capsule, the cerebral peduncle and pyramid tract, is one of the most prominent pathways related to motor functional outcome after ICH (Liang et al., 2013; Venkatasubramanian et al., 2013; Cheng et al., 2015). The application of DTI for detecting CST injury after hemorrhagic stroke has been recently reviewed with a particular focus on the predictive value of DTI in ICH (Chaudhary et al., 2015). In general, FA measurements in the affected CST, particularly in the cerebral peduncles, may assist in predicting the motor function outcome within 6 months and the selection of patients who may benefit from surgical hematoma evacuation. A recent meta-analysis further confirmed these results by demonstrating a strong correlation between the FA value and upper extremity motor recovery in ICH patients (Kumar et al., 2016).

A routine diffusion-weighted imaging (DWI) sequence is sensitive to altered tissue water content and can be used to detect Wallerian degeneration (WD) after ICH. CST-WD changes have been observed 1 week following ICH as reduced diffusion on DWI that progresses rostrocaudally along the CST (Venkatasubramanian et al., 2013). Moreover, the presence of CST-WD is associated with poor motor and functional recovery after ICH, particularly in the deep basal ganglia (Karibe et al., 2000; Venkatasubramanian et al., 2013). Compared to DTI, DWI is readily available using routine clinical MRIs and can be easily interpreted by clinicians without the need for sophisticated quantification of certain parameters, such as FA, MD, λ// and λ⊥, that are required for DTI.

Overall, advanced MRI techniques, including DTI and DWI, can serve as radiological markers of WMI in ICH patients for prognostication, which is important for the treatment and rehabilitation plan. More widespread application is encouraged, particularly in recovered patients with a good modified Rankin Scale (mRS) grade who continue to suffer from neuropsychological deficits, because advanced MRI techniques may also provide more diagnostic information regarding cognitive function than conventional CT and MRI.

BIOMARKERS OF WMI AFTER ICH

WMI causes disintegration of axons and myelin, facilitating the outflow of intracellular contents into the extracellular space, their diffusion into the cerebrospinal fluid (CSF), and even their entry into the blood stream through a disrupted blood-brain barrier (BBB). Neurofilaments are the major components of WM, constituting the axonal cytoskeleton. Neurofilaments are mainly composed of heavy (NF-H) and light (NF-L) chains (Al-Chalabi and Miller, 2003). Neurofilament subunits are accepted as biomarkers of axonal injury in traumatic brain injury (TBI; Gatson et al., 2014), ischemic stroke (IS; Sellner et al., 2011; Tuor et al., 2014) and other neurodegenerative disorders (Lu et al., 2015). The elevated levels of these biomarkers in ICH have recently attracted interest regarding their diagnostic and predictive values. The significant elevation in phosphorylated NF-H both in the CSF and plasma was detected in ICH patients, providing evidence of primary and secondary axonal injury (Petzold et al., 2005; Sellner et al., 2011; Cai et al., 2013). For example, the plasma level of phosphorylated NF-H up on admission was identified as a reliable and independent marker that is predictive of patients at risk for early neurological deterioration and 6-month poor clinical outcomes in patients with ICH (Cai et al., 2013).

Tau is another cytoskeleton protein that is highly concentrated in axons. Increased concentrations of tau in the CSF have been suggested to reflect axonal degeneration. Serum tau protein was elevated and identified as a candidate marker of axonal injury in acute IS (Bitsch et al., 2002) and subarachnoid hemorrhage (SAH; Hu et al., 2012). The increased concentrations of tau in the serum have also been found to be associated with a high mortality and poor functional outcome at 3 months in ICH patients (Zanier et al., 2013). In particular, a baseline serum tau concentration >91.4 pg/mL can predict a poor outcome at 3-month with 83.6% sensitivity and 75.8% specificity. This predictive ability is comparable to that of the NIHSS score. However, dynamic samplings are required for the determination of whether serial tau measurements add more accurate prognostic information and define the optimal time points for such measurements.

Analyses of the biomarkers of demyelination in ICH have rarely been reported. Most studies have concentrated on MBP in multiple sclerosis (MS). MBP-like materials or fragments can be detected in the CSF in MS patients, and increase rapidly during acute exacerbation and subside over the following 4–6 weeks. Similarly, increases in the CSF and serum levels of MBP have been reported following TBI of various severities, and serum concentrations of MBP can predict the eventual GOS score (Berger et al., 2010; Su et al., 2012). Biomarkers, including MBP, used for an acute diagnosis and management of stroke have been recently reviewed (Jauch et al., 2006; Glushakova et al., 2016). One early study has shown increased levels of MBP in the CSF of patients with IS and ICH (Strand et al., 1984). MBP was found to be elevated in CSF samples from patients with ICH collected at times ranging from 0 days to 3 days after stroke and further increased on average by day 5 (Strand et al., 1984). The MBP levels have been confirmed to be correlated to the stroke severity at baseline, and higher values were predictive of a poor short-term prognosis; however, data regarding the direct relationship between the concentrations of MBP and the severity of the WMI remain lacking.

These bedside, relatively cheap and convenient molecular biomarkers of WMI could play an increasingly important role in prognostic evaluations and, treatment efficacy assessments as we shift our research focus from animal models to human patients. However, most of the abovementioned biomarkers were evaluated retrospectively only at a single center with a small sample size and are not currently used in the clinic. The sensitivity and specificity of these biomarkers must be validated in large prospective studies before clinical translation. The identification of other biomarkers based on future finding regarding novel distinct pathological mechanisms are anticipated. Because the biomarkers in the blood are convenient to obtain but lack specificity and are easily affected by systemic conditions and biomarkers in the CSF have a relatively high specificity but lack accessibility, identifying novel biomarkers in the blood with a high specificity has become quite urgent.

PATHOPHYSIOLOGICAL MECHANISMS OF WMI

As previously mentioned, ICH-induced brain injury involves complex pathophysiological mechanisms that destroy both GM and WM. Similar to TBI, primary and secondary brain damage are observed following ICH-induced WMI. The mass effect and barotrauma during hematoma formation exert a destructive effect immediately after ICH whereas neuroinflammation, oxidative stress and excitotoxicity play a critical role in the subsequent secondary WMI. The pathophysiological mechanisms are summarized in Figure 1.
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FIGURE 1. The possible pathophysiological mechanisms of WMI following ICH. The pathophysiology of WMI is summarized according to the available literature. ICH causes WMI via primary and secondary injury. Mass effect during hematoma formation and mechanical barotrauma mechanism are responsible for the primary WMI. Later on, secondary cascades including neuroinflammation characterized by inflammatory cell infiltration and cytokines and chemokines release, oxidative stress induced by hemoglobin and its metabolites, and glutamate-mediated neuro-excitotoxicity further deteriorate WMI. Although the detailed molecular mechanisms remain unclear, MMP-9 and JNK mediated events play important roles. The final consequences are disintegration of WM with demyelination and axonal damage. ICH, intracerebral hemorrhage; WMI, white matter injury; MMP-9, matrix metalloproteinase 9; JNK, Jun N-terminal kinase.



Primary Biomechanical Mechanisms

Following ICH, the mass effect during hematoma formation can physically distend, distort and finally disrupt loose WM fibers. Those nerve fibers within the hematoma cannot recover, while the fibers surrounding the peri-hematoma show damage of various degrees of severity depending on the bleeding speed and hematoma size. Alternatively, to date, the biomechanical mechanism of barotrauma was considered similar in ICH and TBI because many similar pathophysiological changes between TBI and ICH have been observed, such as bilateral diffuse brain injury and brain atrophy due to an unilateral brain lesion (Powers, 2010; Kummer et al., 2015). In contrast to TBI, in which the barotrauma arises externally from a blow to the head, the barotrauma in ICH originates from the fluid percussion waves due to the sudden expansion of the hematoma under arterial pressure in the cranium and immediately propagates through the intracranial contents (Powers, 2010), resulting in distal axotomy and demyelination. (Figure 2). The mechanism of the barotrauma may partially explain the global WMI observed during the acute stage after regional ICH.
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FIGURE 2. The potential therapeutic and diagnostic strategies. MSH, morphogen Sonic hedgehog; MAG, myelin-associated glycoprotein; OMGP, oligodendrocyte myelin glycoprotein; DGF10, differentiation factor 10; GPCR, cell-type-specific G protein-coupled receptor; BDNF, brain-derived neurotrophic factor; LIF, leukemia inhibitory factor-like protein; STAT 3, signal transducer and activator of transcription 3; CNTF, ciliary neurotrophic factor; TNFR2, tumor necrosis factor receptor 2; GM, gray matter; WM, white matter; MRS, Magnetic resonance spectroscopy; CEST, Chemical Exchange Saturation Transfer; CMD, cerebral microdialysis. ↓ downregulate; ↑ upregulate; M1→M2, switch from pro-inflammatory M1 and the late anti-inflammatory M2.



Neuroinflammation

Inflammation is a major contributor to secondary WMI. Inflammation progresses in response to various stimuli produced after hemorrhage via the activation of microglia, peripheral inflammatory infiltration and the production of cytokines and chemokines. In addition, local microglial activation and peripheral leucocyte infiltration mutually interact to propagate inflammatory injury. The inflammatory reaction to ICH within WM has been demonstrated; for instance, nuclear factor kappa B (NF-κB) is rapidly activated, the pro-inflammatory cytokine genes are upregulated in the perihematomal WM (Wagner et al., 2006) and CD47, which is a transmembrane protein that regulates the entry of leukocytes into the brain, is elevated in the oligodendrocytes and microglia in the WM after experimental ICH (Zhou et al., 2014). Inhibiting inflammation can reduce WMI, providing further evidence of inflammation-induced WMI. For instance, inhibiting one of the pro-inflammatory factors, i.e., EP1R, which is expressed primarily in axons, could attenuate WMI, reduce brain atrophy and improve functional outcomes in an ICH animal model (Zhao et al., 2015). Furthermore, neutrophil depletion before ICH induction in the rat striatum reduced the infiltration of activated microglia in the peri-hematoma WM tracts and decreased myelin fragmentation and axon damage (Moxon-Emre and Schlichter, 2011).

Although the exact mechanisms of the inflammation-mediated WMI remain elusive, matrix metallopeptidase 9 (MMP-9) is considered to play a key role during this process. MMP-9 is produced by leukocytes, astrocytes and oligodendrocytes, and the MMP-9 promoter region contains activator protein-1 and NF-κB, both of which respond to inflammatory stimuli and specifically attack the basal lamina through the fibronectin binding domain (Seo et al., 2013; Vafadari et al., 2016). MMP-9 has been reported to be activated after ICH with consequential WMI, and many inflammatory mechanisms underlying WMI are also associated with the activation of MMP-9. For instance, EP1R was found to have a toxic effect on the WM surrounding the hematoma via the Src kinases–MMP-9 signaling pathway following ICH (Zhao et al., 2015); neutrophil depletion leads to attenuated myelin fragmentation and axon damage with reduced MMP-9, indicating that MMP-9 produced by infiltrated neutrophils may contribute to WMI (Moxon-Emre and Schlichter, 2011). Another inflammatory signaling axis recently identified using an ICH model, i.e., iron—the receptor for advanced glycation end-products (RAGE)—NF-κB, is associated with the BBB and WMI via the activation of MMP-9 (Yang F. et al., 2015). However, in contrast to its deleterious role during the early period, MMP-9 secreted by oligodendrocytes can promote WM remodeling by accelerating angiogenesis that is mediated by an analogous oligovascular niche during the recovery stage after lysophosphatidylcholine-induced WMI in mice (Pham et al., 2012). It is unclear whether the late beneficial effect of MMP-9 exists and contributes to WM repair following ICH. If this hypothesis is confirmed in the future, treatments targeting MMP-9 should avoid the complete inhibition of MMP-9 during all stages.

Oxidative Stress

WM is vulnerable to oxidative stress induced by ischemic or hemorrhagic events (Hall et al., 2000; Wang Y. et al., 2016). Wagner et al. (2002, 2005), evaluated the oxidative injury in WM by measuring the formation of protein carbonyl and gene expression of HO-1 after infusing either plasma or whole blood into the porcine frontal WM and concluded that not only whole blood but also its plasma components are capable of rapidly inducing oxidative stress in WM.

Erythrocyte lysis followed by the release of hemoglobin and its metabolites occurs several days after ICH (Cao et al., 2016). Heme, which is the major product of hemoglobin, can be degraded into iron, carbon monoxide and biliverdin by heme oxygenase (HO; Hu et al., 2016). Iron overload in the brain subsequently generates abundant reactive oxygen species via the Fenton reaction (Hu et al., 2016), resulting in WMI. Iron oxidation has been shown to cause greater oxidative stress in the WM than GM in vitro (Hall et al., 2000). An intrastriatal injection of FeCl3 in rats leads to remarkable axonal damage and demyelination (Zou et al., 2017), while iron chelators, such as minocycline (Zou et al., 2017) and deferoxamine (Gu et al., 2009; Xie et al., 2014; Ni et al., 2015), decrease iron accumulation, attenuate WMI, and improve neurological function in rodents and piglets. Furthermore, another metabolic by-product of hemoglobin, i.e., bilirubin, has been reported to cause structural and functional damage in the WM in vitro and in vivo through its oxidation products (Lakovic et al., 2014).

Iron-induced oxidative stress and inflammation injury can overlap to further aggravate WMI through the iron dependent c-Jun N-terminal kinase (JNK) pathway. JNK is a member of the mitogen-activated protein kinase (MAPK) superfamily, which has already been widely investigated due to its active actions in response to various stimuli, such as the exposure to inflammatory cytokines (Kumar et al., 2015). JNK is activated in ICH animal models primarily by iron, and iron chelator can reduce the free iron contents in the CSF, suppress JNK activation, reduce WMI and improve neurological deficits (Yatsushige et al., 2007; Wan et al., 2009; Ni et al., 2015; Chen et al., 2016; Zou et al., 2017). Furthermore, the inhibition of JNK could deactivate inflammation, attenuate brain edema and improve functional outcome after ICH (Ohnishi et al., 2007; Michel-Monigadon et al., 2010). Interestingly, similarly to MMP-9, the JNK pathways have been found to promote axonal regeneration after cytoskeletal disruption (Quintanilla et al., 2013; Valakh et al., 2015). Thus, iron is an ideal potential candidate for the treatment of WMI post-ICH due to its dual toxic roles in oxidative stress and inflammation.

Glutamate-Mediated Excitotoxicity

Preclinical studies have revealed that the level of glutamate is up to eight times higher than the baseline value during the early period of ICH due to the influx of glutamate from the hematoma or through a disrupted BBB from circulation (Qureshi et al., 2003), and these values correlate with the brain edema and BBB disruption (Wu et al., 2013b). Moreover, the perihematomal glutamate level is associated with the postoperative outcome in ICH patients (Wu et al., 2013a). For hemiplegic patients with basal ganglia hematoma affecting the internal capsule, earlier minimally invasive surgery is accompanied by a lower level of peri-hematoma glutamate and a better prognosis, indicating that glutamate-related WMI may play a role in the functional outcome, and the early attenuation of glutamate-induced WMI may enhance recovery (Wu et al., 2013a). The increased glutamate activates glutamate receptors in oligodendrocytes and axons with intracellular Ca2+ overload, leading to oligodendrocyte death, demyelination and axon injury in MS, TBI, spinal cord injury and cerebral ischemia (Park et al., 2004; Matute et al., 2007; Matute, 2011; Zhang et al., 2013). Similarly, glutamate-mediated excitotoxicity is believed to play a detrimental role in WMI following ICH, although pertinent studies are lacking.

THERAPEUTIC PROSPECTIVE (FIGURE 2)

Accelerating Oligodendrogenesis, Remyelination and Axon Regeneration

The molecular mechanisms of WMI after ICH are currently unclear. More thorough research regarding studies exploring the potential mechanisms underlying WMI are required to identify novel treatment targets. Oligodendrocyte differentiation and remyelination are vital for WM repair. The expression and function of either their negative regulators, including the Wnt/β-catenin signaling pathway (Dai et al., 2014; Lee et al., 2015a,b) and myelin-associated inhibitory factors, or positive regulators, such as the morphogen Sonic hedgehog (MSH; Ferent et al., 2013) and trophic factors such as Netrin-1 (He et al., 2013; Tepavčević et al., 2014), should be investigated in the context of ICH in future studies.

Accelerating axon regeneration is another option for restoring the integrity of WM. Myelin-associated inhibitors, such as myelin-associated glycoprotein (MAG), Nogo-A, and oligodendrocyte myelin glycoprotein (OMGP), can lead to growth cone collapse and inhibit axon regeneration (Muramatsu and Yamashita, 2014). However, while a wealth of new data regarding activating axonal repair after IS and other neurological diseases are available, this knowledge has not yet been applied to ICH. For example, the induction of growth and differentiation factor 10 (GDF10) in peri-infarct neurons can produce axonal sprouting and enhance functional recovery (Li et al., 2015), and cell-type-specific G protein-coupled receptor (GPCR) signaling essential for axonal guidance and targeting during development was recently found to promote axon regeneration after CNS injury (Li et al., 2016). By targeting modulators that are directly related to the physiological processes of axonal regeneration, new treatment can be developed.

Crosstalk between Oligodendrocytes and Other Cells

In addition to oligodendrocytes, other cell types, including astrocytes, microglia and endothelial cells, are contained in the WM, and their interaction is essential for the maintenance of the integrity of the WM. Crosstalk among these cell components is required for oligodendrogenesis and remyelination after WM damage (Pham et al., 2012; Itoh et al., 2015; Miyamoto et al., 2015; Rosenzweig and Carmichael, 2015). Therefore, an understanding of the signaling pathways involved in intracellular crosstalk will add new knowledge that will be helpful for alleviating WMI and accelerating WM restoration. Astrocytes support oligodendrocyte function. Several soluble factors secreted by astrocytes have been implicated in stimulating oligodendrocyte differentiation and enhancing myelination. in vitro and in vivo experiments have demonstrated that astrocyte-derived brain-derived neurotrophic factor (BDNF) supports oligodendrogenesis and regeneration after WM damage (Miyamoto et al., 2015). Furthermore, leukemia inhibitory factor-like protein (LIF), signal transducer and activator of transcription 3 (STAT 3), ciliary neurotrophic factor (CNTF) and tumor necrosis factor receptor 2 (TNFR2) promote oligodendrocyte survival and maturation (Patel et al., 2012; Fischer et al., 2014; Monteiro de Castro et al., 2015; Domingues et al., 2016). Microglia also play a crucial role in remyelination by driving the phagocytosis of myelin debris and oligodendrocyte differentiation during CNS disorders. After ICH, microglia can be polarized into two phenotypes, i.e., the early pro-inflammatory M1 and the late anti-inflammatory M2 (Zhang et al., 2017). The switch from M1 to M2 can enhance oligodendrocyte differentiation, and M2 cell polarization is essential for efficient remyelination via M2 cell–derived activin-A after demyelination (Miron et al., 2013). Additionally, endothelial-oligodendrocyte interactions may be important for WM repair after stroke (Arai and Lo, 2009; Pham et al., 2012). The “oligovascular niche” was recently proposed as a microenvironment between cerebral endothelial cells and the oligodendrocyte lineage in which these cells exchange soluble factors, such MMP-9, BDNF and vascular endothelial growth factor (VEGF), to maintain WM homeostasis (Miyamoto et al., 2014). Under stroke conditions, oligovascular coupling is interrupted, which may contribute to WMI (Arai and Lo, 2009). A deeper understanding of the mechanisms of endothelial-oligodendrocyte trophic coupling may lead to new therapeutic approaches for ICH.

Protection of Both GM and WM

ICH damages both the GM and WM. It is hypothesized that the sole focus on neuronal protection is partially responsible for the failure of ICH treatments (NINDS ICH Workshop Participants, 2005). However, focusing only on WMI may also be fruitless. Therefore, treatments targeting both GM and WM are encouraged in the future. However, a single treatment is not easy to develop because there are significant distinctions in the cellular properties between the GM and WM. Therefore, developing agents with multiple pharmaceutic characteristics; combining therapeutic modalities, such as surgical hematoma evacuation, followed by drug therapy; or combining multiple agents with separate roles may be the management of choice.

Translation from the Bench to the Clinic

Currently, to accelerate the translation from the bench to the clinic, several points should be noted. Regarding animal studies, rodents are the predominant species used in stroke research studies worldwide. However, the rodent WM comprises only 14% of the total brain tissue, whereas this proportion reaches 50% in humans (Zhang and Sejnowski, 2000; Rosenzweig and Carmichael, 2015). Other animal models, such as pigs, with poly-gyrated brains are needed, and nonhuman primates are even more ideal for assessing WMI. In addition, advanced MRI equipped with a multi-parameter measuring system is most advantageous for dynamically observing the integrity and microstructural changes in the WM throughout the whole period in living subjects and should be routinely incorporated into the evaluation of WMI after ICH. More importantly, more in vivo studies of WMI in patients are desperately needed because of the translational difficulty of the neuroprotection benefits observed in animal studies.

DIAGNOSTIC AND PROGNOSTIC OUTLOOK

microRNA (miRNA)

microRNA (miRNA) is an important posttranscriptional regulator of gene expression that has been implicated in the pathogenesis of many human diseases and has been suggested as a possible diagnostic and prognostic biomarker. Experimental studies showed a distinct miRNA profile after ICH, which was involved in inflammatory injury and apoptosis (Kim et al., 2014; Yang Z. et al., 2015; Yuan et al., 2015). Analyses of peripheral blood and hematoma samples from ICH patients further reveal that there are some specific miRNAs that are closely correlated to the enlargement of subsequent hematomas, WM edema and functional outcome (Zheng et al., 2012; Zhu et al., 2015; Wang J. et al., 2016; Wang M. D. et al., 2016). Furthermore, certain miRNAs have been regarded as candidate biomarker of WMI in certain neurodegenerative disorders (Gandhi, 2015; Kuswanto et al., 2015). For example, microRNA-137 is associated with the integrity of WM and neurocognitive functioning in patients with schizophrenia (Kuswanto et al., 2015). Therefore, because of their additional advantages of wide distribution, stability and relative ease of detection (Stylli et al., 2017), miRNAs may provide insight into the mechanisms of WMI and prognosis after ICH.

Other Advanced MRI Techniques

Magnetic resonance spectroscopy (MRS) allows for the noninvasive measurement of in vivo metabolites in a predefined brain region of interest. The metabolic changes in N-acetylaspartate and total creatines in the peri-stroke area are correlated with the WM loss (Yassi et al., 2016), and their ratio is a useful indicator for the early diagnosis of WMI and cognitive impairment in cerebral ischemic patients (Xing et al., 2013). Since the concentrations of N-acetylaspartate, total choline and total creatines are a reflection of axonal health, cellular membrane integrity and energy metabolism, respectively (Acheson et al., 2014), their metabolic activities in the WM after ICH might represent the corresponding axonal damage and demyelination. This hypothesis is supported in patients with TBI (Sinson et al., 2001; Grossman et al., 2015). The MRS technique could be beneficial for detecting WMI early before morphological changes occur.

Although MRS-based techniques can detect changes in most cerebral metabolites, their spatio-temporal resolution is often insufficient for routine examinations of fast-evolving and heterogeneous acute stroke lesions (Sun et al., 2011). Chemical Exchange Saturation Transfer (CEST) has emerged as a novel MRI technique for tissue pH imaging and imaging of various metabolites and is well suited for molecular imaging studies (Liu et al., 2013). Among the techniques of CEST MRI, pH-weighted and Amide Proton Transfer (APT) MRI have been implicated in IS as a surrogate of lactate acidosis and altered tissue metabolism (Sun et al., 2011; Tietze et al., 2014). Although CEST MRI is in its infancy in the field of stroke research, with the development of novel sequence and post-processing methods, it is hopeful that a better understanding of the mechanism of WMI following ICH will be obtained by discovering the subtle metabolic changes.

Cerebral microdialysis (CMD) is a well-established laboratory tool that provides an on-line analysis of the brain biochemistry via a thin fenestrated dialysis catheter that is inserted into the brain parenchyma. In addition to the monitoring of energy metabolism, CMD can dynamically observe excitotoxicity, inflammation and oxidative stress by measuring the levels of glutamate, metalloproteinases, cytokines and 8-iso-PGF2, respectively (de Lima Oliveira et al., 2014). Moreover, axonal skeleton proteins, such as tau, can also be quantified using CMD (Magnoni et al., 2012). Hence, this technique has great potential in the study of the pathophysiology underlying the ICH-induced WMI.

Summary

The importance of WMI in ICH is increasingly being recognized, and abundant evidence has confirmed the intimate relationship between WMI and poor functional outcomes. Although certain pathological factors, including inflammatory injury, oxidative stress and neuro-excitotoxicity, are responsible for ICH-induced WMI, the definite underlying mechanisms need to be further elucidated. However, both inflammatory and oxidative signaling pathways are involved in WMI partially due to the iron overload after ICH. Therefore, treatments targeting iron may be quite promising. From this perspective, the results of the ICH Deferoxamine (iDEF) trial, which will be revealed next year, are highly anticipated. Regarding WM restoration, regulating factors promoting/inhibiting axonal regeneration and remyelination should be defined under the background of ICH. Oligodendrocyte proliferation and differentiation play a central role in remyelination which is involved in the complex crosstalk among oligodendrocytes, astrocytes, microglia and cerebral endothelial cells. An understanding of the cell-cell interaction mechanisms will likely promote oligodendrogenesis. Regarding WMI diagnosis, novel biochemical and neuroimaging markers are expected to detect to assist in the early detection of WMI and the dynamic monitoring of WMI. Finally, for better clinical translation, future experimental treatment strategy designs should provide protection to both GM and WM by targeting multiple pathological factors in poly-gyrated animals rather than using only rodents, and more in vivo studies of WMI in patients are desperately needed.

AUTHOR CONTRIBUTIONS

CY and CT conceived and designed the manuscript. All authors contributed to the writing of the manuscript. XH and HL edited the manuscript and all authors reviewed the final manuscript.

ACKNOWLEDGMENTS

This work was funded by the China Postdoctoral Science Foundation (No. 2016M600741), the Major Program of National Natural Science Foundation of China (No. 81130027), and the National Natural Science Foundation of China (No. 81601155).

REFERENCES

Acheson, A., Wijtenburg, S. A., Rowland, L. M., Bray, B. C., Gaston, F., Mathias, C. W., et al. (2014). Combining diffusion tensor imaging and magnetic resonance spectroscopy to study reduced frontal white matter integrity in youths with family histories of substance use disorders. Hum. Brain Mapp. 35, 5877–5887. doi: 10.1002/hbm.22591

Al-Chalabi, A., and Miller, C. C. (2003). Neurofilaments and neurological disease. Bioessays 25, 346–355. doi: 10.1002/bies.10251

Arai, K., and Lo, E. H. (2009). Oligovascular signaling in white matter stroke. Biol. Pharm. Bull. 32, 1639–1644. doi: 10.1248/bpb.32.1639

Berger, R. P., Bazaco, M. C., Wagner, A. K., Kochanek, P. M., and Fabio, A. (2010). Trajectory analysis of serum biomarker concentrations facilitates outcome prediction after pediatric traumatic and hypoxemic brain injury. Dev. Neurosci. 32, 396–405. doi: 10.1159/000316803

Bitsch, A., Horn, C., Kemmling, Y., Seipelt, M., Hellenbrand, U., Stiefel, M., et al. (2002). Serum tau protein level as a marker of axonal damage in acute ischemic stroke. Eur. Neurol. 47, 45–51. doi: 10.1159/000047946

Cai, J. Y., Lu, C., Chen, M. H., Ba, H. J., Chen, X. D., Lin, J. H., et al. (2013). Predictive value of phosphorylated axonal neurofilament subunit H for clinical outcome in patients with acute intracerebral hemorrhage. Clin. Chim. Acta 424, 182–186. doi: 10.1016/j.cca.2013.06.019

Cao, S., Zheng, M., Hua, Y., Chen, G., Keep, R. F., and Xi, G. (2016). Hematoma changes during clot resolution after experimental intracerebral hemorrhage. Stroke 47, 1626–1631. doi: 10.1161/strokeaha.116.013146

Carreiras, M., Seghier, M. L., Baquero, S., Estévez, A., Lozano, A., Devlin, J. T., et al. (2009). An anatomical signature for literacy. Nature 461, 983–986. doi: 10.1038/nature08461

Chaudhary, N., Pandey, A. S., Gemmete, J. J., Hua, Y., Huang, Y., Gu, Y., et al. (2015). Diffusion tensor imaging in hemorrhagic stroke. Exp. Neurol. 272, 88–96. doi: 10.1016/j.expneurol.2015.05.011

Chen, M., Sun, J., Lu, C., Chen, X., Ba, H., Lin, Q., et al. (2016). The impact of neuronal Notch-1/JNK pathway on intracerebral hemorrhage-induced neuronal injury of rat model. Oncotarget 7, 73903–73911. doi: 10.18632/oncotarget.12094

Cheng, C. Y., Hsu, C. Y., Huang, Y. C., Tsai, Y. H., Hsu, H. T., Yang, W. H., et al. (2015). Motor outcome of deep intracerebral haemorrhage in diffusion tensor imaging: comparison of data from different locations along the corticospinal tract. Neurol. Res. 37, 774–781. doi: 10.1179/1743132815y.0000000050

Chung, C. S., Caplan, L. R., Yamamoto, Y., Chang, H. M., Lee, S. J., Song, H. J., et al. (2000). Striatocapsular haemorrhage. Brain 123, 1850–1862. doi: 10.1093/brain/123.9.1850

Dai, Z. M., Sun, S., Wang, C., Huang, H., Hu, X., Zhang, Z., et al. (2014). Stage-specific regulation of oligodendrocyte development by Wnt/γ-catenin signaling. J. Neurosci. 34, 8467–8473. doi: 10.1523/jneurosci.0311-14.2014

de Lima Oliveira, M., Kairalla, A. C., Fonoff, E. T., Martinez, R. C., Teixeira, M. J., and Bor-Seng-Shu, E. (2014). Cerebral microdialysis in traumatic brain injury and subarachnoid hemorrhage: state of the art. Neurocrit. Care 21, 152–162. doi: 10.1007/s12028-013-9884-4

Domingues, H. S., Portugal, C. C., Socodato, R., and Relvas, J. B. (2016). Oligodendrocyte, astrocyte, and microglia crosstalk in myelin development, damage, and repair. Front. Cell Dev. Biol. 4:71. doi: 10.3389/fcell.2016.00071

Ferent, J., Zimmer, C., Durbec, P., Ruat, M., and Traiffort, E. (2013). Sonic Hedgehog signaling is a positive oligodendrocyte regulator during demyelination. J. Neurosci. 33, 1759–1772. doi: 10.1523/jneurosci.3334-12.2013

Fischer, R., Wajant, H., Kontermann, R., Pfizenmaier, K., and Maier, O. (2014). Astrocyte-specific activation of TNFR2 promotes oligodendrocyte maturation by secretion of leukemia inhibitory factor. Glia 62, 272–283. doi: 10.1002/glia.22605

Fox, R. J., Cronin, T., Lin, J., Wang, X., Sakaie, K., Ontaneda, D., et al. (2011). Measuring myelin repair and axonal loss with diffusion tensor imaging. Am. J. Neuroradiol. 32, 85–91. doi: 10.3174/ajnr.A2238

Gandhi, R. (2015). miRNA in multiple sclerosis: search for novel biomarkers. Mult. Scler. 21, 1095–1103. doi: 10.1177/1352458515578771

Gatson, J. W., Barillas, J., Hynan, L. S., Diaz-Arrastia, R., Wolf, S. E., and Minei, J. P. (2014). Detection of neurofilament-H in serum as a diagnostic tool to predict injury severity in patients who have suffered mild traumatic brain injury. J. Neurosurg. 121, 1232–1238. doi: 10.3171/2014.7.jns132474


Ge, Y., Grossman, R. I., Babb, J. S., Rabin, M. L., Mannon, L. J., and Kolson, D. L. (2002). Age-related total gray matter and white matter changes in normal adult brain. Part II: quantitative magnetization transfer ratio histogram analysis. Am. J. Neuroradiol. 23, 1334–1341.


Gerrish, A. C., Thomas, A. G., and Dineen, R. A. (2014). Brain white matter tracts: functional anatomy and clinical relevance. Semin. Ultrasound CT&MR 35, 432–444. doi: 10.1053/j.sult.2014.06.003

Glushakova, O. Y., Glushakov, A. V., Miller, E. R., Valadka, A. B., and Hayes, R. L. (2016). Biomarkers for acute diagnosis and management of stroke in neurointensive care units. Brain Circ. 2, 28–47. doi: 10.4103/2394-8108.178546

Grossman, E. J., Kirov, I. I., Gonen, O., Novikov, D. S., Davitz, M. S., Lui, Y. W., et al. (2015). N-acetyl-aspartate levels correlate with intra-axonal compartment parameters from diffusion MRI. Neuroimage 118, 334–343. doi: 10.1016/j.neuroimage.2015.05.061

Gu, Y., Hua, Y., Keep, R. F., Morgenstern, L. B., and Xi, G. (2009). Deferoxamine reduces intracerebral hematoma-induced iron accumulation and neuronal death in piglets. Stroke 40, 2241–2243. doi: 10.1161/strokeaha.108.539536


Hall, N. C., Packard, B. A., Hall, C. L., de Courten-Myers, G., and Wagner, K. R. (2000). Protein oxidation and enzyme susceptibility in white and gray matter with in vitro oxidative stress: relevance to brain injury from intracerebral hemorrhage. Cell. Mol. Biol. (Noisy-le-grand) 46, 673–683.


He, X., Li, Y., Lu, H., Zhang, Z., Wang, Y., and Yang, G. Y. (2013). Netrin-1 overexpression promotes white matter repairing and remodeling after focal cerebral ischemia in mice. J. Cereb. Blood Flow Metab. 33, 1921–1927. doi: 10.1038/jcbfm.2013.150

Hu, X., Tao, C., Gan, Q., Zheng, J., Li, H., and You, C. (2016). Oxidative stress in intracerebral hemorrhage: sources, mechanisms, and therapeutic targets. Oxid. Med. Cell. Longev. 2016:3215391. doi: 10.1155/2016/3215391

Hu, H.-T., Xiao, F., Yan, Y.-Q., Wen, S.-Q., and Zhang, L. (2012). The prognostic value of serum tau in patients with intracerebral hemorrhage. Clin. Biochem. 45, 1320–1324. doi: 10.1016/j.clinbiochem.2012.06.003

Itoh, K., Maki, T., Lok, J., and Arai, K. (2015). Mechanisms of cell-cell interaction in oligodendrogenesis and remyelination after stroke. Brain Res. 1623, 135–149. doi: 10.1016/j.brainres.2015.04.039

Jauch, E. C., Lindsell, C., Broderick, J., Fagan, S. C., Tilley, B. C., and Levine, S. R. (2006). Association of serial biochemical markers with acute ischemic stroke: the national institute of neurological disorders and stroke recombinant tissue plasminogen activator stroke study. Stroke 37, 2508–2513. doi: 10.1161/01.str.0000242290.01174.9e

Joseph, M. J., Caliaperumal, J., and Schlichter, L. C. (2016). After Intracerebral hemorrhage, oligodendrocyte precursors proliferate and differentiate inside white-matter tracts in the rat striatum. Transl. Stroke Res. 7, 192–208. doi: 10.1007/s12975-015-0445-3

Karibe, H., Shimizu, H., Tominaga, T., Koshu, K., and Yoshimoto, T. (2000). Diffusion-weighted magnetic resonance imaging in the early evaluation of corticospinal tract injury to predict functional motor outcome in patients with deep intracerebral hemorrhage. J. Neurosurg. 92, 58–63. doi: 10.3171/jns.2000.92.1.0058

Kim, J. M., Lee, S. T., Chu, K., Jung, K. H., Kim, J. H., Yu, J. S., et al. (2014). Inhibition of Let7c microRNA is neuroprotective in a rat intracerebral hemorrhage model. PLoS One 9:e97946. doi: 10.1371/journal.pone.0097946

Kumar, A., Singh, U. K., Kini, S. G., Garg, V., Agrawal, S., Tomar, P. K., et al. (2015). JNK pathway signaling: a novel and smarter therapeutic targets for various biological diseases. Future Med. Chem. 7, 2065–2086. doi: 10.4155/fmc.15.132

Kumar, P., Yadav, A. K., Misra, S., Kumar, A., Chakravarty, K., and Prasad, K. (2016). Prediction of upper extremity motor recovery after subacute intracerebral hemorrhage through diffusion tensor imaging: a systematic review and meta-analysis. Neuroradiology 58, 1043–1050. doi: 10.1007/s00234-016-1718-6

Kummer, T. T., Magnoni, S., MacDonald, C. L., Dikranian, K., Milner, E., Sorrell, J., et al. (2015). Experimental subarachnoid haemorrhage results in multifocal axonal injury. Brain 138, 2608–2618. doi: 10.1093/brain/awv180

Kuswanto, C. N., Sum, M. Y., Qiu, A., Sitoh, Y. Y., Liu, J., and Sim, K. (2015). The impact of genome wide supported microRNA-137 (MIR137) risk variants on frontal and striatal white matter integrity, neurocognitive functioning, and negative symptoms in schizophrenia. Am. J. Med. Genet. B Neuropsychiatr. Genet. 168B, 317–326. doi: 10.1002/ajmg.b.32314

Lakovic, K., Ai, J., D’Abbondanza, J., Tariq, A., Sabri, M., Alarfaj, A. K., et al. (2014). Bilirubin and its oxidation products damage brain white matter. J. Cereb. Blood Flow Metab. 34, 1837–1847. doi: 10.1038/jcbfm.2014.154

Lee, H. K., Chaboub, L. S., Zhu, W., Zollinger, D., Rasband, M. N., Fancy, S. P., et al. (2015a). Daam2-PIP5K is a regulatory pathway for Wnt signaling and therapeutic target for remyelination in the CNS. Neuron 85, 1227–1243. doi: 10.1016/j.neuron.2015.02.024

Lee, H. K., Laug, D., Zhu, W., Patel, J. M., Ung, K., Arenkiel, B. R., et al. (2015b). Apcdd1 stimulates oligodendrocyte differentiation after white matter injury. Glia 63, 1840–1849. doi: 10.1002/glia.22848

Li, S., Nie, E. H., Yin, Y., Benowitz, L. I., Tung, S., Vinters, H. V., et al. (2015). GDF10 is a signal for axonal sprouting and functional recovery after stroke. Nat. Neurosci. 18, 1737–1745. doi: 10.1038/nn.4146

Li, S., Yang, C., Zhang, L., Gao, X., Wang, X., Liu, W., et al. (2016). Promoting axon regeneration in the adult CNS by modulation of the melanopsin/GPCR signaling. Proc. Natl. Acad. Sci. U S A 113, 1937–1942. doi: 10.1073/pnas.1523645113

Liang, H., Yin, Y., Lin, T., Guan, D., Ma, B., Li, C., et al. (2013). Transplantation of bone marrow stromal cells enhances nerve regeneration of the corticospinal tract and improves recovery of neurological functions in a collagenase-induced rat model of intracerebral hemorrhage. Mol. Cells 36, 17–24. doi: 10.1007/s10059-013-2306-9

Liu, A. M., Lu, G., Tsang, K. S., Li, G., Wu, Y., Huang, Z. S., et al. (2010). Umbilical cord-derived mesenchymal stem cells with forced expression of hepatocyte growth factor enhance remyelination and functional recovery in a rat intracerebral hemorrhage model. Neurosurgery 67, 357–366; discussion 365–366. doi: 10.1227/01.neu.0000371983.06278.b3

Liu, G., Song, X., Chan, K. W., and McMahon, M. T. (2013). Nuts and bolts of chemical exchange saturation transfer MRI. NMR Biomed. 26, 810–828. doi: 10.1002/nbm.2899

Lu, C. H., Petzold, A., Topping, J., Allen, K., Macdonald-Wallis, C., Clarke, J., et al. (2015). Plasma neurofilament heavy chain levels and disease progression in amyotrophic lateral sclerosis: insights from a longitudinal study. J. Neurol. Neurosurg. Psychiatry 86, 565–573. doi: 10.1136/jnnp-2014-307672

Magnoni, S., Esparza, T. J., Conte, V., Carbonara, M., Carrabba, G., Holtzman, D. M., et al. (2012). Tau elevations in the brain extracellular space correlate with reduced amyloid-γ levels and predict adverse clinical outcomes after severe traumatic brain injury. Brain 135, 1268–1280. doi: 10.1093/brain/awr286

Masuda, T., Hida, H., Kanda, Y., Aihara, N., Ohta, K., Yamada, K., et al. (2007). Oral administration of metal chelator ameliorates motor dysfunction after a small hemorrhage near the internal capsule in rat. J. Neurosci. Res. 85, 213–222. doi: 10.1002/jnr.21089

Matute, C. (2011). Glutamate and ATP signalling in white matter pathology. J. Anat. 219, 53–64. doi: 10.1111/j.1469-7580.2010.01339.x

Matute, C., Alberdi, E., Domercq, M., Sánchez-Gómez, M. V., Pérez-Samartín, A., Rodríguez-Antigüedad, A., et al. (2007). Excitotoxic damage to white matter. J. Anat. 210, 693–702. doi: 10.1111/j.1469-7580.2007.00733.x

Michel-Monigadon, D., Bonny, C., and Hirt, L. (2010). c-Jun N-terminal kinase pathway inhibition in intracerebral hemorrhage. Cerebrovasc. Dis. 29, 564–570. doi: 10.1159/000306643

Miron, V. E., Boyd, A., Zhao, J. W., Yuen, T. J., Ruckh, J. M., Shadrach, J. L., et al. (2013). M2 microglia and macrophages drive oligodendrocyte differentiation during CNS remyelination. Nat. Neurosci. 16, 1211–1218. doi: 10.1038/nn.3469

Miyamoto, N., Maki, T., Shindo, A., Liang, A. C., Maeda, M., Egawa, N., et al. (2015). Astrocytes promote oligodendrogenesis after white matter damage via brain-derived neurotrophic factor. J. Neurosci. 35, 14002–14008. doi: 10.1523/jneurosci.1592-15.2015

Miyamoto, N., Pham, L. D., Seo, J. H., Kim, K. W., Lo, E. H., and Arai, K. (2014). Crosstalk between cerebral endothelium and oligodendrocyte. Cell. Mol. Life Sci. 71, 1055–1066. doi: 10.1007/s00018-013-1488-9

Monteiro de Castro, G., Deja, N. A., Ma, D., Zhao, C., and Franklin, R. J. (2015). Astrocyte activation via stat3 signaling determines the balance of oligodendrocyte versus schwann cell remyelination. Am. J. Pathol. 185, 2431–2440. doi: 10.1016/j.ajpath.2015.05.011

Moxon-Emre, I., and Schlichter, L. C. (2011). Neutrophil depletion reduces blood-brain barrier breakdown, axon injury, and inflammation after intracerebral hemorrhage. J. Neuropathol. Exp. Neurol. 70, 218–235. doi: 10.1097/nen.0b013e31820d94a5

Muramatsu, R., and Yamashita, T. (2014). Concept and molecular basis of axonal regeneration after central nervous system injury. Neurosci. Res. 78, 45–49. doi: 10.1016/j.neures.2013.07.002

Ni, W., Okauchi, M., Hatakeyama, T., Gu, Y., Keep, R. F., Xi, G., et al. (2015). Deferoxamine reduces intracerebral hemorrhage-induced white matter damage in aged rats. Exp. Neurol. 272, 128–134. doi: 10.1016/j.expneurol.2015.02.035

NINDS ICH Workshop Participants. (2005). Priorities for clinical research in intracerebral hemorrhage: report from a national institute of neurological disorders and stroke workshop. Stroke 36, E23–E41. doi: 10.1161/01.str.0000155685.77775.4c

Ohnishi, M., Katsuki, H., Fujimoto, S., Takagi, M., Kume, T., and Akaike, A. (2007). Involvement of thrombin and mitogen-activated protein kinase pathways in hemorrhagic brain injury. Exp. Neurol. 206, 43–52. doi: 10.1016/j.expneurol.2007.03.030

Park, E., Velumian, A. A., and Fehlings, M. G. (2004). The role of excitotoxicity in secondary mechanisms of spinal cord injury: a review with an emphasis on the implications for white matter degeneration. J. Neurotrauma 21, 754–774. doi: 10.1089/0897715041269641

Patel, J. R., Williams, J. L., Muccigrosso, M. M., Liu, L., Sun, T., Rubin, J. B., et al. (2012). Astrocyte TNFR2 is required for CXCL12-mediated regulation of oligodendrocyte progenitor proliferation and differentiation within the adult CNS. Acta Neuropathol. 124, 847–860. doi: 10.1007/s00401-012-1034-0

Petzold, A., Rejdak, K., Belli, A., Sen, J., Keir, G., Kitchen, N., et al. (2005). Axonal pathology in subarachnoid and intracerebral hemorrhage. J. Neurotrauma 22, 407–414. doi: 10.1089/neu.2005.22.407

Pham, L. D., Hayakawa, K., Seo, J. H., Nguyen, M. N., Som, A. T., Lee, B. J., et al. (2012). Crosstalk between oligodendrocytes and cerebral endothelium contributes to vascular remodeling after white matter injury. Glia 60, 875–881. doi: 10.1002/glia.22320

Powers, W. J. (2010). Intracerebral hemorrhage and head trauma: common effects and common mechanisms of injury. Stroke 41, S107–S110. doi: 10.1161/STROKEAHA.110.595058

Quintanilla, R. A., Godoy, J. A., Alfaro, I., Cabezas, D., von Bernhardi, R., Bronfman, M., et al. (2013). Thiazolidinediones promote axonal growth through the activation of the JNK pathway. PLoS One 8:e65140. doi: 10.1371/journal.pone.0065140

Qureshi, A. I., Ali, Z., Suri, M. F., Shuaib, A., Baker, G., Todd, K., et al. (2003). Extracellular glutamate and other amino acids in experimental intracerebral hemorrhage: an in vivo microdialysis study. Crit. Care Med. 31, 1482–1489. doi: 10.1097/01.ccm.0000063047.63862.99

Qureshi, A. I., Tuhrim, S., Broderick, J. P., Batjer, H. H., Hondo, H., and Hanley, D. F. (2001). Spontaneous intracerebral hemorrhage. N. Engl. J. Med. 344, 1450–1460. doi: 10.1056/NEJM200105103441907

Rosenzweig, S., and Carmichael, S. T. (2015). The axon-glia unit in white matter stroke: mechanisms of damage and recovery. Brain Res. 1623, 123–134. doi: 10.1016/j.brainres.2015.02.019

Sahinkaya, F. R., Milich, L. M., and McTigue, D. M. (2014). Changes in NG2 cells and oligodendrocytes in a new model of intraspinal hemorrhage. Exp. Neurol. 255, 113–126. doi: 10.1016/j.expneurol.2014.02.025

Samarasekera, N., Fonville, A., Lerpiniere, C., Farrall, A. J., Wardlaw, J. M., White, P. M., et al. (2015). Influence of intracerebral hemorrhage location on incidence, characteristics, and outcome: population-based study. Stroke 46, 361–368. doi: 10.1161/STROKEAHA.114.007953

Schmahmann, J. D., Smith, E. E., Eichler, F. S., and Filley, C. M. (2008). Cerebral white matter: neuroanatomy, clinical neurology, and neurobehavioral correlates. Ann. N Y Acad. Sci. 1142, 266–309. doi: 10.1196/annals.1444.017

Sellner, J., Patel, A., Dassan, P., Brown, M. M., and Petzold, A. (2011). Hyperacute detection of neurofilament heavy chain in serum following stroke: a transient sign. Neurochem. Res. 36, 2287–2291. doi: 10.1007/s11064-011-0553-8

Seo, J. H., Miyamoto, N., Hayakawa, K., Pham, L. D., Maki, T., Ayata, C., et al. (2013). Oligodendrocyte precursors induce early blood-brain barrier opening after white matter injury. J. Clin. Invest. 123, 782–786. doi: 10.1172/JCI65863


Sinson, G., Bagley, L. J., Cecil, K. M., Torchia, M., McGowan, J. C., Lenkinski, R. E., et al. (2001). Magnetization transfer imaging and proton MR spectroscopy in the evaluation of axonal injury: correlation with clinical outcome after traumatic brain injury. Am. J. Neuroradiol. 22, 143–151.



Smith, E. E., and Venegas-Torres, J. A. (2014). “Cognitive dysfunction after intracerebral hemorrhage, vasculitis, and other stroke syndromes,” in The Behavioral Consequences of Stroke, eds T. A. Schweizer and R. L. Macdonald (New York, NY: Springer Science+Business Media), 199–226.


Song, S. K., Sun, S. W., Ju, W. K., Lin, S. J., Cross, A. H., and Neufeld, A. H. (2003). Diffusion tensor imaging detects and differentiates axon and myelin degeneration in mouse optic nerve after retinal ischemia. Neuroimage 20, 1714–1722. doi: 10.1016/j.neuroimage.2003.07.005

Strand, T., Alling, C., Karlsson, B., Karlsson, I., and Winblad, B. (1984). Brain and plasma proteins in spinal fluid as markers for brain damage and severity of stroke. Stroke 15, 138–144. doi: 10.1161/01.str.15.1.138

Stylli, S. S., Adamides, A. A., Koldej, R. M., Luwor, R. B., Ritchie, D. S., Ziogas, J., et al. (2017). miRNA expression profiling of cerebrospinal fluid in patients with aneurysmal subarachnoid hemorrhage. J. Neurosurg. 126, 1131–1139. doi: 10.3171/2016.1.JNS151454

Su, E., Bell, M. J., Kochanek, P. M., Wisniewski, S. R., Bayir, H., Clark, R. S., et al. (2012). Increased CSF concentrations of myelin basic protein after TBI in infants and children: absence of significant effect of therapeutic hypothermia. Neurocrit. Care 17, 401–407. doi: 10.1007/s12028-012-9767-0

Sun, P. Z., Cheung, J. S., Wang, E., and Lo, E. H. (2011). Association between pH-weighted endogenous amide proton chemical exchange saturation transfer MRI and tissue lactic acidosis during acute ischemic stroke. J. Cereb. Blood Flow Metab. 31, 1743–1750. doi: 10.1038/jcbfm.2011.23

Tao, C., Zhang, R., Hu, X., Song, L., Wang, C., Gao, F., et al. (2016). A novel brainstem hemorrhage model by autologous blood infusion in rat: white matter injury, magnetic resonance imaging, and neurobehavioral features. J. Stroke Cerebrovasc. Dis. 25, 1102–1109. doi: 10.1016/j.jstrokecerebrovasdis.2016.01.025

Tepavčević, V., Kerninon, C., Aigrot, M. S., Meppiel, E., Mozafari, S., Arnould-Laurent, R., et al. (2014). Early netrin-1 expression impairs central nervous system remyelination. Ann. Neurol. 76, 252–268. doi: 10.1002/ana.24201

Tietze, A., Blicher, J., Mikkelsen, I. K., Østergaard, L., Strother, M. K., Smith, S. A., et al. (2014). Assessment of ischemic penumbra in patients with hyperacute stroke using amide proton transfer (APT) chemical exchange saturation transfer (CEST) MRI. NMR Biomed. 27, 163–174. doi: 10.1002/nbm.3048

Tuor, U. I., Morgunov, M., Sule, M., Qiao, M., Clark, D., Rushforth, D., et al. (2014). Cellular correlates of longitudinal diffusion tensor imaging of axonal degeneration following hypoxic-ischemic cerebral infarction in neonatal rats. Neuroimage Clin. 6, 32–42. doi: 10.1016/j.nicl.2014.08.003

Ullén, F. (2009). Is activity regulation of late myelination a plastic mechanism in the human nervous system? Neuron Glia Biol. 5, 29–34. doi: 10.1017/S1740925X09990330

Vafadari, B., Salamian, A., and Kaczmarek, L. (2016). MMP-9 in translation: from molecule to brain physiology, pathology, and therapy. J. Neurochem. 139, 91–114. doi: 10.1111/jnc.13415

Valakh, V., Frey, E., Babetto, E., Walker, L. J., and DiAntonio, A. (2015). Cytoskeletal disruption activates the DLK/JNK pathway, which promotes axonal regeneration and mimics a preconditioning injury. Neurobiol. Dis. 77, 13–25. doi: 10.1016/j.nbd.2015.02.014

Venkatasubramanian, C., Kleinman, J. T., Fischbein, N. J., Olivot, J. M., Gean, A. D., Eyngorn, I., et al. (2013). Natural history and prognostic value of corticospinal tract Wallerian degeneration in intracerebral hemorrhage. J. Am. Heart Assoc. 2:e000090. doi: 10.1161/JAHA.113.000090

Wagner, K. R., Beiler, S., Beiler, C., Kirkman, J., Casey, K., Robinson, T., et al. (2006). Delayed profound local brain hypothermia markedly reduces interleukin-1β gene expression and vasogenic edema development in a porcine model of intracerebral hemorrhage. Acta Neurochir. Suppl. 96, 177–182. doi: 10.1007/3-211-30714-1_39

Wagner, K. R., Dean, C., Beiler, S., Bryan, D. W., Packard, B. A., Smulian, A. G., et al. (2005). Plasma infusions into porcine cerebral white matter induce early edema, oxidative stress, pro-inflammatory cytokine gene expression and DNA fragmentation: implications for white matter injury with increased blood-brain-barrier permeability. Curr. Neurovasc. Res. 2, 149–155. doi: 10.2174/1567202053586785

Wagner, K. R., Packard, B. A., Hall, C. L., Smulian, A. G., Linke, M. J., De Courten-Myers, G. M., et al. (2002). Protein oxidation and heme oxygenase-1 induction in porcine white matter following intracerebral infusions of whole blood or plasma. Dev. Neurosci. 24, 154–160. doi: 10.1159/000065703

Wan, S., Zhan, R., Zheng, S., Hua, Y., and Xi, G. (2009). Activation of c-Jun-N-terminal kinase in a rat model of intracerebral hemorrhage: the role of iron. Neurosci. Res. 63, 100–105. doi: 10.1016/j.neures.2008.10.013

Wang, Y., Liu, G., Hong, D., Chen, F., Ji, X., and Cao, G. (2016). White matter injury in ischemic stroke. Prog. Neurobiol. 141, 45–60. doi: 10.1016/j.pneurobio.2016.04.005

Wang, M. D., Wang, Y., Xia, Y. P., Dai, J. W., Gao, L., Wang, S. Q., et al. (2016). High serum MiR-130a levels are associated with severe perihematomal edema and predict adverse outcome in acute ICH. Mol. Neurobiol. 53, 1310–1321. doi: 10.1007/s12035-015-9099-0

Wang, S., and Young, K. M. (2014). White matter plasticity in adulthood. Neuroscience 276, 148–160. doi: 10.1016/j.neuroscience.2013.10.018

Wang, J., Zhu, Y., Jin, F., Tang, L., and He, Z. (2016). Differential expression of circulating microRNAs in blood and haematoma samples from patients with intracerebral haemorrhage. J. Int. Med. Res. 44, 419–432. doi: 10.1177/0300060516630852

Wasserman, J. K., and Schlichter, L. C. (2008). White matter injury in young and aged rats after intracerebral hemorrhage. Exp. Neurol. 214, 266–275. doi: 10.1016/j.expneurol.2008.08.010

Wu, G., Li, S., Wang, L., and Mao, Y. (2013a). The perihematomal glutamate level is associated with the outcome of patients with basal ganglia hematomas treated by minimally invasive procedures. Neurol. Res. 35, 829–836. doi: 10.1179/1743132813Y.0000000220

Wu, G., Sun, S., Sheng, F., Wang, L., and Wang, F. (2013b). Perihematomal glutamate level is associated with the blood-brain barrier disruption in a rabbit model of intracerebral hemorrhage. Springerplus 2:358. doi: 10.1186/2193-1801-2-358

Xie, Q., Gu, Y., Hua, Y., Liu, W., Keep, R. F., and Xi, G. (2014). Deferoxamine attenuates white matter injury in a piglet intracerebral hemorrhage model. Stroke 45, 290–292. doi: 10.1161/STROKEAHA.113.003033


Xing, Y., Fang, F., Zhang, X., Hou, L. L., Zheng, Z. S., and Sheikhali, M. (2013). Proton magnetic resonance spectroscopy and cognitive impairment in patients with ischemic white matter lesions. J. Res. Med. Sci. 18, 1061–1066.


Yang, F., Wang, Z., Zhang, J. H., Tang, J., Liu, X., Tan, L., et al. (2015). Receptor for advanced glycation end-product antagonist reduces blood-brain barrier damage after intracerebral hemorrhage. Stroke 46, 1328–1336. doi: 10.1161/STROKEAHA.114.008336

Yang, Z., Zhong, L., Xian, R., and Yuan, B. (2015). MicroRNA-223 regulates inflammation and brain injury via feedback to NLRP3 inflammasome after intracerebral hemorrhage. Mol. Immunol. 65, 267–276. doi: 10.1016/j.molimm.2014.12.018

Yassi, N., Campbell, B. C., Moffat, B. A., Steward, C., Churilov, L., Parsons, M. W., et al. (2016). Association between baseline peri-infarct magnetic resonance spectroscopy and regional white matter atrophy after stroke. Neuroradiology 58, 3–10. doi: 10.1007/s00234-015-1593-6

Yatsushige, H., Ostrowski, R. P., Tsubokawa, T., Colohan, A., and Zhang, J. H. (2007). Role of c-Jun N-terminal kinase in early brain injury after subarachnoid hemorrhage. J. Neurosci. Res. 85, 1436–1448. doi: 10.1002/jnr.21281

Yuan, B., Shen, H., Lin, L., Su, T., Zhong, L., and Yang, Z. (2015). MicroRNA367 negatively regulates the inflammatory response of microglia by targeting IRAK4 in intracerebral hemorrhage. J. Neuroinflammation 12:206. doi: 10.1186/s12974-015-0424-3

Zanier, E. R., Zoerle, T., Fiorini, M., Longhi, L., Cracco, L., Bersano, A., et al. (2013). Heart-fatty acid-binding and tau proteins relate to brain injury severity and long-term outcome in subarachnoid haemorrhage patients. Br. J. Anaesth. 111, 424–432. doi: 10.1093/bja/aet149

Zhang, J., Liu, J., Fox, H. S., and Xiong, H. (2013). N-methyl-D-aspartate receptor-mediated axonal injury in adult rat corpus callosum. J. Neurosci. Res. 91, 240–248. doi: 10.1002/jnr.23150

Zhang, K., and Sejnowski, T. J. (2000). A universal scaling law between gray matter and white matter of cerebral cortex. Proc. Natl. Acad. Sci. U S A 97, 5621–5626. doi: 10.1073/pnas.090504197

Zhang, Z., Zhang, Z., Lu, H., Yang, Q., Wu, H., and Wang, J. (2017). Microglial polarization and inflammatory mediators after intracerebral hemorrhage. Mol. Neurobiol. 54, 1874–1886. doi: 10.1007/s12035-016-9785-6

Zhao, X., Wu, T., Chang, C. F., Wu, H., Han, X., Li, Q., et al. (2015). Toxic role of prostaglandin E2 receptor EP1 after intracerebral hemorrhage in mice. Brain Behav. Immun. 46, 293–310. doi: 10.1016/j.bbi.2015.02.011

Zheng, H. W., Wang, Y. L., Lin, J. X., Li, N., Zhao, X. Q., Liu, G. F., et al. (2012). Circulating MicroRNAs as potential risk biomarkers for hematoma enlargement after intracerebral hemorrhage. CNS Neurosci. Ther. 18, 1003–1011. doi: 10.1111/cns.12019

Zhou, X., Xie, Q., Xi, G., Keep, R. F., and Hua, Y. (2014). Brain CD47 expression in a swine model of intracerebral hemorrhage. Brain Res. 1574, 70–76. doi: 10.1016/j.brainres.2014.06.003

Zhu, Y., Wang, J. L., He, Z. Y., Jin, F., and Tang, L. (2015). Association of altered serum micrornas with perihematomal edema after acute intracerebral hemorrhage. PLoS One 10:e0133783. doi: 10.1371/journal.pone.0133783

Zhuo, F., Qiu, G., Xu, J., Yang, M., Wang, K., Liu, H., et al. (2016). Both endoplasmic reticulum and mitochondrial pathways are involved in oligodendrocyte apoptosis induced by capsular hemorrhage. Mol. Cell. Neurosci. 72, 64–71. doi: 10.1016/j.mcn.2016.01.009

Zou, X., Wu, Z., Zhu, W., Chen, L., Mao, Y., and Zhao, F. (2017). Effectiveness of minocycline in acute white matter injury after intracerebral hemorrhage. J. Neurosurg. 126, 1855–1862. doi: 10.3171/2016.5.JNS152670

Conflict of Interest Statement: 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 © 2017 Tao, Hu, Li and You. 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) or licensor 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/fnhum-11-00422-g002.gif
therapeutic

e

Axon regeneration

Oligodendrogenesis

Both GM and WM
protection

Accelerate the
clinical translation

Diagnostic and
therapeutic strategy

Wnt/B-catenin |
MSH, Netrin-1 1

MAG, Nogo-A, OMGP |
DGF10, GPCRT

Astrocyte: BDNF, LIF, STAT3, CNTF, TNFR2 1
Microglia: M1—M2
Endothelium: oligovascular niche

Combined therapy

Poly-gyrated animal model
In-vivo study

diagnostic

CEST





OPS/images/crossmark.jpg





OPS/images/fnhum-11-00422-g001.gif
ICH

v

Secondary WMI Primary WMI

Mass effect Barotrauma

A2

MMP-9 activation Activated JNK pathway






OPS/images/cover.jpg
? frontiers ’
In Human Neuroscience

White Matter Injury after
Intracerebral Hemorrhage:
Pathophysiology and Therapeutic
Strategies









OPS/images/logo.jpg
’ frontiers )
in Human Neuroscience





