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A major consequence of traumatic brain and spinal cord injury is the loss of the myelin sheath, a cholesterol-rich layer of insulation that wraps around axons of the nervous system. In the central nervous system (CNS), myelin is produced and maintained by oligodendrocytes. Damage to the CNS may result in oligodendrocyte cell death and subsequent loss of myelin, which can have serious consequences for functional recovery. Demyelination impairs neuronal function by decelerating signal transmission along the axon and has been implicated in many neurodegenerative diseases. After a traumatic injury, mechanisms of endogenous remyelination in the CNS are limited and often fail, for reasons that remain poorly understood. One area of research focuses on enhancing this endogenous response. Existing techniques include the use of small molecules, RNA interference (RNAi), and monoclonal antibodies that target specific signaling components of myelination for recovery. Cell-based replacement strategies geared towards replenishing oligodendrocytes and their progenitors have been utilized by several groups in the last decade as well. In this review article, we discuss the effects of traumatic injury on oligodendrocytes in the CNS, the lack of endogenous remyelination, translational studies in rodent models promoting remyelination, and finally human clinical studies on remyelination in the CNS after injury.
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INTRODUCTION

Oligodendrocytes are the myelin-producing glial cells of the central nervous system (CNS). Myelin plays a critical role in neuronal communication by insulating the axon, enhancing the propagation of action potentials, and facilitating high-frequency firing (Nashmi and Fehlings, 2001; Hartline and Colman, 2007). Besides producing myelin, there is also evidence that oligodendrocytes provide the neurons they ensheath with important trophic support (Garbern et al., 2002; Fünfschilling et al., 2012; Nave and Werner, 2014; Duncan et al., 2020). Disruption of oligodendrocytes or the myelin sheath in injury and disease has severe consequences on neuronal function. Myelin loss decreases cell capacitance and exposes voltage-gated potassium channels, slowing signal transmission and decreasing the likelihood of action potential generation (Nashmi and Fehlings, 2001; Monje, 2018). Additionally, long term effects of oligodendrocyte death beyond demyelination include axonal atrophy and neuronal loss, giving rise to a vicious cycle with axon damage further impacting oligodendrocyte function (Crowe et al., 1997; Nave, 2010). This may result in widespread motor and cognitive deficits and has been identified in several diseases.

Demyelination in the CNS may occur in response to autoimmune disease, genetic mutation, or trauma such as injury or stroke. Multiple sclerosis (MS) is one of the most well studied demyelinating diseases and is characterized by periods of neuroinflammation leading to degradation of myelin in both the gray and white matter of the CNS, with progressive neuronal loss and cognitive impairment in chronic stages (Nave, 2010; Inglese and Petracca, 2015). Leukodystrophies are a family of genetic diseases affecting white matter, a subset of which primarily affects myelin and oligodendrocytes (van der Knaap and Bugiani, 2017). Mutations have been linked to reduced oligodendrocyte differentiation and myelin formation, clinically manifesting in developmental delay, motor dysfunction, seizures, and more (Nave, 2010). Interestingly, substantial research in recent years has implicated myelin abnormality in several psychiatric disorders, highlighting its importance in neuronal transmission from sensorimotor to cognitive tasks (Fields, 2008; Inglese and Petracca, 2015).

Traumatic injury is another major cause of demyelination in the CNS and is the focus of this review article, with an emphasis on brain and spinal cord injuries (TBI and SCI, respectively). Following CNS trauma, damaged axons and oligodendrocytes may trigger demyelination that spreads well beyond the initial injury site, causing impairments in sensory, motor, cognitive, and autonomic function (Alizadeh et al., 2019; Fischer et al., 2020). The Centers for Disease Control and Prevention classify TBI as a serious public health concern, with upwards of 2 million cases per year in the United States alone (Centers for Disease Control and Prevention, 2019). Similarly, there are roughly 20,000 reported cases of SCI annually, with more than 50% resulting in paraplegia or tetraplegia (National Spinal Cord Injury Statistical Center, 2020). The leading causes of both TBI and SCI are preventable accidents such as vehicular collisions and falls (Centers for Disease Control and Prevention, 2019; National Spinal Cord Injury Statistical Center, 2020).

The incidence of demyelination in a variety of disease states makes it an applicable therapeutic target with widespread potential. However, this has also been a subject of controversy based on evidence that complete endogenous remyelination will occur with enough time (Duncan et al., 2020). Definitive reports of chronic demyelination are difficult to ascertain given the complex nature of human injuries and the relatively short time scale of animal models. Endogenous remyelination does occur in both the peripheral and central nervous systems, and in the CNS this mechanism is comparatively less efficient (Franklin and ffrench-Constant, 2008). While time may indeed be a key factor in allowing full remyelination, the consequences of acute demyelination as described above can ultimately lead to cell death before the system can regenerate. Additional processes occurring in tandem during injury and disease may also impair the endogenous response and prevent recovery. Thus, boosting the capacity for remyelination may serve as a way to minimize the long-term damage that follows demyelinating injuries and diseases. In this review article, we will discuss the mechanisms of demyelination and remyelination, with an emphasis on TBI/SCI, followed by an overview of current strategies targeting oligodendrocytes to promote remyelination in different animal models.



DEMYELINATION FOLLOWING TRAUMATIC INJURY

CNS trauma consists of both a primary and secondary injury, with distinct pathophysiology for each (Figure 1). The primary injury involves the direct mechanical impact on the CNS, causing compression, laceration, shearing, etc., and the immediate cellular and vascular damage at the injury site (Johnson et al., 2013; Alizadeh et al., 2019). The primary injury initiates a cellular cascade that gives rise to the secondary injury, the effects of which can last from minutes to years (Crowe et al., 1997; Buss et al., 2004; Ramlackhansingh et al., 2011; Walker and Tesco, 2013). This is distinct from primary and secondary demyelination. Primary demyelination refers to direct injury without axonal compromise, and secondary demyelination occurs indirectly as a result of axonal injury. Both of these can occur as a result of CNS trauma.
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FIGURE 1. Time course of the cellular response to central nervous system (CNS) trauma. The effects of the primary injury are immediate and directly contribute to secondary damage. The secondary injury begins within minutes of the primary injury and can last for years. The effects of the secondary injury further contribute to the demyelination, axon degeneration, and cell death caused by the primary injury. These mechanisms may manifest in sensory, motor, autonomic, and cognitive dysfunction, with the degree of severity related to that of the injury.



Traumatic brain and spinal cord injuries trigger a complex series of secondary events, activating pathways for reactive gliosis, necrosis and/or apoptosis, immune response, and degeneration. Many of the underlying mechanisms for these processes in both TBI and SCI are shared (Bramlett and Dietrich, 2007). Kakulas (2019) provides a clear and detailed description of the secondary cellular events occurring through each stage of SCI in humans. The acute phase occurs immediately after the injury and involves spinal cord swelling, due to hemorrhage and edema, and early necrosis of damaged tissue. The subacute phase begins hours after injury and is characterized by continued necrosis and debris clearing by macrophages. Neuroinflammation and demyelination are also observed. The chronic phase occurs weeks after injury and may persist for years. Phagocytosis of debris leaves behind a cavity at the injury site, and the wall of the lesion contains reactive glial cells that form a glial scar. There is also persisting demyelination and Wallerian degeneration of damaged axons, which progresses both rostral and caudal to the injury. Wallerian degeneration, a hallmark of axonal pathology, involves the catastrophic fragmentation of distal axons as a result of damage and loss of somatic support (Kakulas, 1999, 2019). The same pathologies follow TBI and are described in detail by Bramlett and Dietrich (2007) and Walker and Tesco (2013).

Demyelination has been observed as a result of both primary and secondary injury after TBI/SCI. Traumatic demyelination of damaged axons occurs at the lesion site in primary injury, while demyelination following secondary processes may extend to regions far from the initial insult (Crowe et al., 1997; Kakulas, 1999; Duncan et al., 2020). Slowed impulse conduction as a result of demyelination in the spinal cord contributes to the motor dysfunction and sensory impairment seen in SCI patients (Felts et al., 1997; Nashmi and Fehlings, 2001). Furthermore, axons left without oligodendrocyte support deteriorate over time, subject to extensive Wallerian degeneration, myelin vacuolization, and pathology (Crowe et al., 1997; Oluich et al., 2012). In TBI, demyelination is believed to contribute to the long-term cognitive deficits reported in patients (Walker and Tesco, 2013; Armstrong et al., 2016). In the sections below, we will outline the effects of the primary and secondary injury on oligodendrocytes, the mechanisms behind demyelination and remyelination, and the limitations of endogenous remyelination following CNS trauma.


Oligodendrocytes and Injury Response

Oligodendrocytes, as generators of myelin, are key to understanding the mechanisms surrounding primary and secondary demyelination in the CNS. The primary injury may directly promote demyelination in two ways. First, the insult itself can strip the myelin from the axons and cause further damage, impairing conduction and downstream signaling. Oligodendrocytes may also be severely damaged from the injury, which can lead to demyelination of the axons they support (Pohl et al., 2011). Importantly, because oligodendrocytes myelinate multiple axons, their loss may affect axons that were spared by the initial injury, causing progressive or chronic demyelination extending beyond the lesion site (Conti et al., 1998; Emery et al., 1998; Buss et al., 2004). Myriad additional secondary processes provoke demyelination as well, however, the complex nature of the secondary injury poses an obstacle to discerning the relationship between oligodendrocytes, demyelination, and axonal degeneration.

The mechanisms of secondary injury are complex and have widespread effects. As such, some degree of compartmentalization is necessary for understanding the responses of different cell types. Previous work has uncovered several aspects of the lesion environment that increase the sensitivity and vulnerability of oligodendrocytes following injury. For example, excessive neurotransmitter release from necrotic tissue may cause glutamate and ATP mediated excitotoxicity in surrounding cells. Oligodendrocytes appear quite susceptible to this and often undergo excitotoxic cell death after injury (Xu et al., 2004; Butt, 2006; Domercq et al., 2010). Proteolytic enzymes released during necrosis may further potentiate damage. Free radical formation due to ischemia contributes to oxidative stress, to which oligodendrocytes demonstrate increased vulnerability (Thorburne and Juurlink, 1996; Giacci and Fitzgerald, 2018). The invasion of immune cells, release of inflammatory cytokines by microglia, and infiltrating neutrophils have also been associated with oligodendrocyte loss (Donnelly and Popovich, 2008; Satzer et al., 2015). These factors in turn increase the numbers of necrotic, apoptotic, and autophagic oligodendrocytes after CNS trauma (Kanno et al., 2009; Almad et al., 2011). It should be noted, however, that these responses are complex and serve both protective and harmful roles (Jones et al., 2005; Kotter et al., 2005; Ohri et al., 2018). Other cell types, such as neurons and astrocytes, also demonstrate varying degrees of sensitivity to these processes, and thus care should be taken to note the differential effects of targeting these mechanisms experimentally.

Apoptosis of oligodendrocytes has been reported in several TBI/SCI studies (Crowe et al., 1997; Conti et al., 1998; Emery et al., 1998; Lotocki et al., 2011; Flygt et al., 2013). As mentioned above, oligodendrocyte death may initiate demyelination in associated axons. However, axonal degeneration also appears to trigger oligodendrocyte apoptosis, as reported in Crowe et al. (1997) where Wallerian degeneration preceded the emergence of adjacent apoptotic CC1/RIP positive cells. This corroborates other work demonstrating a dependence of oligodendrocytes on neuronal activity for survival and highlights the reciprocal quality of their relationship (Barres et al., 1993). A chain effect thus emerges, whereby damaged axons trigger apoptosis in oligodendrocytes, causing further demyelination of distal axons. This intricate relationship sheds light on the motivation behind utilizing oligodendrocyte replacement and myelin growth-promoting factors after CNS injury to prevent widespread deterioration. Multiple studies utilizing such approaches in acute and subacute models of SCI show promising evidence of functional recovery (Hwang et al., 2009; Erceg et al., 2010; Kawabata et al., 2016). Similar improvements in chronic SCI models have been more difficult to achieve, possibly because this progressive demyelination and degeneration have gone unchecked for much longer (Keirstead et al., 2005; Karimi-Abdolrezaee et al., 2006; Nishimura et al., 2013).



Mechanisms of Remyelination After Injury

The remyelination of axons following injury in many ways resembles the myelination of the developing CNS, with some key temporal and molecular differences (Gallo and Deneen, 2014; Almeida, 2018). Much of the attention on remyelination in the CNS has focused on oligodendrocyte progenitor cells (OPCs). Franklin and ffrench-Constant (2017) describe the three phases of OPC mediated remyelination in the CNS: activation, recruitment, and differentiation. During activation, OPCs undergo a change in gene expression allowing them to become proliferative (Moyon et al., 2015). During recruitment, OPCs originating both locally and from the subventricular zone (SVZ) migrate to the lesion site in response to injury (McTigue et al., 2001; Caillava et al., 2011; Flygt et al., 2013; Xing et al., 2014). Finally, OPCs exit the cell cycle and differentiate into myelin-producing oligodendrocytes. These processes involve a diverse array of mediators and molecules, varied by regional cellular context, that guide remyelination (Brosius-Lutz and Barres, 2014; Gallo and Deneen, 2014; Almeida, 2018). Pharmacological manipulation of identified receptors and signals is a common approach for promoting remyelination and will be discussed in more detail in later sections.

The capacity for mature oligodendrocytes to contribute to remyelination is a topic of debate. It has long been held and supported that because oligodendrocytes are post-mitotic and differentiated, they are both unable to migrate and also fail to remyelinate after damage (Blakemore and Keirstead, 1999; Crawford et al., 2016; Pukos et al., 2019). Indeed, it seems likely that OPCs provide the majority of remyelination after injury, as OPC transplantation greatly improves measures of myelination (Groves et al., 1993; Keirstead et al., 2005). However, recent reports suggest that mature, intact oligodendrocytes do engage in remyelination following injury (Yeung et al., 2014; Jeffries et al., 2016; Duncan I. D. et al., 2018; Macchi et al., 2020). The variability in findings likely relates to differences in cell lines, animal models, the type of demyelinating injury, and methods of evaluating myelination across studies. Additional work emphasizing consistency across approaches will be necessary to determine the validity of promoting oligodendrocyte vs. OPC survival as a strategy following CNS trauma.

The process of myelination itself is also quite complex. The successive wrapping of myelin layers is driven by actin dynamics and requires interactions between several adhesion molecules, actin-binding proteins, and, critically, myelin basic protein (Nawaz et al., 2015; Zuchero et al., 2015; Klingseisen et al., 2019). There is an activity-dependent component of myelination as well. Not only do OPCs preferentially activate in regions with elevated electrical activity, but oligodendrocytes themselves demonstrate a predilection to myelinate more active axons (Barres and Raff, 1993; Gibson et al., 2014; Hines et al., 2015). Though this is believed to underlie the specificity of myelination in vivo, the mechanisms behind it are unclear. Several growth factors and signaling molecules have been implicated thus far (Ronzano et al., 2020). For example, the trophic factor BDNF, secreted by neurons, astrocytes, oligodendrocytes, and Schwann cells, modulates myelination in an activity-dependent manner (McTigue et al., 1998; Ikeda et al., 2002; Lundgaard et al., 2013). This may have ramifications for the use of electrical stimulation as a treatment for peripheral nerve regeneration and SCI. For both of these pathologies, electrical stimulation has been shown to increase BDNF levels (McGregor and English, 2019; Ghorbani et al., 2020). Thus, BDNF-mediated remyelination may underlie some of the functional recovery seen in SCI patients receiving epidural stimulation (Pettigrew et al., 2017).

Schwann cell-mediated remyelination can also occur following SCI. Schwann cells, which are the myelinating cells of the peripheral nervous system, are known to infiltrate the spinal cord after SCI and in other demyelinating diseases (Duncan and Hoffman, 1997). Whether this process is beneficial or detrimental is also a subject of some controversy. It should be noted that, unlike oligodendrocytes, Schwann cells typically myelinate in a 1:1 ratio, making them potentially less efficient in comparison. However, Schwann cells have been used in transplantation studies to promote remyelination, and grafts of Schwann cells improve regeneration of CNS axons (Aguayo et al., 1981; Kanno et al., 2015). Furthermore, Schwann cells are being actively pursued in clinical trials for use in SCI, with phase I testing complete (Anderson et al., 2017).

Finally, it is important to note the extent to which remyelination alone contributes to functional recovery following TBI/SCI is not clearly discerned (Myers et al., 2016; Duncan G. J. et al., 2018). This lack of clarity arises because oligodendrocytes provide other forms of support to surrounding neurons, such as secretion of growth factors and immune modulators (Du and Dreyfus, 2002; Assinck et al., 2017). Oligodendrocytes may then be promoting recovery through other mechanisms of action besides or in addition to remyelination. This has been proposed as an alternate explanation for why recovery of function is seen in acute and subacute SCI but not chronic models. Furthermore, the early recovery pattern observed in some of these studies suggests that at least some functional recovery occurs before remyelination (Duncan G. J. et al., 2018). This is not to suggest that remyelination is an inadequate target for repair strategies; rather it emphasizes the need for combined approaches that can act on multiple aspects of the repair process to achieve the best outcomes.



Barriers to Endogenous Remyelination

Endogenous remyelination in the CNS is limited and often fails to provide functional recovery (Franklin and ffrench-Constant, 2008; Boyd et al., 2013; Franklin and Goldman, 2015). The reasons for this are intricate and many components are poorly understood. Figure 2 depicts the possible outcomes following demyelination. Evidence suggests that when the axon is preserved remyelination occurs naturally and may restore both signal conduction and sensorimotor function (Smith et al., 1979; Duncan et al., 2009). However, the newly formed myelin is thinner and conduction amplitude is lower than in normally myelinated axons, implying an intrinsic limitation in the capacity for remyelination (Smith et al., 1979; Nashmi and Fehlings, 2001; Franklin and ffrench-Constant, 2017). Furthermore, the Wallerian degeneration of damaged axons poses a major obstacle to remyelination. This loss of axons and the limited capacity of the CNS to regenerate hinders prospects for remyelination. Indeed, one study utilizing a demyelinating model of MS found that remyelination alone was not sufficient for sustained functional recovery when axonal degeneration persisted (Manrique-Hoyos et al., 2012). As such, therapies focused on remyelination must also consider pairing with strategies to boost axon growth.
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FIGURE 2. Outcomes of demyelination. (A) A demyelinated axon will either be remyelinated, giving at least partial restoration of function, or it will undergo Wallerian degeneration. (B) Transverse sections from adult rat cerebellar white matter, fixed in resin and imaged with light microscopy. The left panel depicts normally myelinated axons. The middle panel shows demyelinated axons following injection with ethidium bromide. The right panel shows remyelinated axons 4 weeks after ethidium bromide injection. It should be noted that the new myelin is thinner and shorter (A,B from Franklin and ffrench-Constant, 2008).



As discussed previously, adult precursor cells occupying the CNS respond to demyelinating injuries. However, compared to other species, the contribution of these cells to mammalian regeneration is attenuated. There are three well-established barriers to axon regeneration in the CNS: the glial scar, myelin inhibitory molecules, and lack of trophic support. Though evidence exists in support of all of these factors, the extent to which each contributes overall to regeneration failure remains to be determined. For this review article, they will be discussed briefly.

The glial scar has been a subject of controversy for years, with conflicting claims demonstrating both protective and detrimental effects to recovery following injury. The scar is the result of reactive gliosis extending into the chronic phase of trauma, leaving behind a dense layer of astrocytes surrounding the lesion cavity. First, this acts as a thick physical barrier, preventing axons that may otherwise regenerate from crossing the cavity. The extracellular matrix of the glial scar is also rich in chondroitin sulfate proteoglycans (CSPGs), some subtypes of which are inhibitory to axon growth (Mckeon et al., 1995; Barritt et al., 2006; Silver, 2016). On the other hand, CSPGs that stimulate axon growth and survival have also been identified in the glial scar, lending to arguments of its multifaceted function (Nichol et al., 1994; Nakanishi et al., 2006; Schäfer and Tegeder, 2018). This is further complicated by studies showing little to no effect of glial scar ablation on regeneration (Anderson et al., 2016; Patil et al., 2018; Haindl et al., 2019). Together, the current literature suggests that the glial scar initially serves to prevent healthy axons from entering a region of inflammation and necrosis. Once the debris from the injury has been cleared, however, its presence may impede regeneration and recovery (Rolls et al., 2009). It remains uncertain whether the glial scar affects oligodendrocyte migration and remyelination as well.

A major breakthrough in the study of axon regeneration came from the discovery of molecules within the myelin itself that inhibit axon growth (Caroni and Schwab, 1988). Many such molecules have now been identified. Among the most characterized are Nogo-A, myelin-associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp; McKerracher et al., 1994; Kottis et al., 2002; Huebner and Strittmatter, 2009). These three molecules converge on the shared Nogo receptor (NgR1), which interacts with the transmembrane protein LINGO-1 to limit axon growth (Mi et al., 2004). While these molecules are enriched in CNS myelin, they are largely absent from PNS myelin. This is believed to contribute to the differences in the regeneration capacity of CNS and PNS axons (Huebner and Strittmatter, 2009). Further research is needed in this regard, as studies utilizing animal knockouts for these molecules show mixed results (Bartsch et al., 1995; Wong et al., 2003; Lee et al., 2010). This will be critical for the development of effective combination therapies, as remyelination strategies may be more beneficial if applied after treatments for neuronal regeneration. The optimal temporal relationship between regeneration and remyelination requires further elucidation.

CNS axons also receive diminished trophic support after injury compared to the peripheral nervous system. Following injury, Schwann cells in the PNS upregulate numerous neurotrophins and transcription factors, and impairing this process significantly increases cell death (Arthur-Farraj et al., 2012; Brosius-Lutz and Barres, 2014). Also, Schwann cells provide structural support to healthy, uninjured axons through the secretion of the basal lamina, which is prevalent throughout the PNS. The presence of the basal lamina is critical following peripheral nerve injury, as it provides a laminin-rich substrate for axon regrowth (Chen et al., 2007). Oligodendrocytes, on the other hand, do not supply equivalent aid in the CNS, and this is believed to account for some differences in regeneration between the CNS and PNS. Several therapeutic strategies have harnessed the use of neurotrophins and Schwann cell transplantation in models of CNS trauma to enhance regeneration (Aguayo et al., 1981; Kelamangalath and Smith, 2013; Kanno et al., 2015).

For both remyelination and axon regeneration, age is an unavoidable risk factor that diminishes the body’s endogenous response (Sim et al., 2002; Franklin and ffrench-Constant, 2008; Hampton et al., 2012). This intrinsic decrease in capacity over time poses a major hurdle for clinical treatment, as falls in the elderly make up a substantial population of CNS trauma cases (Centers for Disease Control and Prevention, 2019).

While these barriers to remyelination and regeneration have been a source of consternation for scientists and clinicians alike, technological advances in the last decade have greatly improved prospects. One preprint from the Blackmore lab utilizing cell transplantation paired with pro-regenerative gene delivery and growth permissive grafting showed enhanced axon regeneration and functional recovery in a murine SCI model (Jayaprakash et al., 2019). Such combination therapies hold considerable promise in the treatment of TBI/SCI.




TRANSLATIONAL APPROACHES IN ANIMAL MODELS

Remyelinating therapies help restore metabolic support to degenerating axons and facilitate the restoration of proper conduction and function. Most available treatments target the prevention of progressive demyelination that contributes to chronic disability, but few can promote myelin repair. This section will discuss the translational methodologies utilized in animal models that have made progress towards clinical application.

Several species and models that have contributed to the study of demyelination in injury and disease will be highlighted below. Available models for traumatic injury range in type and severity, lending important insights into the capacity of the CNS for recovery based on the degree of damage. The most common TBI models include fluid percussion, weight drop, and cortical contusion injuries, which may be focal or diffuse (Albert-Weissenberger and Sirén, 2010). Similarly, SCI models range from mild compression or contusion to complete transection (Kjell and Olson, 2016). Rodent models are most commonly used for TBI/SCI, though large animal models are also utilized and are critical for moving toward clinical application. In addition to models of demyelinating diseases have not only contributed to the current understanding of demyelination in general but have also greatly informed the field of CNS trauma. The shiverer mouse model, possessing a mutation in the gene for myelin basic protein, is among the most common of these and is often used to study leukodystrophies (Nave, 2010). The Long Evans shaker rat model also has a mutation in the myelin basic protein gene, resulting in widespread loss of myelin (Kwiecien et al., 1998). Other demyelination models rely on the injection of toxins, such as ethidium bromide or lysolecithin, followed by irradiation (Kulbatski et al., 2008). Findings from each of these models will be included in the sections that follow, and for simplicity will be referred to as either “TBI/SCI models” or “demyelination models.”


Small Molecules

Remyelination is governed by several extrinsic and intrinsic factors that act either as inhibitors or stimulators of OPC differentiation (Kremer et al., 2016; Lopez Juarez et al., 2016; Gruchot et al., 2019). As discussed above, following demyelinating damage, endogenous OPCs from the SVZ migrate to the demyelinated area and differentiate into mature myelinating oligodendrocytes to aid in remyelination. This has been shown in several animal models of demyelination (Nait-Oumesmar et al., 2007; Kim and Szele, 2008; Mecha et al., 2013). However, remyelination mediated by this process is inefficient and ultimately incomplete in several disease states, such as MS, due in part to inadequate OPC differentiation. Small molecules can be used to enhance this endogenous process. Göttle et al. (2019) classified the small molecules that aid in remyelination into three major groups: (1) receptor/membrane-bound molecules; (2) physiologically occurring free molecules; (3) non-physiologically occurring free molecules. Here we will discuss the use of these small molecules as a therapeutic strategy to advance remyelination in pathologically demyelinated axons in the CNS.

Many receptor systems activate pathways that control myelination. G-protein coupled receptors (GPCRs) are among the most ubiquitous in this regard and thus offer a promising therapeutic target. Two specific GPCRs identified for their role in myelination are the muscarinic receptor 1 (M1R) and the kappa opioid receptor (KOR). Researchers have employed various strategies to develop small molecules that can target these pathways. One approach is to repurpose the US Food and Drug Administration (FDA) approved drugs such as benzatropine (anticholinergic), clemastine (antihistamine), and miconazole (antifungal). These show potential in enhancing oligodendrocyte formation in vitro and promoting functional remyelination in animal models of MS (Deshmukh et al., 2013; Najm et al., 2015; Hubler et al., 2018). Similarly, Mei et al. (2014, 2016a) identified a cluster of antimuscarinic molecules, which includes eight FDA-approved compounds, that enhance oligodendrocyte differentiation and remyelination. This group also identified a cluster of KOR agonists that significantly promotes oligodendrocyte differentiation and myelination in mice (Mei et al., 2016b). Furthermore, clemastine, a small molecule that stimulates significant OPC differentiation in vitro through the M1 muscarinic receptor, provides drug-induced repair and remyelination in multiple animal models (Li et al., 2015; Liu et al., 2016; Mei et al., 2016a; Zada et al., 2016). Clemastine is now available as an over-the-counter antihistamine that is being developed as a potential treatment for relapsing-remitting MS and has advanced into clinical trials (Green et al., 2017). Another family of GPCRs that has received increasing attention is the GPR17 receptors, which act as sensors of local damage to the myelin sheath. Modification of GPR17 activity promotes oligodendroglial maturation in vitro and in animal models (Merten et al., 2018; Dziedzic et al., 2020; Parravicini et al., 2020). Finally, the protective effects of pregnancy on MS relapse have led to the extensive focus on the estrogen receptor (ER) and its ligands as a means for promoting remyelination (Xiao et al., 2012; Moore et al., 2014; Najm et al., 2015; Itoh et al., 2017). Of particular note is the small molecule NDC1308, an estrogen receptor agonist that has been proposed as a remyelination therapy for several demyelinating and neurodegenerative diseases (Nye and Yarger, 2017). Whether these treatments can be applied to CNS trauma has yet to be tested.

The targeting of endogenous small molecules to promote remyelination specifically in CNS trauma has yielded some promising results. For instance, the RhoA family of GTPases are key regulators of neurite outgrowth, axon regeneration, and OPC migration. Acting on this pathway, the Vav family of GEFs poses a potential therapeutic target to improve and speed myelin repair (Ulc et al., 2017). Rac and Cdc-42 can also be used to promote OPC development, as they act in opposition to RhoA (Liang et al., 2004). Small molecules inhibiting Notch and Nogo-A signaling promote oligodendrocyte and myelin formation (Huebner and Strittmatter, 2009; Franklin and ffrench-Constant, 2017; Göttle et al., 2019). Also, Hubler et al. (2018) describe several pro-myelinating small molecules that function by directly inhibiting enzymes in the cholesterol biosynthesis pathway. The subsequent accumulation of the substrates of these enzymes promotes oligodendrocyte formation. These findings demonstrate the utility of enhancing the formation of oligodendrocytes as a target for the development of optimal remyelinating therapeutics.

In both traumatic brain and spinal cord injury, small molecules have been used to enhance the proliferation of endogenous stem cells. Multipotent stem cells from the SVZ, adjacent to the ventricles of the brain and central canal of the spinal cord, contribute to the formation of new oligodendrocytes following injury (Morshead and van der Kooy, 1990). Although early reports in amphibians and urodeles suggested these cells contribute to robust regeneration, in mammals this response is attenuated and does not produce significant recovery (Zhao et al., 2016). The use of growth factors such as FGF and EGF has been shown to stimulate this proliferative response and possibly improve physiological recovery in rodent models of SCI (Kojima and Tator, 2002; Parr and Tator, 2007).

A key difficulty in utilizing small molecules is determining the time point at which administration will be most beneficial. While many endogenous molecules have been implicated in remyelination, each pathway acts on different components of the process and thus requires specific temporal specification. Proper application of small molecule treatment following these temporal features ensures efficacy and will be especially important when applied in conjunction with other therapies.

Small molecules currently in ongoing clinical trials include Quetiapine, a nonselective GPCR antagonist, GSK239512, a histamine H3 receptor antagonist, Domperidone, a D2/D3 dopamine receptor antagonist, and Olesoxime, a cholesterol-like compound (Bothwell, 2017). In early 2020 Sanofi conducted a phase 2b study evaluating a BTK inhibitor, SAR442168, which reduced disease activity associated with MS (Sanofi: Press Releases, 2020). Genentech also initiated a Phase III clinical trial for fenebrutinib, another BTK inhibitor found to be effective against multiple types of MS (Genentech: Press Releases, 2020).



Monoclonal Antibodies

Monoclonal antibodies (MAbs) refer to antibodies produced in vitro by a single clone of identical cells. Originally MAbs were used in research to study the mechanisms of antibody specificity and to generate reagents for pathogens (Lu et al., 2020). MAbs are now also utilized as therapeutic strategies for many disease conditions (Wang, 2011). Advancements have been particularly potent for cancer and autoimmune disorder therapies as well as the containment of infectious diseases (Walker et al., 2009; Lu et al., 2020). Recently, their application has expanded to that of CNS trauma.

While the literature on the use of MAbs specifically for remyelination post-injury is limited, there have been numerous studies that resulted in MAb-induced axonal regeneration and remyelination. Inflammation, which contributes to the widespread necrosis and apoptosis seen following injury, may be a valuable target for remyelination. For example, the inflammatory cytokine IL-20 is upregulated in the glial cells of rats after SCI and may play a role in the inhibition of axonal regeneration (Dumoutier et al., 2001). In vivo treatment of an anti-IL-20 MAb, 7E, following SCI in rats suppressed inflammatory responses, preserved myelin, reduced glial scar formation, and provoked improved motor and sensory function (Lee et al., 2020). Leukocytes, which release proinflammatory cytokines and free radicals that damage white and gray matter, are another potential target for remyelination (Blight, 1985; Carlson et al., 1998; Taoka and Okajima, 1998). Leukocytes are carried by the blood via interactions with endothelial cell adhesion molecules, and administration of antibodies blocking the CD11d/CD18 integrin involved in this process have improved motor function, preserved myelin, and reduced secondary damage following SCI (Gris et al., 2004; Hurtado et al., 2012).

MAbs have also been used to target neuroinflammation in TBI (Lenzlinger et al., 2001; Unterberg et al., 2004). Treatment with the anti-CD11d integrin MAb described above reduces levels of leukocyte infiltration, lessens neuroinflammation and neuronal loss, and is associated with increased behavioral functioning in multiple models of TBI (Utagawa et al., 2008; Bao et al., 2012; Shultz et al., 2013). High mobility group box-1 (HMGB1) protein is another molecule that mediates inflammation following injury (Scaffidi et al., 2002). An anti-HMGB1 MAb hindered the protein’s translocation, reduced expression levels of inflammatory molecules, and improved motor function following a fluid percussion TBI (Okuma et al., 2012). The proinflammatory lysophosphatidic acid (LPA) is also upregulated after TBI in humans and mice (Frugier et al., 2011). Inhibiting LPA signaling via administration of B3, an anti-LPA MAb, following an injury can reduce lesion size and expression levels of inflammatory cytokines, as well as improve motor deficits (Crack et al., 2014). After mouse SCI, application of B3 suppresses the formation of a glial scar and enhances neuronal survival, neurite sprouting, and motor function (Goldshmit et al., 2012).

Treatments targeting growth cone function through the RhoA pathway have also been successful in promoting remyelination following CNS trauma. The IN-1 antibody, which neutralizes neurite growth inhibitors, has been utilized to infiltrate this signaling pathway (Mohammed et al., 2020). IN-1 MAb supports axonal regeneration following SCI (Schnell and Schwab, 1990; Brösamle et al., 2000). Another promising target is the repulsive guidance molecule A (RGMa), which accumulates in lesion sites of SCI (Schwab et al., 2005; Hata et al., 2006). RGMa is a protein-ligand that binds to the Neogenin receptor and is ultimately involved in neurite growth inhibition (Tassew et al., 2014). This mechanism depends on Rho kinase pathway activation. After SCI, RGMa can be neutralized by rat antibodies, which subsequently promotes axon regeneration and locomotor improvement (Hata et al., 2006). Administration of human anti-RGMa MAbs after rat SCI promotes neurobehavioral functioning, decreases neuronal apoptosis, and induces corticospinal tract axonal growth (Mothe et al., 2017, 2020). Induction of CST axonal sprouting and functional recovery has also been reported in primates (Nakagawa et al., 2019).

Similarly, MAbs for the myelin inhibitory molecules discussed earlier have shown improvement in promoting remyelination. Recent studies investigated combination treatments involving anti-Nogo-A MAbs in rat SCI. Combination therapy with methylprednisolone (MP) produced elevated axonal remyelination levels and greater locomotor function (Wu et al., 2014). Furthermore, an anti-MAG MAb treatment in a rat fluid percussion TBI model preserved hemispheric tissue volume and neuromotor function (Thompson et al., 2006).

The use of MAbs specifically for remyelination is better characterized in animal models of MS but may have translational potential to TBI/SCI as both result in demyelination. The main focus has been on the oligodendrocyte-reactive IgMκ subclass of MAbs because antibodies that do not bind to oligodendrocytes will not induce remyelination (Asakura et al., 1998; Bieber et al., 2002). Investigations of multiple IgMκ MAbs in Theiler’s murine encephalomyelitis virus (TMEV) model of MS indicates they may prompt remyelination by directly binding to damaged oligodendrocytes, which initiates an immune effector mechanism (Asakura et al., 1998). Human IgM MAbs advanced remyelination efforts in the TMEV model at equal to higher degrees than the polyclonal human IgM (Warrington et al., 2000). Mice treated with a human serum MAb, sHIgM22, demonstrated an increase of axonal remyelination after CNS demyelination. Interestingly, the sHIgM22 treatment condition was associated with high levels of lesion adjacent macrophages. This suggests a potential role of antibody-induced macrophage recruitment in remyelination (Bieber et al., 2002). The recombinant form of human IgM MAb, rHIgM22, can also stimulate remyelination after TMEV-induced myelin loss in mice (Warrington et al., 2001). Assessment of TMEV infected mice before and after rHIgM22 treatment confirmed a decrease in spinal cord lesion tissue volume, mediated by MAb-induced remyelination within the spinal cord (Pirko et al., 2004). The majority of lesions associated with TMEV are found in the spinal cord, which may provide translatability to SCI models and remyelination efforts. The evidence of IgM MAb-induced remyelination in models of MS provides a starting point for the potential efficacious treatment of TBI/SCI, especially for remyelination.



RNA Interference

RNA interference (RNAi) is both a physiological process and a therapeutic technique using microRNA (miRNA), short hairpin RNA (shRNA), and small interfering RNA (siRNA) to silence genes in a sequence-specific manner. Its development revolutionized gene therapy and has grown in the last few years, with two commercially available disease-targeting siRNA therapeutics approved since 2018 (Hu et al., 2020). Many more clinical and preclinical trials are in the works (Scherman et al., 2017). RNAi molecules bind the mRNA sequence of specific genes and cleave them, preventing translation into functional proteins. In contrast to small molecules and monoclonal antibodies, which target active proteins and pathways, RNAi interacts with the mRNA, allowing for greater specificity. Because it pairs with the sequence itself, this approach is ideal for diseases where a high-affinity molecule for a protein or receptor of interest has not been identified.

The research and development of RNAi have overcome many hurdles to achieve medical application. First, naked siRNAs are both unstable and subject to rapid degradation by nucleases, rendering them ineffective. Second, off-target effects are also possible, though rare, and physiological responses vary widely based on the tissue the drug is administered to. These concerns have been minimized by the production of chemically modified siRNAs, increasing their strength and precision. Additionally, numerous viral and nonviral delivery methods for RNAi have been refined, allowing for application to many types of organs and tissues (Grimm and Kay, 2007; Hu et al., 2020).

As of now, most treatments utilizing RNAi focus on heritable and neurodegenerative diseases, with little work in the realm of CNS trauma. However, these investigations are clearly translatable to the field of TBI/SCI. One example is the use of RNAi to manipulate cell death pathways for tumor suppression (Crnkovic-Mertens et al., 2003; Uchida et al., 2004; Kock et al., 2007). These successes in cancer research offer an encouraging way to minimize the widespread apoptosis seen for months following traumatic injury (Rink et al., 1995; Emery et al., 1998). Preliminary results using a cocktail of siRNAs to silence pro-apoptotic proteins following SCI showed evidence of improved myelination and decreased cell death (Michael et al., 2019). Further evidence comes from Niu et al. (2012) who used siRNA targeting the Wnt/Ca2+ pathway to prevent the pathological accumulation of calcium following TBI.

There is a small but growing pool of literature using RNAi in animal models of SCI and demyelinating disease that has shown promise. Studies employing siRNA to silence the expression of myelin inhibitory molecules, such as NoGo-A, demonstrate functional recovery in murine models of multiple sclerosis and SCI (Yang et al., 2010; Sun et al., 2012). Other laboratories have instead targeted cytoskeletal proteins and signaling molecules to improve motility and regeneration after SCI (Yu et al., 2010; Qu et al., 2014; Ding et al., 2017). Similarly, there are several secondary cascades affecting oligodendrocytes and remyelination after injury that may be feasible targets for RNAi. For instance, minimizing oxidative stress following SCI may decrease the vulnerability of neurons and oligodendrocytes to the lesion environment, lessening cell death and demyelination. A study by Gao and Li (2017) successfully silenced inducible nitric oxide synthase (iNOS) expression in M1 macrophages following acute SCI in rats, correlating with both a substantial decrease in the expression of apoptotic markers and an increase in anti-apoptotic markers. Functional testing was not performed in this experiment, but a similar study silencing IRF5 in macrophages in a mouse model of SCI found significant motor recovery as well as decreases in demyelination and inflammation (Li et al., 2016). Another experiment silencing nitric oxide synthase in a TBI model showed decreased neuronal degeneration in addition to improved working memory (Boone et al., 2017). As of now, most experiments using RNAi in TBI models focus on minimizing post-injury edema (Fukuda and Badaut, 2013; Xu et al., 2014; Guan et al., 2020).

While these findings have prompted excitement for the future of RNAi as a therapy for traumatic injury, several concerns must be kept in mind moving forward. First, the heterogeneous nature of the brain and spinal cord could result in differential uptake of siRNAs by different cell types with unintended consequences (Michael et al., 2019). However, the use of antibody-tagged siRNAs has been shown to increase the specificity of uptake to certain cell types (Liu, 2007). It is also important to note the key differences between experimental and clinical CNS injuries. Scientists take great precautions to ensure injuries are precise and consistent between animals. Human TBI/SCI cases, on the other hand, are each unique, with a great deal of variability from person to person. For developing translatable RNAi therapeutics, it is thus critical that treatments can be tailored to the individual to ensure the best outcomes.



Cell Replacement Strategies

Oligodendrocytes and OPCs are critical for promoting remyelination of the injured CNS. However, the death of oligodendrocytes and the failure of OPCs to adequately replenish them contributes significantly to the persistent neuronal demyelination and degeneration seen in trauma and disease (Franklin and ffrench-Constant, 2017). As a result, cell replacement therapy (CRT) offers an encouraging means of restoring oligodendrocyte and progenitor populations to improve remyelination (Figure 3). Both neural and non-neural cells have been used in CRT, though we will be focusing on neural cells and their potential to directly restore myelin. Additional benefits of CRT include neuroprotection, provision of regenerative molecules, modulated immune response, and neurological recovery (Assinck et al., 2017; Fischer et al., 2020). CRT has been tested in both injury and disease models with varying degrees of success.
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FIGURE 3. Cellular response to spinal cord injury and the possible therapeutic benefits of cell replacement therapy (CRT). The left depicts the changes that occur in the spinal cord following injury, both rostral and caudal to the lesion site. The right details targeted outcomes of cell transplantation, including remyelination, synaptogenesis, axon regeneration, glial scar attenuation, and the restructuring of cytoarchitecture (adapted from Fischer et al., 2020).



Advancements in stem cell biology have greatly contributed to the prospects of CRT as a viable clinical treatment. Human pluripotent stem cells provide a highly responsive and programmable pool that can be differentiated into numerous cell types. Research to date has utilized stem cells obtained from several sources: fetal stem cells, embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), and neural stem cells (NSCs) derived from the adult nervous system. There is further diversity with regards to the differentiation protocols themselves as well as the stage at which these cells are transplanted. Cell transplantation protocols using NSCs, OPCs, mature oligodendrocytes, and stages in-between have all been documented to improve remyelination. While this demonstrates utility in stem cell application, there is now a need for a consolidation of methodologies as we move towards clinical translation.

An eventual goal of CRT is autologous transplantation, in which the patient’s own cells are used to supplement the site of demyelination, however, many steps remain before this can be achieved. Early work laid the foundations towards this goal through the culture and transplantation of rodent ESCs into the rodent spinal cord (McDonald et al., 1999; Liu et al., 2000; Karimi-Abdolrezaee et al., 2006). These studies also reported increased myelination in the hosts, indicating at least some ES cells differentiated into myelinating oligodendrocytes after transplantation. Subsequent efforts have now shifted towards the transplantation of human stem cells into rodent models. Although this comes with the added difficulty of requiring substantial immune suppression of the animals to prevent rejection of the transplants, it also gives invaluable information regarding the safety of transplanting these cells (Forsberg and Hovatta, 2012).

Some of the earliest differentiation protocols direct cells toward a neural fate, allowing for the differentiation of different neural cell types at different stages (Cummings et al., 2005; Parr et al., 2007; Nishimura et al., 2013). Here, cells are considered NSCs or neural progenitor cells (NPCs), terms which have been used somewhat interchangeably in the literature. There are several benefits to transplanting at this early phase. First, because these cells are still highly responsive to exogenous signals, their differentiation can be tailored to the environment of the host nervous system. For instance, the increased expression of factors signaling the recruitment and differentiation of OPCs following injury may result in a higher proportion of donor cells forming oligodendrocytes than could be easily obtained from in vitro conditions (Karimi-Abdolrezaee et al., 2006). Post-transplant differentiation usually results in a heterogeneous population of cell types, consisting of oligodendrocytes as well as astrocytes and neurons, and occasionally even Schwann cells (McDonald et al., 1999; Akiyama et al., 2001). The extent to which this is a desirable outcome has been debated. If the goal is to strictly target remyelination, then the generation of pure populations of OPCs or oligodendrocytes is emphasized, however, this has rarely, if ever, been achieved. Furthermore, the transplantation of astrocytes and neurons has been linked to positive outcomes, such as the formation of neuronal relays and increasing neuroprotective effects (Erceg et al., 2010; Fischer et al., 2020). Diverse transplant populations may provide a more clinically relevant and combinatorial approach for treating a traumatic injury. One risk of NSC/NPC transplants comes with the propensity of undifferentiated cells for teratoma formation. Without an adequate differentiation protocol, there is a greater chance that some of the transplanted cells will retain their pluripotency and form tumors (Araki et al., 2013). It is thus critical that protocol development includes rigorous validation and documentation of cell lines to minimize this risk.

The differentiation and transplantation of OPCs, while one of the most promising areas of SCI research, has also proved to be quite difficult. Early studies went to great efforts to obtain pure OPC populations for transplantation, however, these protocols were lengthy and have been somewhat difficult to replicate (Keirstead et al., 2005; Goldman and Kuypers, 2015). Despite this, there have been several experiments utilizing OPC transplantation in the brain and spinal cord with fair success (Windrem et al., 2004; Hwang et al., 2009; Wang et al., 2013; Kawabata et al., 2016). These studies have reported increased remyelination and spared white matter, synaptogenesis, and locomotor recovery. However, the derivation of OPCs continues to be somewhat elusive. All cells develop along a spectrum, and therefore the “stages” of oligodendrocyte development are less a sequence of discrete subtypes and more a gradual blending from one stage to another. OPCs have been variably defined by a multitude of markers, and while expression levels can be informative about the progression of cell fate specification, there is not an established or reliable point at which a cell is definitively labeled an OPC (Figure 4). Most studies do not have pure OPC populations, but rather “enriched” OPC populations, and thus it is difficult to compare between studies or determine which cell type is providing the most benefit.
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FIGURE 4. Commonly used markers for the stages of mammalian oligodendrocyte differentiation. Blue bars indicate the stage at which the marker is expressed. A major concern in the literature is the use of only one marker to identify the oligodendrocyte stage when many of these markers express during multiple stages as well as in other cell types. It should also be noted that expression patterns differ based on regional contexts, such as brain vs. spinal cord.



Because the role of the mature oligodendrocyte in myelination remains unclear, there are fewer transplantation protocols of fully differentiated oligodendrocytes. A landmark study by Nistor et al. (2005) demonstrated that when transplanted into the spinal cord of a dysmyelinated mouse model, differentiated oligodendrocytes survive, integrate into host tissue, and robustly remyelinate bare axons. Similar results were reported by Liu et al. (2000) when transplanting cultured oligospheres. For the reasons mentioned above, though, it is likely these transplants contained a combination of OPCs and oligodendrocytes at different stages of maturation. Thus, the full contribution of mature oligodendrocytes to myelination has yet to be uncovered.

Though the literature on CRT in TBI is sparse, several recent reviews provide a thorough overview of the application of CRT following traumatic brain injury (Zhou et al., 2019; Zibara et al., 2019). Preclinical trials in rodent models have yielded promising results, and several clinical studies have been proposed in recent years. Reports have documented improved motor and cognitive measures as well as increased neuronal survival following transplantation (Weston and Sun, 2018). However, remyelination has rarely been a focus of cell replacement in TBI to date. Therefore, strong conclusions cannot yet be drawn regarding the effectiveness of oligodendrocytes and remyelination in TBI.

While there is strong therapeutic potential for CRT itself, combinatorial approaches continue to yield the best results in TBI/SCI. Cell transplantation has been paired with RNAi, electrical stimulation, as well as a variety of small molecules to promote neurophysiological recovery (Karimi-Abdolrezaee et al., 2006; Zhang et al., 2012; Jayaprakash et al., 2019). The use of combination therapies has been especially beneficial in developing treatments for chronic SCI. As mentioned above, CRT has proven fairly effective in acute and subacute models of SCI but has largely failed when used in chronic models (Keirstead et al., 2005; Parr et al., 2007; Nishimura et al., 2013). Remarkably, however, recent studies applying multiple strategies have found improvement in chronic SCI animals. Nori et al. (2018) paired OPC transplantation with chondroitinase treatment, reporting increases in remyelination and synaptogenesis giving rise to substantial locomotor improvement. Another team transplanted NPCs with a gamma-secretase inhibitor that promotes neuronal differentiation (Okubo et al., 2018). They also described significant remyelination, functional motor recovery, axon regeneration, and synaptogenesis, the latter likely due to the neural promoter. Given that the majority of SCI cases in the United States are chronic, these studies give hope to previously bleak odds of recovery. As protocols are refined, there is increased potential for combination therapeutics to improve outcomes for patients suffering from traumatic injury.

Additional concerns for the translatability of CRT have expanded the field into large animal models as well. Most TBI/SCI research has been conducted in mice and rats. However, rodents have a greater capacity for endogenous myelination compared to humans, and there is also variability in the size and location of key spinal tracts (Radtke et al., 2007). As such, preclinical trials in non-human primates and other large mammals will be helpful to ensure the safety and efficacy of transplants (Iwanami et al., 2005; Goldman, 2018).

While the large animal literature utilizing CRT for remyelination after SCI is still in its infancy, several key articles should be noted. Pig, dog, and primate models have examined the role of myelination in cell replacement strategies (McMahill et al., 2015; Kim et al., 2018; Rosenzweig et al., 2018). Pig and primate models are commonly used for preclinical trials (Iwanami et al., 2005; Santamaría et al., 2018). Naturally injured dog models are less prevalent but have served as an important bridge between experimentally injured animals and human cases (Granger et al., 2012). Testing the efficacy of treatments in large mammals decreases the risk of clinical trial failure, as differences in smaller animal models may confound the translatability of findings. To date, these models often report various measures of improvement in animals that receive cell transplants, ranging from functional recovery to electrophysiological and histological outcomes. The success of experiments in large mammals will in turn inform continued work in rodent models as protocols are refined and standardized.

Finally, besides TBI/SCI models, many of the studies discussed here also make use of murine models of demyelinating diseases. However, there are some important caveats in comparing the utility of CRT in CNS trauma and in disease. Researchers and clinicians have been optimistic in moving towards a goal of autologous transplants for cases of TBI/SCI, as this would lessen concerns for immune rejection of cells (Forsberg and Hovatta, 2012). This may not be an option for individuals with heritable demyelinating diseases, as the intrinsic capacity of these cells for remyelination may be impaired (Salewski et al., 2015). CRT for these patients then must either use cells from healthy individuals, raising the chances of immunoreactivity, or apply combination therapy with gene-editing technology. It is therefore of utmost importance that, as clinical practices are developed, the risks of immunosuppression are carefully weighed against patient profiles. Taken together, CRT offers a viable future for the treatment of CNS trauma and disease.




HUMAN CLINICAL TRIALS

There have been very few human clinical studies on either TBI or SCI with remyelination as a major or minor goal. We found no registered studies of neural or oligodendrocyte cell transplantation for TBI in human subjects. For remyelination after TBI, one Russian study (NCT02957123) is exploring whether patients with traumatic injury show functional improvement with intranasal inhalations of bioactive factors, produced by autologous M2 macrophages (Ostanin, 2018). This study is not strictly focused on remyelination but mentions it as a potential mechanism. Also, several newly launched clinical trials seek to evaluate the safety and efficacy of CRT in human TBI using mesenchymal stem cells (Schepici et al., 2020). Mesenchymal stem cells (MSCs) have not been discussed in this review article, however, they can be derived from several sources and differentiate into diverse cell types. There is currently no evidence of MSCs becoming myelinating glial cells in vivo, however, and thus the extent to which they contribute to remyelination following injury is not understood. Many of these early-phase clinical trials include white matter preservation as an outcome measure, thus when initial results are reported scientists may be able to glean more information about this relationship.

In the field of SCI, while there are several trials investigating ways to overcome the barrier of myelin breakdown products, there are no human trials specifically looking at endogenous remyelination. Several trials have investigated the potential of exogenous remyelination through CRT, either as a primary or secondary goal (Table 1). These trials have utilized a variety of neural cell types for a wide range of injuries and outcome measures. It is thus difficult to make broad conclusions about these studies, so they will be summarized below.

TABLE 1. Summary of current and previous clinical trials utilizing cell replacement therapy in spinal cord injuries (SCI).
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The first study occurred over 20 years ago at the University of Florida and involved the transplantation of human fetal spinal cord tissue into patients with chronic post-traumatic syringomyelia at the cervicothoracic junction (Thompson et al., 2001). This study demonstrated safety and feasibility in eight patients but was not advanced to further trials. One of the subsequent studies involves the transplantation of Schwann cells from the peripheral nervous system (Anderson et al., 2017). The remaining trials involve the transplantation of either fetal derived neural stem cells (Shin et al., 2015; StemCells, Inc., 2015; Neuralstem Inc., 2017), embryonic stem cell-derived oligodendrocyte progenitor cells (Chapman and Scala, 2012; Lineage Cell Therapeutics, Inc., 2020), or unclear source (Xiao et al., 2016). All trials injected cells directly into the spinal cord.

These trials had mixed results. The safety trials did not report any significant adverse effects and all reported feasibility of this approach (Boulis and Federici, 2011; Guest et al., 2013; Levi et al., 2018). For those that reported outcomes, they were modest and difficult to interpret. The Korean group reported, “moderate neurological benefit” with 5/19 transplanted patients improving at least one level in ASIA score compared to only one patient in the control group that demonstrated improvement (Shin et al., 2015). The SCiStar trial has also reported significant improvement in hand function in their cervical trial, however, this was in comparison to historical controls only, and a randomized controlled trial is planned (Lineage Cell Therapeutics, Inc., 2020). The Pathway trial, a randomized single-blind controlled trial, was terminated after an interim analysis. While there were some promising improvements observed, especially in sensory function, it was clear that they were not going to be sufficient to meet the primary endpoint (Levi et al., 2019). Thus, while these trials have shown promise, mechanisms remain elusive and the contribution of remyelination is not known.



CONCLUSION

In the last decade, there has been a steadily growing body of research highlighting the importance of the myelin sheath. This work began with demyelinating and white matter diseases and has since expanded to include CNS trauma and now developmental and psychiatric diseases. As such, treatments and therapies targeting oligodendrocytes and remyelination may have widespread potential for application. This review article has discussed some of the processes that contribute to oligodendrocyte and myelin damage in injury and disease as well as the strategies currently being utilized to promote recovery. Small molecules and monoclonal antibodies are among the most well-established therapeutics, with many commercial and clinical treatments currently available. Gene therapy and cell transplantation are newer approaches that have grown extensively in recent years. RNAi has proven beneficial for a variety of diseases, and it shows great potential for use as a combination therapy in TBI/SCI. Cell transplantation, especially of oligodendrocytes and their progenitors, improves remyelination in animal models and in some cases has been correlated with functional recovery. Although RNAi and CRT based approaches have led to clinical trials, the success of these trials has largely fallen short of expectations. To improve prospects moving forward, a standardization of molecular techniques, delivery methods, culture systems, cell lines, and differentiation protocols is necessary so that we may focus and fine-tune our methodology. This will be critical in ensuring the replicability of our research and the best outcomes for patients.



AUTHOR CONTRIBUTIONS

AP contributed to outlining the review and wrote sections of the manuscript. AH-S wrote the first draft of the manuscript. NP and MB wrote sections of the manuscript. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

Our special thanks to Lucy Vulchanova for her feedback during the final revisions of this review article.



REFERENCES


Aguayo, A. J., David, S., and Bray, G. M. (1981). Influences of the glial environment on the elongation of axons after injury: transplantation studies in adult rodents. J. Exp. Biol. 95, 231–240.


Akiyama, Y., Honmou, O., Kato, T., Uede, T., Hashi, K., and Kocsis, J. D. (2001). Transplantation of clonal neural precursor cells derived from adult human brain establishes functional peripheral myelin in the rat spinal cord. Exp. Neurol. 167, 27–39. doi: 10.1006/exnr.2000.7539

Albert-Weissenberger, C., and Sirén, A.-L. (2010). Experimental traumatic brain injury. Exp. Transl. Stroke Med. 2:16. doi: 10.1186/2040-7378-2-16

Alizadeh, A., Dyck, S. M., and Karimi-Abdolrezaee, S. (2019). Traumatic spinal cord injury: an overview of pathophysiology, models and acute injury mechanisms. Front. Neurol. 10:282. doi: 10.3389/fneur.2019.00282

Almad, A., Sahinkaya, F. R., and McTigue, D. M. (2011). Oligodendrocyte fate after spinal cord injury. Neurotherapeutics 8, 262–273. doi: 10.1007/s13311-011-0033-5

Almeida, R. G. (2018). The rules of attraction in central nervous system myelination. Front. Cell. Neurosci. 12:367. doi: 10.3389/fncel.2018.00367

Anderson, K. D., Guest, J. D., Dietrich, W. D., Bartlett Bunge, M., Curiel, R., Dididze, M., et al. (2017). Safety of autologous human schwann cell transplantation in subacute thoracic spinal cord injury. J. Neurotrauma 34, 2950–2963. doi: 10.1089/neu.2016.4895

Anderson, M. A., Burda, J. E., Ren, Y., Ao, Y., O’Shea, T. M., Kawaguchi, R., et al. (2016). Astrocyte scar formation aids central nervous system axon regeneration. Nature 532, 195–200. doi: 10.1038/nature17623

Araki, R., Uda, M., Hoki, Y., Sunayama, M., Nakamura, M., Ando, S., et al. (2013). Negligible immunogenicity of terminally differentiated cells derived from induced pluripotent or embryonic stem cells. Nature 494, 100–104. doi: 10.1038/nature11807

Armstrong, R. C., Mierzwa, A. J., Sullivan, G. M., and Sanchez, M. A. (2016). Myelin and oligodendrocyte lineage cells in white matter pathology and plasticity after traumatic brain injury. Neuropharmacology 110, 654–659. doi: 10.1016/j.neuropharm.2015.04.029

Arthur-Farraj, P. J., Latouche, M., Wilton, D. K., Quintes, S., Chabrol, E., Banerjee, A., et al. (2012). C-jun reprograms Schwann cells of injured nerves to generate a repair cell essential for regeneration. Neuron 75, 633–647. doi: 10.1016/j.neuron.2012.06.021

Asakura, K., Miller, D. J., Pease, L. R., and Rodriguez, M. (1998). Targeting of IgMκ antibodies to oligodendrocytes promotes CNS remyelination. J. Neurosci. 18, 7700–7708. doi: 10.1523/JNEUROSCI.18-19-07700.1998

Assinck, P., Duncan, G. J., Hilton, B. J., Plemel, J. R., and Tetzlaff, W. (2017). Cell transplantation therapy for spinal cord injury. Nat. Neurosci. 20, 637–647. doi: 10.1038/nn.4541

Bao, F., Shultz, S. R., Hepburn, J. D., Omana, V., Weaver, L. C., Cain, D. P., et al. (2012). A CD11d monoclonal antibody treatment reduces tissue injury and improves neurological outcome after fluid percussion brain injury in rats. J. Neurotrauma 29, 2375–2392. doi: 10.1089/neu.2012.2408

Barres, B. A., and Raff, M. C. (1993). Proliferation of oligodendrocyte precursor cells depends on electrical activity in axons. Nature 361, 258–260. doi: 10.1038/361258a0

Barres, B. A., Jacobson, M. D., Schmid, R., Sendtner, M., and Raff, M. C. (1993). Does oligodendrocyte survival depend on axons? Curr. Biol. 3, 489–497. doi: 10.1016/0960-9822(93)90039-q

Barritt, A. W., Davies, M., Marchand, F., Hartley, R., Grist, J., Yip, P., et al. (2006). Chondroitinase ABC promotes sprouting of intact and injured spinal systems after spinal cord injury. J. Neurosci. 26, 10856–10867. doi: 10.1523/JNEUROSCI.2980-06.2006

Bartsch, U., Bandtlow, C. E., Schnell, L., Bartsch, S., Spillmann, A. A., Rubin, B. P., et al. (1995). Lack of evidence that myelin-associated glycoprotein is a major inhibitor of axonal regeneration in the CNS. Neuron 15, 1375–1381. doi: 10.1016/0896-6273(95)90015-2

Bieber, A. J., Warrington, A., Asakura, K., Ciric, B., Kaveri, S. V., Pease, L. R., et al. (2002). Human antibodies accelerate the rate of remyelination following lysolecithin-induced demyelination in mice. Glia 37, 241–249. doi: 10.1002/glia.10033

Blakemore, W. F., and Keirstead, H. S. (1999). The origin of remyelinating cells in the central nervous system. J. Neuroimmunol. 98, 69–76. doi: 10.1016/s0165-5728(99)00083-1

Blight, A. R. (1985). Delayed demyelination and macrophage invasion: a candidate for secondary cell damage in spinal cord injury. Cent. Nerv. Syst. Trauma 2, 299–315. doi: 10.1089/cns.1985.2.299

Boone, D. R., Leek, J. M., Falduto, M. T., Torres, K. E. O., Sell, S. L., Parsley, M. A., et al. (2017). Effects of AAV-mediated knockdown of nNOS and GPx-1 gene expression in rat hippocampus after traumatic brain injury. PLoS One 12:e0185943. doi: 10.1371/journal.pone.0185943

Bothwell, M. (2017). Mechanisms and medicines for remyelination. Annu. Rev. Med. 68, 431–443. doi: 10.1146/annurev-med-050715-104400

Boulis, N., and Federici, T. (2011). Surgical approach and safety of spinal cord stem cell transplantation. Neurosurgery 68, E599–E600. doi: 10.1227/NEU.0b013e3182095e2e

Boyd, A., Zhang, H., and Williams, A. (2013). Insufficient OPC migration into demyelinated lesions is a cause of poor remyelination in MS and mouse models. Acta Neuropathol. 125, 841–859. doi: 10.1007/s00401-013-1112-y

Bramlett, H. M., and Dietrich, W. D. (2007). Progressive damage after brain and spinal cord injury: pathomechanisms and treatment strategies. Prog. Brain Res. 161, 125–141. doi: 10.1016/S0079-6123(06)61009-1

Brösamle, C., Huber, A. B., Fiedler, M., Skerra, A., and Schwab, M. E. (2000). Regeneration of lesioned corticospinal tract fibers in the adult rat induced by a recombinant, humanized IN-1 antibody fragment. J. Neurosci. 20, 8061–8068. doi: 10.1523/JNEUROSCI.20-21-08061.2000

Brosius-Lutz, A., and Barres, B. A. (2014). Contrasting the glial response to axon injury in the central and peripheral nervous systems. Dev. Cell 28, 7–17. doi: 10.1016/j.devcel.2013.12.002

Buss, A., Brook, G. A., Kakulas, B., Martin, D., Franzen, R., Schoenen, J., et al. (2004). Gradual loss of myelin and formation of an astrocytic scar during Wallerian degeneration in the human spinal cord. Brain 127, 34–44. doi: 10.1093/brain/awh001

Butt, A. M. (2006). Neurotransmitter-mediated calcium signalling in oligodendrocyte physiology and pathology. Glia 54, 666–675. doi: 10.1002/glia.20424

Caillava, C., Vandenbosch, R., Jablonska, B., Deboux, C., Spigoni, G., Gallo, V., et al. (2011). Cdk2 loss accelerates precursor differentiation and remyelination in the adult central nervous system. J. Cell Biol. 193, 397–407. doi: 10.1083/jcb.201004146

Carlson, S. L., Parrish, M. E., Springer, J. E., Doty, K., and Dossett, L. (1998). Acute inflammatory response in spinal cord following impact injury. Exp. Neurol. 151, 77–88. doi: 10.1006/exnr.1998.6785

Caroni, P., and Schwab, M. E. (1988). Two membrane protein fractions from rat central myelin with inhibitory properties for neurite growth and fibroblast spreading. J. Cell Biol. 106, 1281–1288. doi: 10.1083/jcb.106.4.1281


Centers for Disease Control and Prevention. (2019). TBI: get the facts. Available online at: https://www.cdc.gov/traumaticbraininjury/get_the_facts.html. Accessed September 4, 2020.


Chapman, A. R., and Scala, C. C. (2012). Evaluating the first-in-human clinical trial of a human embryonic stem cell-based therapy. Kennedy Inst. Ethics J. 22, 243–261. doi: 10.1353/ken.2012.0013

Chen, Z.-L., Yu, W.-M., and Strickland, S. (2007). Peripheral regeneration. Annu. Rev. Neurosci. 30, 209–233. doi: 10.1146/annurev.neuro.30.051606.094337

Conti, A. C., Raghupathi, R., Trojanowski, J. Q., and McIntosh, T. K. (1998). Experimental brain injury induces regionally distinct apoptosis during the acute and delayed post-traumatic period. J. Neurosci. 18, 5663–5672. doi: 10.1523/JNEUROSCI.18-15-05663.1998

Crack, P. J., Zhang, M., Morganti-Kossmann, M. C., Morris, A. J., Wojciak, J. M., Fleming, J. K., et al. (2014). Anti-lysophosphatidic acid antibodies improve traumatic brain injury outcomes. J. Neuroinflammation 11:37. doi: 10.1186/1742-2094-11-37

Crawford, A. H., Tripathi, R. B., Foerster, S., McKenzie, I., Kougioumtzidou, E., Grist, M., et al. (2016). Pre-existing mature oligodendrocytes do not contribute to remyelination following toxin-induced spinal cord demyelination. Am. J. Pathol. 186, 511–516. doi: 10.1016/j.ajpath.2015.11.005

Crnkovic-Mertens, I., Hoppe-Seyler, F., and Butz, K. (2003). Induction of apoptosis in tumor cells by siRNA-mediated silencing of the livin/ML-IAP/KIAP gene. Oncogene 22, 8330–8336. doi: 10.1038/sj.onc.1206973

Crowe, M. J., Bresnahan, J. C., Shuman, S. L., Masters, J. N., and Beattie, M. S. (1997). Apoptosis and delayed degeneration after spinal cord injury in rats and monkeys. Nat. Med. 3, 73–76. doi: 10.1038/nm0197-73

Cummings, B. J., Uchida, N., Tamaki, S. J., Salazar, D. L., Hooshmand, M., Summers, R., et al. (2005). Human neural stem cells differentiate and promote locomotor recovery in spinal cord-injured mice. Proc. Natl. Acad. Sci. U S A 102, 14069–14074. doi: 10.1073/pnas.0507063102

Deshmukh, V. A., Tardif, V., Lyssiotis, C. A., Green, C. C., Kerman, B., Kim, H. J., et al. (2013). A regenerative approach to the treatment of multiple sclerosis. Nature 502, 327–332. doi: 10.1038/nature12647

Ding, Y.-M., Li, Y.-Y., Wang, C., Huang, H., Zheng, C.-C., Huang, S.-H., et al. (2017). Nischarin-siRNA delivered by polyethylenimine-alginate nanoparticles accelerates motor function recovery after spinal cord injury. Neural Regen. Res. 12, 1687–1694. doi: 10.4103/1673-5374.217348

Domercq, M., Perez-Samartin, A., Aparicio, D., Alberdi, E., Pampliega, O., and Matute, C. (2010). P2X7 receptors mediate ischemic damage to oligodendrocytes. Glia 58, 730–740. doi: 10.1002/glia.20958

Donnelly, D. J., and Popovich, P. G. (2008). Inflammation and its role in neuroprotection, axonal regeneration and functional recovery after spinal cord injury. Exp. Neurol. 209, 378–388. doi: 10.1016/j.expneurol.2007.06.009

Du, Y., and Dreyfus, C. F. (2002). Oligodendrocytes as providers of growth factors. J. Neurosci. Res. 68, 647–654. doi: 10.1002/jnr.10245

Dumoutier, L., Leemans, C., Lejeune, D., Kotenko, S. V., and Renauld, J. C. (2001). Cutting edge: STAT activation by IL-19, IL-20 and mda-7 through IL-20 receptor complexes of two types. J. Immunol. 167, 3545–3549. doi: 10.4049/jimmunol.167.7.3545

Duncan, G. J., Manesh, S. B., Hilton, B. J., Assinck, P., Liu, J., Moulson, A., et al. (2018). Locomotor recovery following contusive spinal cord injury does not require oligodendrocyte remyelination. Nat. Commun. 9:3066. doi: 10.1038/s41467-018-05473-1

Duncan, G. J., Manesh, S. B., Hilton, B. J., Assinck, P., Plemel, J. R., and Tetzlaff, W. (2020). The fate and function of oligodendrocyte progenitor cells after traumatic spinal cord injury. Glia 68, 227–245. doi: 10.1002/glia.23706

Duncan, I. D., and Hoffman, R. L. (1997). Schwann cell invasion of the central nervous system of the myelin mutants. J. Anat. 190, 35–49. doi: 10.1046/j.1469-7580.1997.19010035.x

Duncan, I. D., Brower, A., Kondo, Y., Curlee, J. F., and Schultz, R. D. (2009). Extensive remyelination of the CNS leads to functional recovery. Proc. Natl. Acad. Sci. U S A 106, 6832–6836. doi: 10.1073/pnas.0812500106

Duncan, I. D., Radcliff, A. B., Heidari, M., Kidd, G., August, B. K., and Wierenga, L. A. (2018). The adult oligodendrocyte can participate in remyelination. Proc. Natl. Acad. Sci. U S A 115, E11807–E11816. doi: 10.1073/pnas.1808064115

Dziedzic, A., Miller, E., Saluk-Bijak, J., and Bijak, M. (2020). The GPR17 receptor—a promising goal for therapy and a potential marker of the neurodegenerative process in multiple sclerosis. Int. J. Mol. Sci. 21:1852. doi: 10.3390/ijms21051852

Emery, E., Aldana, P., Bunge, M. B., Puckett, W., Srinivasan, A., Keane, R. W., et al. (1998). Apoptosis after traumatic human spinal cord injury. J. Neurosurg. 89, 911–920. doi: 10.3171/jns.1998.89.6.0911

Erceg, S., Ronaghi, M., Oria, M., Roselló, M. G., Aragó, M. A. P., Lopez, M. G., et al. (2010). Transplanted oligodendrocytes and motoneuron progenitors generated from human embryonic stem cells promote locomotor recovery after spinal cord transection. Stem Cells 28, 1541–1549. doi: 10.1002/stem.489

Felts, P. A., Baker, T. A., and Smith, K. J. (1997). Conduction in segmentally demyelinated mammalian central axons. J. Neurosci. 17, 7267–7277. doi: 10.1523/JNEUROSCI.17-19-07267.1997

Fields, R. D. (2008). White matter in learning, cognition and psychiatric disorders. Trends Neurosci. 31, 361–370. doi: 10.1016/j.tins.2008.04.001

Fischer, I., Dulin, J. N., and Lane, M. A. (2020). Transplanting neural progenitor cells to restore connectivity after spinal cord injury. Nat. Rev. Neurosci. 21, 366–383. doi: 10.1038/s41583-020-0314-2

Flygt, J., Djupsjö, A., Lenne, F., and Marklund, N. (2013). Myelin loss and oligodendrocyte pathology in white matter tracts following traumatic brain injury in the rat. Eur. J. Neurosci. 38, 2153–2165. doi: 10.1111/ejn.12179

Forsberg, M., and Hovatta, O. (2012). Challenges for the therapeutic use of pluripotent stem derived cells. Front. Physiol. 3:19. doi: 10.3389/fphys.2012.00019

Franklin, R. J. M., and ffrench-Constant, C. (2008). Remyelination in the CNS: from biology to therapy. Nat. Rev. Neurosci. 9, 839–855. doi: 10.1038/nrn2480

Franklin, R. J. M., and ffrench-Constant, C. (2017). Regenerating CNS myelin—from mechanisms to experimental medicines. Nat. Rev. Neurosci. 18, 753–769. doi: 10.1038/nrn.2017.136

Franklin, R. J. M., and Goldman, S. A. (2015). Glia disease and repair—remyelination. Cold Spring Harb. Perspect. Biol. 7:a020594. doi: 10.1101/cshperspect.a020594

Frugier, T., Crombie, D., Conquest, A., Tjhong, F., Taylor, C., Kulkarni, T., et al. (2011). Modulation of LPA receptor expression in the human brain following neurotrauma. Cell. Mol. Neurobiol. 31, 569–577. doi: 10.1007/s10571-011-9650-0

Fukuda, A. M., and Badaut, J. (2013). siRNA treatment: “a sword-in-the-stone” for acute brain injuries. Genes 4, 435–456. doi: 10.3390/genes4030435

Fünfschilling, U., Supplie, L. M., Mahad, D., Boretius, S., Saab, A. S., Edgar, J., et al. (2012). Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity. Nature 485, 517–521. doi: 10.1038/nature11007

Gallo, V., and Deneen, B. (2014). Glial development: the crossroads of regeneration and repair in the CNS. Neuron 83, 283–308. doi: 10.1016/j.neuron.2014.06.010

Gao, W., and Li, J. (2017). Targeted siRNA delivery reduces nitric oxide mediated cell death after spinal cord injury. J. Nanobiotechnology 15:38. doi: 10.1186/s12951-017-0272-7

Garbern, J., Yool, D., Moore, G., Wilds, I., Faulk, M., Klugmann, M., et al. (2002). Patients lacking the major CNS myelin protein, proteolipid protein 1, develop length-dependent axonal degeneration in the absence of demyelination and inflammation. Brain 125, 551–561. doi: 10.1093/brain/awf043


Genentech: Press Releases (2020). Genentech Expands Its Multiple Sclerosis Portfolio With Investigational BTK Inhibitor Fenebrutinib and Initiates Novel Clinical Trials for Ocrevus (ocrelizumab). Available online at: https://www.gene.com/media/press-releases/14878/2020-09-08/genentech-expands-its-multiple-sclerosis. Accessed October 18, 2020.


Ghorbani, M., Shahabi, P., Karimi, P., Soltani-Zangbar, H., Morshedi, M., Bani, S., et al. (2020). Impacts of epidural electrical stimulation on Wnt signaling, FAAH and BDNF following thoracic spinal cord injury in rat. J. Cell. Physiol. 235, 9795–9805. doi: 10.1002/jcp.29793

Giacci, M., and Fitzgerald, M. (2018). Oligodendroglia are particularly vulnerable to oxidative damage after neurotrauma in vivo. J. Exp. Neurosci. 12:1179069518810004. doi: 10.1177/1179069518810004

Gibson, E. M., Purger, D., Mount, C. W., Goldstein, A. K., Lin, G. L., Wood, L. S., et al. (2014). Neuronal activity promotes oligodendrogenesis and adaptive myelination in the mammalian brain. Science 344:1252304. doi: 10.1126/science.1252304

Goldman, S. A. (2018). Transplanted neural progenitors bridge gaps to benefit cord-injured monkeys. Nat. Med. 24, 388–390. doi: 10.1038/nm.4531

Goldman, S. A., and Kuypers, N. J. (2015). How to make an oligodendrocyte. Development 142, 3983–3995. doi: 10.1242/dev.126409

Goldshmit, Y., Matteo, R., Sztal, T., Ellett, F., Frisca, F., Moreno, K., et al. (2012). Blockage of lysophosphatidic acid signaling improves spinal cord injury outcomes. Am. J. Pathol. 181, 978–992. doi: 10.1016/j.ajpath.2012.06.007

Göttle, P., Förster, M., Weyers, V., Küry, P., Rejdak, K., Hartung, H.-P., et al. (2019). An unmet clinical need: roads to remyelination in MS. Neurol. Res. Pract. 1:21. doi: 10.1186/s42466-019-0026-0

Granger, N., Blamires, H., Franklin, R. J. M., and Jeffery, N. D. (2012). Autologous olfactory mucosal cell transplants in clinical spinal cord injury: a randomized double-blinded trial in a canine translational model. Brain 135, 3227–3237. doi: 10.1093/brain/aws268

Green, A. J., Gelfand, J. M., Cree, B. A., Bevan, C., Boscardin, W. J., Mei, F., et al. (2017). Clemastine fumarate as a remyelinating therapy for multiple sclerosis (ReBUILD): a randomised, controlled, double-blind, crossover trial. Lancet 390, 2481–2489. doi: 10.1016/S0140-6736(17)32346-2

Grimm, D., and Kay, M. A. (2007). RNAi and gene therapy: a mutual attraction. Hematology Am. Soc. Hematol. Educ. Program 2007, 473–481. doi: 10.1182/asheducation-2007.1.473

Gris, D., Marsh, D. R., Oatway, M. A., Chen, Y., Hamilton, E. F., Dekaban, G. A., et al. (2004). Transient blockade of the CD11d/CD18 integrin reduces secondary damage after spinal cord injury, improving sensory, autonomic and motor function. J. Neurosci. 24, 4043–4051. doi: 10.1523/JNEUROSCI.5343-03.2004

Groves, A. K., Barnett, S. C., Franklin, R. J., Crang, A. J., Mayer, M., Blakemore, W. F., et al. (1993). Repair of demyelinated lesions by transplantation of purified O-2A progenitor cells. Nature 362, 453–455. doi: 10.1038/362453a0

Gruchot, J., Weyers, V., Göttle, P., Förster, M., Hartung, H.-P., Küry, P., et al. (2019). The molecular basis for remyelination failure in multiple sclerosis. Cells 8:825. doi: 10.3390/cells8080825

Guan, Y., Li, L., Chen, J., and Lu, H. (2020). Effect of AQP4-RNAi in treating traumatic brain edema: multi-modal MRI and histopathological changes of early stage edema in a rat model. Exp. Ther. Med. 19, 2029–2036. doi: 10.3892/etm.2020.8456

Guest, J., Santamaria, A. J., and Benavides, F. D. (2013). Clinical translation of autologous Schwann cell transplantation for the treatment of spinal cord injury. Curr. Opin. Organ Transplant. 18, 682–689. doi: 10.1097/MOT.0000000000000026

Haindl, M. T., Köck, U., Zeitelhofer-Adzemovic, M., Fazekas, F., and Hochmeister, S. (2019). The formation of a glial scar does not prohibit remyelination in an animal model of multiple sclerosis. Glia 67, 467–481. doi: 10.1002/glia.23556

Hampton, D. W., Innes, N., Merkler, D., Zhao, C., Franklin, R. J. M., and Chandran, S. (2012). Focal immune-mediated white matter demyelination reveals an age-associated increase in axonal vulnerability and decreased remyelination efficiency. Am. J. Pathol. 180, 1897–1905. doi: 10.1016/j.ajpath.2012.01.018

Hartline, D. K., and Colman, D. R. (2007). Rapid conduction and the evolution of giant axons and myelinated fibers. Curr. Biol. 17, R29–R35. doi: 10.1016/j.cub.2006.11.042

Hata, K., Fujitani, M., Yasuda, Y., Doya, H., Saito, T., Yamagishi, S., et al. (2006). RGMa inhibition promotes axonal growth and recovery after spinal cord injury. J. Cell Biol. 173, 47–58. doi: 10.1083/jcb.200508143

Hines, J. H., Ravanelli, A. M., Schwindt, R., Scott, E. K., and Appel, B. (2015). Neuronal activity biases axon selection for myelination in vivo. Nat. Neurosci. 18, 683–689. doi: 10.1038/nn.3992

Hu, B., Zhong, L., Weng, Y., Peng, L., Huang, Y., Zhao, Y., et al. (2020). Therapeutic siRNA: state of the art. Signal Transduct. Target. Ther. 5:101. doi: 10.1038/s41392-020-0207-x

Hubler, Z., Allimuthu, D., Bederman, I., Elitt, M. S., Madhavan, M., Allan, K. C., et al. (2018). Accumulation of 8,9-unsaturated sterols drives oligodendrocyte formation and remyelination. Nature 560, 372–376. doi: 10.1038/s41586-018-0360-3

Huebner, E. A., and Strittmatter, S. M. (2009). Axon regeneration in the peripheral and central nervous systems. Results Probl. Cell Differ. 48, 339–351. doi: 10.1007/400_2009_19

Hurtado, A., Marcillo, A., Frydel, B., Bunge, M. B., Bramlett, H. M., and Dietrich, W. D. (2012). Anti-CD11d monoclonal antibody treatment for rat spinal cord compression injury. Exp. Neurol. 233, 606–611. doi: 10.1016/j.expneurol.2010.11.015

Hwang, D. H., Kim, B. G., Kim, E. J., Lee, S. I., Joo, I. S., Suh-Kim, H., et al. (2009). Transplantation of human neural stem cells transduced with Olig2 transcription factor improves locomotor recovery and enhances myelination in the white matter of rat spinal cord following contusive injury. BMC Neurosci. 10:117. doi: 10.1186/1471-2202-10-117

Ikeda, O., Murakami, M., Ino, H., Yamazaki, M., Koda, M., Nakayama, C., et al. (2002). Effects of brain-derived neurotrophic factor (BDNF) on compression-induced spinal cord injury: BDNF attenuates down-regulation of superoxide dismutase expression and promotes up-regulation of myelin basic protein expression. J. Neuropathol. Exp. Neurol. 61, 142–153. doi: 10.1093/jnen/61.2.142

Inglese, M., and Petracca, M. (2015). Therapeutic strategies in multiple sclerosis: a focus on neuroprotection and repair and relevance to schizophrenia. Schizophr. Res. 161, 94–101. doi: 10.1016/j.schres.2014.04.040

Itoh, N., Kim, R., Peng, M., DiFilippo, E., Johnsonbaugh, H., MacKenzie-Graham, A., et al. (2017). Bedside to bench to bedside research: estrogen receptor beta ligand as a candidate neuroprotective treatment for multiple sclerosis. J. Neuroimmunol. 304, 63–71. doi: 10.1016/j.jneuroim.2016.09.017

Iwanami, A., Kaneko, S., Nakamura, M., Kanemura, Y., Mori, H., Kobayashi, S., et al. (2005). Transplantation of human neural stem cells for spinal cord injury in primates. J. Neurosci. Res. 80, 182–190. doi: 10.1002/jnr.20436

Jayaprakash, N., Nowak, D., Eastwood, E., Krueger, N., Wang, Z., and Blackmore, M. G. (2019). Restoration of direct corticospinal communication across sites of spinal injury. BioRxiv 546374 [Preprint]. doi: 10.1101/546374

Jeffries, M. A., Urbanek, K., Torres, L., Wendell, S. G., Rubio, M. E., and Fyffe-Maricich, S. L. (2016). ERK1/2 Activation in preexisting oligodendrocytes of adult mice drives new myelin synthesis and enhanced CNS function. J. Neurosci. 36, 9186–9200. doi: 10.1523/JNEUROSCI.1444-16.2016

Johnson, V. E., Stewart, W., and Smith, D. H. (2013). Axonal pathology in traumatic brain injury. Exp. Neurol. 246, 35–43. doi: 10.1016/j.expneurol.2012.01.013

Jones, T. B., McDaniel, E. E., and Popovich, P. G. (2005). Inflammatory-mediated injury and repair in the traumatically injured spinal cord. Curr. Pharm. Des. 11, 1223–1236. doi: 10.2174/1381612053507468

Kakulas, B. A. (1999). The applied neuropathology of human spinal cord injury. Spinal Cord 37, 79–88. doi: 10.1038/sj.sc.3100807

Kakulas, B. A. (2019). Spinal cord injuries the facts of neuropathology: opportunities and limitations. Curr. Neuropsychiatry Clin. Neurosci. Rep. 1, 1–5. doi: 10.33702/cncnr.2019.1.1.1

Kanno, H., Ozawa, H., Sekiguchi, A., and Itoi, E. (2009). Spinal cord injury induces upregulation of Beclin 1 and promotes autophagic cell death. Neurobiol. Dis. 33, 143–148. doi: 10.1016/j.nbd.2008.09.009

Kanno, H., Pearse, D. D., Ozawa, H., Itoi, E., and Bunge, M. B. (2015). Schwann cell transplantation for spinal cord injury repair: its significant therapeutic potential and prospectus. Rev. Neurosci. 26, 121–128. doi: 10.1515/revneuro-2014-0068

Karimi-Abdolrezaee, S., Eftekharpour, E., Wang, J., Morshead, C. M., and Fehlings, M. G. (2006). Delayed transplantation of adult neural precursor cells promotes remyelination and functional neurological recovery after spinal cord injury. J. Neurosci. 26, 3377–3389. doi: 10.1523/JNEUROSCI.4184-05.2006

Kawabata, S., Takano, M., Numasawa-Kuroiwa, Y., Itakura, G., Kobayashi, Y., Nishiyama, Y., et al. (2016). Grafted human iPS cell-derived oligodendrocyte precursor cells contribute to robust remyelination of demyelinated axons after spinal cord injury. Stem Cell Reports 6, 1–8. doi: 10.1016/j.stemcr.2015.11.013

Keirstead, H. S., Nistor, G., Bernal, G., Totoiu, M., Cloutier, F., Sharp, K., et al. (2005). Human embryonic stem cell-derived oligodendrocyte progenitor cell transplants remyelinate and restore locomotion after spinal cord injury. J. Neurosci. 25, 4694–4705. doi: 10.1523/JNEUROSCI.0311-05.2005

Kelamangalath, L., and Smith, G. M. (2013). Neurotrophin treatment to promote regeneration after traumatic CNS injury. Front. Biol. 8, 486–495. doi: 10.1007/s11515-013-1269-8

Kim, K.-T., Streijger, F., Manouchehri, N., So, K., Shortt, K., Okon, E. B., et al. (2018). Review of the UBC porcine model of traumatic spinal cord injury. J. Korean Neurosurg. Soc. 61, 539–547. doi: 10.3340/jkns.2017.0276

Kim, Y., and Szele, F. G. (2008). Activation of subventricular zone stem cells after neuronal injury. Cell Tissue Res. 331, 337–345. doi: 10.1007/s00441-007-0451-1

Kjell, J., and Olson, L. (2016). Rat models of spinal cord injury: from pathology to potential therapies. Dis. Model. Mech. 9, 1125–1137. doi: 10.1242/dmm.025833

Klingseisen, A., Ristoiu, A.-M., Kegel, L., Sherman, D. L., Rubio-Brotons, M., Almeida, R. G., et al. (2019). Oligodendrocyte neurofascin independently regulates both myelin targeting and sheath growth in the CNS. Dev. Cell 51, 730.e6–744.e6. doi: 10.1016/j.devcel.2019.10.016

Kock, N., Kasmieh, R., Weissleder, R., and Shah, K. (2007). Tumor therapy mediated by lentiviral expression of shBcl-2 and S-TRAIL. Neoplasia 9, 435–442. doi: 10.1593/neo.07223

Kojima, A., and Tator, C. H. (2002). Intrathecal administration of epidermal growth factor and fibroblast growth factor 2 promotes ependymal proliferation and functional recovery after spinal cord injury in adult rats. J. Neurotrauma 19, 223–238. doi: 10.1089/08977150252806974

Kotter, M. R., Zhao, C., van Rooijen, N., and Franklin, R. J. M. (2005). Macrophage-depletion induced impairment of experimental CNS remyelination is associated with a reduced oligodendrocyte progenitor cell response and altered growth factor expression. Neurobiol. Dis. 18, 166–175. doi: 10.1016/j.nbd.2004.09.019

Kottis, V., Thibault, P., Mikol, D., Xiao, Z.-C., Zhang, R., Dergham, P., et al. (2002). Oligodendrocyte-myelin glycoprotein (OMgp) is an inhibitor of neurite outgrowth. J. Neurochem. 82, 1566–1569. doi: 10.1046/j.1471-4159.2002.01146.x

Kremer, D., Göttle, P., Hartung, H.-P., and Küry, P. (2016). Pushing forward: remyelination as the new frontier in CNS diseases. Trends Neurosci. 39, 246–263. doi: 10.1016/j.tins.2016.02.004

Kulbatski, I., Mothe, A. J., Parr, A. M., Kim, H., Kang, C. E., Bozkurt, G., et al. (2008). Glial precursor cell transplantation therapy for neurotrauma and multiple sclerosis. Prog. Histochem. Cytochem. 43, 123–176. doi: 10.1016/j.proghi.2008.04.001

Kwiecien, J. M., O’Connor, L. T., Goetz, B. D., and Delaney, K. H. (1998). Morphological and morphometric studies of the dysmyelinating mutant, the Long Evans shaker rat. J. Neurocytol. 27, 581–591. doi: 10.1023/a:1006922227791

Lee, J. K., Geoffroy, C. G., Chan, A. F., Tolentino, K. E., Crawford, M. J., Leal, M. A., et al. (2010). Assessing spinal axon regeneration and sprouting in Nogo, MAG and OMgp deficient mice. Neuron 66, 663–670. doi: 10.1016/j.neuron.2010.05.002

Lee, J.-S., Hsu, Y.-H., Chiu, Y.-S., Jou, I.-M., and Chang, M.-S. (2020). Anti-IL-20 antibody improved motor function and reduced glial scar formation after traumatic spinal cord injury in rats. J. Neuroinflammation 17:156. doi: 10.1186/s12974-020-01814-4

Lenzlinger, P. M., Morganti-Kossmann, M.-C., Laurer, H. L., and McIntosh, T. K. (2001). The duality of the inflammatory response to traumatic brain injury. Mol. Neurobiol. 24, 169–181. doi: 10.1385/MN:24:1-3:169

Levi, A. D., Anderson, K. D., Okonkwo, D. O., Park, P., Bryce, T. N., Kurpad, S. N., et al. (2019). Clinical outcomes from a multi-center study of human neural stem cell transplantation in chronic cervical spinal cord injury. J. Neurotrauma 36, 891–902. doi: 10.1089/neu.2018.5843

Levi, A. D., Okonkwo, D. O., Park, P., Jenkins, A. L., Kurpad, S. N., Parr, A. M., et al. (2018). Emerging safety of intramedullary transplantation of human neural stem cells in chronic cervical and thoracic spinal cord injury. Neurosurgery 82, 562–575. doi: 10.1093/neuros/nyx250

Li, J., Liu, Y., Xu, H., and Fu, Q. (2016). Nanoparticle-delivered IRF5 siRNA facilitates M1 to M2 transition, reduces demyelination and neurofilament loss and promotes functional recovery after spinal cord injury in mice. Inflammation 39, 1704–1717. doi: 10.1007/s10753-016-0405-4

Li, Z., He, Y., Fan, S., and Sun, B. (2015). Clemastine rescues behavioral changes and enhances remyelination in the cuprizone mouse model of demyelination. Neurosci. Bull. 31, 617–625. doi: 10.1007/s12264-015-1555-3

Liang, X., Draghi, N. A., and Resh, M. D. (2004). Signaling from integrins to fyn to rho family gtpases regulates morphologic differentiation of oligodendrocytes. J. Neurosci. 24, 7140–7149. doi: 10.1523/JNEUROSCI.5319-03.2004


Lineage Cell Therapeutics, Inc. (2020). A phase 1/2a dose escalation study of AST-OPC1 in subjects with subacute cervical spinal cord injury. Available online at: https://clinicaltrials.gov/ct2/show/NCT02302157. Accessed October 19, 2020.


Liu, B. (2007). Exploring cell type-specific internalizing antibodies for targeted delivery of siRNA. Brief. Funct. Genomics Proteomic. 6, 112–119. doi: 10.1093/bfgp/elm015

Liu, J., Dupree, J. L., Gacias, M., Frawley, R., Sikder, T., Naik, P., et al. (2016). Clemastine enhances myelination in the prefrontal cortex and rescues behavioral changes in socially isolated mice. J. Neurosci. 36, 957–962. doi: 10.1523/JNEUROSCI.3608-15.2016

Liu, S., Qu, Y., Stewart, T. J., Howard, M. J., Chakrabortty, S., Holekamp, T. F., et al. (2000). Embryonic stem cells differentiate into oligodendrocytes and myelinate in culture and after spinal cord transplantation. Proc. Natl. Acad. Sci. U S A 97, 6126–6131. doi: 10.1073/pnas.97.11.6126

Lopez Juarez, A., He, D., and Richard Lu, Q. (2016). Oligodendrocyte progenitor programming and reprogramming: toward myelin regeneration. Brain Res. 1638, 209–220. doi: 10.1016/j.brainres.2015.10.051

Lotocki, G., de Rivero Vaccari, J. P., Alonso, O., Molano, J. S., Nixon, R., Safavi, P., et al. (2011). Oligodendrocyte vulnerability following traumatic brain injury in rats. Neurosci. Lett. 499, 143–148. doi: 10.1016/j.neulet.2011.05.056

Lu, R.-M., Hwang, Y.-C., Liu, I.-J., Lee, C.-C., Tsai, H.-Z., Li, H.-J., et al. (2020). Development of therapeutic antibodies for the treatment of diseases. J. Biomed. Sci. 27:1. doi: 10.1186/s12929-019-0592-z

Lundgaard, I., Luzhynskaya, A., Stockley, J. H., Wang, Z., Evans, K. A., Swire, M., et al. (2013). Neuregulin and BDNF induce a switch to NMDA receptor-dependent myelination by oligodendrocytes. PLoS Biol. 11:e1001743. doi: 10.1371/journal.pbio.1001743

Macchi, M., Magalon, K., Zimmer, C., Peeva, E., El Waly, B., Brousse, B., et al. (2020). Mature oligodendrocytes bordering lesions limit demyelination and favor myelin repair via heparan sulfate production. eLife 9:e51735. doi: 10.7554/eLife.51735

Manrique-Hoyos, N., Jürgens, T., Grønborg, M., Kreutzfeldt, M., Schedensack, M., Kuhlmann, T., et al. (2012). Late motor decline after accomplished remyelination: impact for progressive multiple sclerosis. Ann. Neurol. 71, 227–244. doi: 10.1002/ana.22681

McDonald, J. W., Liu, X. Z., Qu, Y., Liu, S., Mickey, S. K., Turetsky, D., et al. (1999). Transplanted embryonic stem cells survive, differentiate and promote recovery in injured rat spinal cord. Nat. Med. 5, 1410–1412. doi: 10.1038/70986

McGregor, C. E., and English, A. W. (2019). The Role of BDNF in peripheral nerve regeneration: activity-dependent treatments and val66met. Front. Cell. Neurosci. 12:522. doi: 10.3389/fncel.2018.00522

Mckeon, R. J., Höke, A., and Silver, J. (1995). Injury-induced proteoglycans inhibit the potential for laminin-mediated axon growth on astrocytic scars. Exp. Neurol. 136, 32–43. doi: 10.1006/exnr.1995.1081

McKerracher, L., David, S., Jackson, D. L., Kottis, V., Dunn, R. J., and Braun, P. E. (1994). Identification of myelin-associated glycoprotein as a major myelin-derived inhibitor of neurite growth. Neuron 13, 805–811. doi: 10.1016/0896-6273(94)90247-x

McMahill, B. G., Borjesson, D. L., Sieber-Blum, M., Nolta, J. A., and Sturges, B. K. (2015). Stem cells in canine spinal cord injury—promise for regenerative therapy in a large animal model of human disease. Stem Cell Rev. Rep. 11, 180–193. doi: 10.1007/s12015-014-9553-9

McTigue, D. M., Horner, P. J., Stokes, B. T., and Gage, F. H. (1998). Neurotrophin-3 and brain-derived neurotrophic factor induce oligodendrocyte proliferation and myelination of regenerating axons in the contused adult rat spinal cord. J. Neurosci. 18, 5354–5365. doi: 10.1523/JNEUROSCI.18-14-05354.1998

McTigue, D. M., Wei, P., and Stokes, B. T. (2001). Proliferation of NG2-positive cells and altered oligodendrocyte numbers in the contused rat spinal cord. J. Neurosci. 21, 3392–3400. doi: 10.1523/JNEUROSCI.21-10-03392.2001

Mecha, M., Feliú, A., Carrillo-Salinas, F. J., Mestre, L., and Guaza, C. (2013). Mobilization of progenitors in the subventricular zone to undergo oligodendrogenesis in the theiler’s virus model of multiple sclerosis: implications for remyelination at lesions sites. Exp. Neurol. 250, 348–352. doi: 10.1016/j.expneurol.2013.10.011

Mei, F., Fancy, S. P. J., Shen, Y.-A. A., Niu, J., Zhao, C., Presley, B., et al. (2014). Micropillar arrays as a high-throughput screening platform for therapeutics in multiple sclerosis. Nat. Med. 20, 954–960. doi: 10.1038/nm.3618

Mei, F., Lehmann-Horn, K., Shen, Y.-A. A., Rankin, K. A., Stebbins, K. J., Lorrain, D. S., et al. (2016a). Accelerated remyelination during inflammatory demyelination prevents axonal loss and improves functional recovery. Elife 5:e18246. doi: 10.7554/eLife.18246

Mei, F., Mayoral, S. R., Nobuta, H., Wang, F., Desponts, C., Lorrain, D. S., et al. (2016b). Identification of the κ-opioid receptor as a therapeutic target for oligodendrocyte remyelination. J. Neurosci. 36, 7925–7935. doi: 10.1523/JNEUROSCI.1493-16.2016

Merten, N., Fischer, J., Simon, K., Zhang, L., Schröder, R., Peters, L., et al. (2018). Repurposing HAMI3379 to block GPR17 and promote rodent and human oligodendrocyte differentiation. Cell Chem. Biol. 25, 775.e5–786.e5. doi: 10.1016/j.chembiol.2018.03.012

Mi, S., Lee, X., Shao, Z., Thill, G., Ji, B., Relton, J., et al. (2004). LINGO-1 is a component of the Nogo-66 receptor/p75 signaling complex. Nat. Neurosci. 7, 221–228. doi: 10.1038/nn1188

Michael, F. M., Chandran, P., Chandramohan, K., Iyer, K., Jayaraj, K., Sundaramoorthy, R., et al. (2019). Prospects of siRNA cocktails as tools for modifying multiple gene targets in the injured spinal cord. Exp. Biol. Med. 244, 1096–1110. doi: 10.1177/1535370219871868

Mohammed, R., Opara, K., Lall, R., Ojha, U., and Xiang, J. (2020). Evaluating the effectiveness of anti-nogo treatment in spinal cord injuries. Neural Dev. 15:1. doi: 10.1186/s13064-020-0138-9

Monje, M. (2018). Myelin plasticity and nervous system function. Annu. Rev. Neurosci. 41, 61–76. doi: 10.1146/annurev-neuro-080317-061853

Moore, S. M., Khalaj, A. J., Kumar, S., Winchester, Z., Yoon, J., Yoo, T., et al. (2014). Multiple functional therapeutic effects of the estrogen receptor β agonist indazole-Cl in a mouse model of multiple sclerosis. Proc. Natl. Acad. Sci. U S A 111, 18061–18066. doi: 10.1073/pnas.1411294111

Morshead, C. M., and van der Kooy, D. (1990). Separate blood and brain origins of proliferating cells during gliosis in adult brains. Brain Res. 535, 237–244. doi: 10.1016/0006-8993(90)91606-h

Mothe, A. J., Coelho, M., Huang, L., Monnier, P. P., Cui, Y.-F., Mueller, B. K., et al. (2020). Delayed administration of the human anti-RGMa monoclonal antibody elezanumab promotes functional recovery including spontaneous voiding after spinal cord injury in rats. Neurobiol. Dis. 143:104995. doi: 10.1016/j.nbd.2020.104995

Mothe, A. J., Tassew, N. G., Shabanzadeh, A. P., Penheiro, R., Vigouroux, R. J., Huang, L., et al. (2017). RGMa inhibition with human monoclonal antibodies promotes regeneration, plasticity and repair and attenuates neuropathic pain after spinal cord injury. Sci. Rep. 7:10529. doi: 10.1038/s41598-017-10987-7

Moyon, S., Dubessy, A. L., Aigrot, M. S., Trotter, M., Huang, J. K., Dauphinot, L., et al. (2015). Demyelination causes adult CNS progenitors to revert to an immature state and express immune cues that support their migration. J. Neurosci. 35, 4–20. doi: 10.1523/JNEUROSCI.0849-14.2015

Myers, S. A., Bankston, A. N., Burke, D. A., Ohri, S. S., and Whittemore, S. R. (2016). Does the preclinical evidence for functional remyelination following myelinating cell engraftment into the injured spinal cord support progression to clinical trials? Exp. Neurol. 283, 560–572. doi: 10.1016/j.expneurol.2016.04.009

Nait-Oumesmar, B., Picard-Riera, N., Kerninon, C., Decker, L., Seilhean, D., Höglinger, G. U., et al. (2007). Activation of the subventricular zone in multiple sclerosis: evidence for early glial progenitors. Proc. Natl. Acad. Sci. U S A 104, 4694–4699. doi: 10.1073/pnas.0606835104

Najm, F. J., Madhavan, M., Zaremba, A., Shick, E., Karl, R. T., Factor, D. C., et al. (2015). Drug-based modulation of endogenous stem cells promotes functional remyelination in vivo. Nature 522, 216–220. doi: 10.1038/nature14335

Nakagawa, H., Ninomiya, T., Yamashita, T., and Takada, M. (2019). Treatment with the neutralizing antibody against repulsive guidance molecule-a promotes recovery from impaired manual dexterity in a primate model of spinal cord injury. Cereb. Cortex 29, 561–572. doi: 10.1093/cercor/bhx338

Nakanishi, K., Aono, S., Hirano, K., Kuroda, Y., Ida, M., Tokita, Y., et al. (2006). Identification of neurite outgrowth-promoting domains of neuroglycan c, a brain-specific chondroitin sulfate proteoglycan and involvement of phosphatidylinositol 3-kinase and protein kinase C signaling pathways in neuritogenesis. J. Biol. Chem. 281, 24970–24978. doi: 10.1074/jbc.M601498200

Nashmi, R., and Fehlings, M. G. (2001). Mechanisms of axonal dysfunction after spinal cord injury: with an emphasis on the role of voltage-gated potassium channels. Brain Res. Rev. 38, 165–191. doi: 10.1016/s0165-0173(01)00134-5


National Spinal Cord Injury Statistical Center. (2020). Facts and figures at a glance. Available online at: https://www.nscisc.uab.edu/Public/Facts%20and%20Figures%202020.pdf. Accessed September 4, 2020.


Nave, K.-A. (2010). Myelination and the trophic support of long axons. Nat. Rev. Neurosci. 11, 275–283. doi: 10.1038/nrn2797

Nave, K.-A., and Werner, H. B. (2014). Myelination of the nervous system: mechanisms and functions. Annu. Rev. Cell Dev. Biol. 30, 503–533. doi: 10.1146/annurev-cellbio-100913-013101

Nawaz, S., Sánchez, P., Schmitt, S., Snaidero, N., Mitkovski, M., Velte, C., et al. (2015). Actin filament turnover drives leading edge growth during myelin sheath formation in the central nervous system. Dev. Cell 34, 139–151. doi: 10.1016/j.devcel.2015.05.013


Neuralstem Inc. (2017). A phase 1, open-label, single-site, safety study of human spinal cord-derived neural stem cell transplantation for the treatment of chronic SCI. Available online at: https://clinicaltrials.gov/ct2/show/NCT01772810. Accessed October 19, 2020.


Nichol, K. A., Everett, A. W., Schulz, M., and Bennett, M. R. (1994). Retinal ganglion cell survival in vitro maintained by a chondroitin sulfate proteoglycan from the superior colliculus carrying the HNK-1 epitope. J. Neurosci. Res. 37, 623–632. doi: 10.1002/jnr.490370509

Nishimura, S., Yasuda, A., Iwai, H., Takano, M., Kobayashi, Y., Nori, S., et al. (2013). Time-dependent changes in the microenvironment of injured spinal cord affects the therapeutic potential of neural stem cell transplantation for spinal cord injury. Mol. Brain 6:3. doi: 10.1186/1756-6606-6-3

Nistor, G. I., Totoiu, M. O., Haque, N., Carpenter, M. K., and Keirstead, H. S. (2005). Human embryonic stem cells differentiate into oligodendrocytes in high purity and myelinate after spinal cord transplantation. Glia 49, 385–396. doi: 10.1002/glia.20127

Niu, L.-J., Xu, R.-X., Zhang, P., Du, M.-X., and Jiang, X.-D. (2012). Suppression of frizzled-2-mediated Wnt/Ca2+ signaling significantly attenuates intracellular calcium accumulation in vitro and in a rat model of traumatic brain injury. Neuroscience 213, 19–28. doi: 10.1016/j.neuroscience.2012.03.057

Nori, S., Khazaei, M., Ahuja, C. S., Yokota, K., Ahlfors, J.-E., Liu, Y., et al. (2018). Human oligodendrogenic neural progenitor cells delivered with chondroitinase ABC facilitate functional repair of chronic spinal cord injury. Stem Cell Reports 11, 1433–1448. doi: 10.1016/j.stemcr.2018.10.017

Nye, S. H., and Yarger, J. G. (2017). A small molecule induces oligodendrogenesis leading to myelin sheath repair. J. Clini. Endocri. Metabo. Disord. 2017, 1–14. doi: 10.29011/JCMD-106.100006

Ohri, S. S., Bankston, A. N., Mullins, S. A., Liu, Y., Andres, K. R., Beare, J. E., et al. (2018). Blocking autophagy in oligodendrocytes limits functional recovery after spinal cord injury. J. Neurosci. 38, 5900–5912. doi: 10.1523/JNEUROSCI.0679-17.2018

Okubo, T., Nagoshi, N., Kohyama, J., Tsuji, O., Shinozaki, M., Shibata, S., et al. (2018). Treatment with a gamma-secretase inhibitor promotes functional recovery in human iPSC- derived transplants for chronic spinal cord injury. Stem Cell Reports 11, 1416–1432. doi: 10.1016/j.stemcr.2018.10.022

Okuma, Y., Liu, K., Wake, H., Zhang, J., Maruo, T., Date, I., et al. (2012). Anti-high mobility group box-1 antibody therapy for traumatic brain injury. Ann. Neurol. 72, 373–384. doi: 10.1002/ana.23602

Oluich, L.-J., Stratton, J. A. S., Xing, Y. L., Ng, S. W., Cate, H. S., Sah, P., et al. (2012). Targeted ablation of oligodendrocytes induces axonal pathology independent of overt demyelination. J. Neurosci. 32, 8317–8330. doi: 10.1523/JNEUROSCI.1053-12.2012


Ostanin, A. A. (2018). Safety/efficacy of intranasally-administered bioactive factors produced by autologous M2 macrophages in patients with organic brain syndrome. Available online at: https://clinicaltrials.gov/ct2/show/NCT02957123. Accessed October 14, 2020.


Parr, A. M., and Tator, C. H. (2007). Intrathecal epidermal growth factor and fibroblast growth factor-2 exacerbate meningeal proliferative lesions associated with intrathecal catheters. Neurosurgery 60, 926–933. doi: 10.1227/01.NEU.0000255441.59612.98

Parr, A. M., Kulbatski, I., and Tator, C. H. (2007). Transplantation of adult rat spinal cord stem/progenitor cells for spinal cord injury. J. Neurotrauma 24, 835–845. doi: 10.1089/neu.2006.3771

Parravicini, C., Lecca, D., Marangon, D., Coppolino, G. T., Daniele, S., Bonfanti, E., et al. (2020). Development of the first in vivo GPR17 ligand through an iterative drug discovery pipeline: a novel disease-modifying strategy for multiple sclerosis. PLoS One 15:e0231483. doi: 10.1371/journal.pone.0231483

Patil, N., Truong, V., Holmberg, M. H., Lavoie, N. S., McCoy, M. R., Dutton, J. R., et al. (2018). Safety and efficacy of rose bengal derivatives for glial scar ablation in chronic spinal cord injury. J. Neurotrauma 35, 1745–1754. doi: 10.1089/neu.2017.5398

Pettigrew, R. I., Heetderks, W. J., Kelley, C. A., Peng, G. C. Y., Member, I., Krosnick, S. H., et al. (2017). Epidural spinal stimulation to improve bladder, bowel and sexual function in individuals with spinal cord injuries: a framework for clinical Research. IEEE Trans. Biomed. Eng. 64, 253–262. doi: 10.1109/TBME.2016.2637301

Pirko, I., Ciric, B., Gamez, J., Bieber, A. J., Warrington, A. E., Johnson, A. J., et al. (2004). A human antibody that promotes remyelination enters the CNS and decreases lesion load as detected by T2-weighted spinal cord MRI in a virus-induced murine model of MS. FASEB J. 18, 1577–1579. doi: 10.1096/fj.04-2026fje

Pohl, H. B. F., Porcheri, C., Mueggler, T., Bachmann, L. C., Martino, G., Riethmacher, D., et al. (2011). Genetically induced adult oligodendrocyte cell death is associated with poor myelin clearance, reduced remyelination and axonal damage. J. Neurosci. 31, 1069–1080. doi: 10.1523/JNEUROSCI.5035-10.2011

Pukos, N., Goodus, M. T., Sahinkaya, F. R., and McTigue, D. M. (2019). Myelin status and oligodendrocyte lineage cells over time after spinal cord injury: what do we know and what still needs to be unwrapped? Glia 67, 2178–2202. doi: 10.1002/glia.23702

Qu, Y., Zhao, J., Wang, Y., and Gao, Z. (2014). Silencing ephrinB3 improves functional recovery following spinal cord injury. Mol. Med. Rep. 9, 1761–1766. doi: 10.3892/mmr.2014.2019

Radtke, C., Spies, M., Sasaki, M., Vogt, P. M., and Kocsis, J. D. (2007). Demyelinating diseases and potential repair strategies. Int. J. Dev. Neurosci. 25, 149–153. doi: 10.1016/j.ijdevneu.2007.02.002

Ramlackhansingh, A. F., Brooks, D. J., Greenwood, R. J., Bose, S. K., Turkheimer, F. E., Kinnunen, K. M., et al. (2011). Inflammation after trauma: microglial activation and traumatic brain injury. Ann. Neurol. 70, 374–383. doi: 10.1002/ana.22455


Rink, A., Fung, K. M., Trojanowski, J. Q., Lee, V. M., Neugebauer, E., and McIntosh, T. K. (1995). Evidence of apoptotic cell death after experimental traumatic brain injury in the rat. Am. J. Pathol. 147, 1575–1583.


Rolls, A., Shechter, R., and Schwartz, M. (2009). The bright side of the glial scar in CNS repair. Nat. Rev. Neurosci. 10, 235–241. doi: 10.1038/nrn2591

Ronzano, R., Thetiot, M., Lubetzki, C., and Desmazieres, A. (2020). Myelin plasticity and repair: neuro-glial choir sets the tuning. Front. Cell. Neurosci. 14:42. doi: 10.3389/fncel.2020.00042

Rosenzweig, E. S., Brock, J. H., Lu, P., Kumamaru, H., Salegio, E. A., Kadoya, K., et al. (2018). Restorative effects of human neural stem cell grafts to the primate spinal cord. Nat. Med. 24, 484–490. doi: 10.1038/nm.4502

Salewski, R. P., Mitchell, R. A., Li, L., Shen, C., Milekovskaia, M., Nagy, A., et al. (2015). Transplantation of induced pluripotent stem cell-derived neural stem cells mediate functional recovery following thoracic spinal cord injury through remyelination of axons. Stem Cells Transl. Med. 4, 743–754. doi: 10.5966/sctm.2014-0236


Sanofi brain-penetrant BTK inhibitor significantly reduced disease activity in Phase 2 trial in relapsing multiple sclerosis. Available online at: https://www.sanofi.com/media-room/pressreleases/2020/2020-04-2307-00-002020541. Accessed October 18, 2020.



Santamaría, A. J., Solano, J. P., Benavides, F. D., and Guest, J. D. (2018). “Intraspinal delivery of schwann cells for spinal cord injury,” in Schwann Cells: Methods and Protocols Methods in Molecular Biology, eds P. V. Monje and H. A. Kim (New York, NY: Springer), 467–484.


Satzer, D., Miller, C., Maxon, J., Voth, J., DiBartolomeo, C., Mahoney, R., et al. (2015). T cell deficiency in spinal cord injury: altered locomotor recovery and whole-genome transcriptional analysis. BMC Neurosci. 16:74. doi: 10.1186/s12868-015-0212-0

Scaffidi, P., Misteli, T., and Bianchi, M. E. (2002). Release of chromatin protein HMGB1 by necrotic cells triggers inflammation. Nature 418, 191–195. doi: 10.1038/nature00858

Schäfer, M. K. E., and Tegeder, I. (2018). NG2/CSPG4 and progranulin in the posttraumatic glial scar. Matrix Biol. 68-69, 571–588. doi: 10.1016/j.matbio.2017.10.002

Schepici, G., Silvestro, S., Bramanti, P., and Mazzon, E. (2020). Traumatic brain injury and stem cells: an overview of clinical trials, the current treatments and future therapeutic approaches. Medicina 56:137. doi: 10.3390/medicina56030137

Scherman, D., Rousseau, A., Bigey, P., and Escriou, V. (2017). Genetic pharmacology: progresses in siRNA delivery and therapeutic applications. Gene Ther. 24, 151–156. doi: 10.1038/gt.2017.6

Schnell, L., and Schwab, M. E. (1990). Axonal regeneration in the rat spinal cord produced by an antibody against myelin-associated neurite growth inhibitors. Nature 343, 269–272. doi: 10.1038/343269a0

Schwab, J. M., Conrad, S., Monnier, P. P., Julien, S., Mueller, B. K., and Schluesener, H. J. (2005).Spinal cord injury-induced lesional expression of the repulsive guidance molecule (RGM). Eur. J. Neurosci. 21, 1569–1576. doi: 10.1111/j.1460-9568.2005.03962.x

Shin, J. C., Kim, K. N., Yoo, J., Kim, I.-S., Yun, S., Lee, H., et al. (2015). Clinical trial of human fetal brain-derived neural stem/progenitor cell transplantation in patients with traumatic cervical spinal cord injury. Neural Plast. 2015:630932. doi: 10.1155/2015/630932

Shultz, S. R., Bao, F., Weaver, L. C., Cain, D. P., and Brown, A. (2013). Treatment with an anti-CD11d integrin antibody reduces neuroinflammation and improves outcome in a rat model of repeated concussion. J. Neuroinflammation 10:26. doi: 10.1186/1742-2094-10-26

Silver, J. (2016). The glial scar is more than just astrocytes. Exp. Neurol. 286, 147–149. doi: 10.1016/j.expneurol.2016.06.018

Sim, F. J., Zhao, C., Penderis, J., and Franklin, R. J. M. (2002). The age-related decrease in CNS remyelination efficiency is attributable to an impairment of both oligodendrocyte progenitor recruitment and differentiation. J. Neurosci. 22, 2451–2459. doi: 10.1523/JNEUROSCI.22-07-02451.2002

Smith, K. J., Blakemore, W. F., and Mcdonald, W. I. (1979). Central remyelination restores secure conduction. Nature 280, 395–396. doi: 10.1038/280395a0


StemCells, Inc. (2015). A phase I/II study of the safety and preliminary efficacy of intramedullary spinal cord transplantation of human central nervous system (CNS) stem cells (HuCNS-SC®) in subjects with thoracic (T2-T11) spinal cord trauma. Available online at: https://clinicaltrials.gov/ct2/show/NCT01321333. Accessed October 19, 2020.


Sun, H.-H., Gao, F., Liu, B., Yu, H.-T., Kong, N., and Liu, G.-M. (2012). Inhibition of nogo expression to promote repair after spinal cord injury. Chin. Med. J. 125, 4044–4048. doi: 10.3760/cma.j.issn.0366-6999.2012.22.024

Taoka, Y., and Okajima, K. (1998). Spinal cord injury in the rat. Prog. Neurobiol. 56, 341–358. doi: 10.1016/s0301-0082(98)00049-5

Tassew, N. G., Mothe, A. J., Shabanzadeh, A. P., Banerjee, P., Koeberle, P. D., Bremner, R., et al. (2014). Modifying lipid rafts promotes regeneration and functional recovery. Cell Rep. 8, 1146–1159. doi: 10.1016/j.celrep.2014.06.014

Thompson, F. J., Reier, P. J., Uthman, B., Mott, S., Fessler, R. G., Behrman, A., et al. (2001). Neurophysiological assessment of the feasibility and safety of neural tissue transplantation in patients with syringomyelia. J. Neurotrauma 18, 931–945. doi: 10.1089/089771501750451848

Thompson, H. J., Marklund, N., LeBold, D. G., Morales, D. M., Keck, C. A., Vinson, M., et al. (2006). Tissue sparing and functional recovery following experimental traumatic brain injury is provided by treatment with an anti-myelin-associated glycoprotein antibody. Eur. J. Neurosci. 24, 3063–3072. doi: 10.1111/j.1460-9568.2006.05197.x

Thorburne, S. K., and Juurlink, B. H. J. (1996). Low glutathione and high iron govern the susceptibility of oligodendroglial precursors to oxidative stress. J. Neurochem. 67, 1014–1022. doi: 10.1046/j.1471-4159.1996.67031014.x

Uchida, H., Tanaka, T., Sasaki, K., Kato, K., Dehari, H., Ito, Y., et al. (2004). Adenovirus-mediated transfer of siRNA against survivin induced apoptosis and attenuated tumor cell growth in vitro and in vivo. Mol. Ther. 10, 162–171. doi: 10.1016/j.ymthe.2004.05.006

Ulc, A., Gottschling, C., Schäfer, I., Wegrzyn, D., Leeuwen, S., van Luft, V., et al. (2017). Involvement of the guanine nucleotide exchange factor Vav3 in central nervous system development and plasticity. Biol. Chem. 398, 663–675. doi: 10.1515/hsz-2016-0275

Unterberg, A. W., Stover, J., Kress, B., and Kiening, K. L. (2004). Edema and brain trauma. Neuroscience 129, 1021–1029. doi: 10.1016/j.neuroscience.2004.06.046

Utagawa, A., Bramlett, H. M., Daniels, L., Lotocki, G., Dekaban, G., Weaver, L. C., et al. (2008). Transient blockage of the CD11d/CD18 integrin reduces contusion volume and macrophage infiltration after traumatic brain injury in rats. Brain Res. 1207, 155–163. doi: 10.1016/j.brainres.2008.02.057

van der Knaap, M. S., and Bugiani, M. (2017). Leukodystrophies: a proposed classification system based on pathological changes and pathogenetic mechanisms. Acta Neuropathol. 134, 351–382. doi: 10.1007/s00401-017-1739-1

Walker, K. R., and Tesco, G. (2013). Molecular mechanisms of cognitive dysfunction following traumatic brain injury. Front. Aging Neurosci. 5:29. doi: 10.3389/fnagi.2013.00029

Walker, L. M., Phogat, S. K., Chan-Hui, P.-Y., Wagner, D., Phung, P., Goss, J. L., et al. (2009). Broad and potent neutralizing antibodies from an african donor reveal a new HIV-1 vaccine target. Science 326, 285–289. doi: 10.1126/science.1178746

Wang, S. (2011). Advances in the production of human monoclonal antibodies. Antib. Tech. J. 2011, 1–4. doi: 10.2147/ANTI.S20195

Wang, S., Bates, J., Li, X., Schanz, S., Chandler-Militello, D., Levine, C., et al. (2013). Human iPSC-derived oligodendrocyte progenitors can myelinate and rescue a mouse model of congenital hypomyelination. Cell Stem Cell 12, 252–264. doi: 10.1016/j.stem.2012.12.002

Warrington, A. E., Asakura, K., Bieber, A. J., Ciric, B., Keulen, V. V., Kaveri, S. V., et al. (2000). Human monoclonal antibodies reactive to oligodendrocytes promote remyelination in a model of multiple sclerosis. Proc. Natl. Acad. Sci. U S A 97, 6820–6825. doi: 10.1073/pnas.97.12.6820

Warrington, A. E., Bieber, A. J., Ciric, B., Keulen, V. V., Pease, L. R., Mitsunaga, Y., et al. (2001). Immunoglobulin-mediated CNS repair. J. Allergy Clin. Immunol. 108, S121–S125. doi: 10.1067/mai.2001.118301

Weston, N. M., and Sun, D. (2018). The potential of stem cells in treatment of traumatic brain injury. Curr. Neurol. Neurosci. Rep. 18:1. doi: 10.1007/s11910-018-0812-z

Windrem, M. S., Nunes, M. C., Rashbaum, W. K., Schwartz, T. H., Goodman, R. A., McKhann, G., et al. (2004). Fetal and adult human oligodendrocyte progenitor cell isolates myelinate the congenitally dysmyelinated brain. Nat. Med. 10, 93–97. doi: 10.1038/nm974

Wong, E. V., David, S., Jacob, M. H., and Jay, D. G. (2003). Inactivation of myelin-associated glycoprotein enhances optic nerve regeneration. J. Neurosci. 23, 3112–3117. doi: 10.1523/JNEUROSCI.23-08-03112.2003

Wu, J., Zhao, Z., Sabirzhanov, B., Stoica, B. A., Kumar, A., Luo, T., et al. (2014). Spinal cord injury causes brain inflammation associated with cognitive and affective changes: role of cell cycle pathways. J. Neurosci. 34, 10989–11006. doi: 10.1523/JNEUROSCI.5110-13.2014

Xiao, L., Guo, D., Hu, C., Shen, W., Shan, L., Li, C., et al. (2012). Diosgenin promotes oligodendrocyte progenitor cell differentiation through estrogen receptor-mediated ERK1/2 activation to accelerate remyelination. Glia 60, 1037–1052. doi: 10.1002/glia.22333

Xiao, Z., Tang, F., Tang, J., Yang, H., Zhao, Y., Chen, B., et al. (2016). One-year clinical study of neuroregen scaffold implantation following scar resection in complete chronic spinal cord injury patients. Sci. China Life Sci. 59, 647–655. doi: 10.1007/s11427-016-5080-z

Xing, Y. L., Röth, P. T., Stratton, J. A. S., Chuang, B. H. A., Danne, J., Ellis, S. L., et al. (2014). Adult neural precursor cells from the subventricular zone contribute significantly to oligodendrocyte regeneration and remyelination. J. Neurosci. 34, 14128–14146. doi: 10.1523/JNEUROSCI.3491-13.2014

Xu, B., Yu, D.-M., and Liu, F.-S. (2014). Effect of siRNA-induced inhibition of IL-6 expression in rat cerebral gliocytes on cerebral edema following traumatic brain injury. Mol. Med. Rep. 10, 1863–1868. doi: 10.3892/mmr.2014.2462

Xu, G.-Y., Hughes, M. G., Ye, Z., Hulsebosch, C. E., and McAdoo, D. J. (2004). Concentrations of glutamate released following spinal cord injury kill oligodendrocytes in the spinal cord. Exp. Neurol. 187, 329–336. doi: 10.1016/j.expneurol.2004.01.029

Yang, Y., Liu, Y., Wei, P., Peng, H., Winger, R., Hussain, R. Z., et al. (2010). Silencing nogo-a promotes functional recovery in demyelinating disease. Ann. Neurol. 67, 498–507. doi: 10.1002/ana.21935

Yeung, M. S. Y., Zdunek, S., Bergmann, O., Bernard, S., Salehpour, M., Alkass, K., et al. (2014). Dynamics of oligodendrocyte generation and myelination in the human brain. Cell 159, 766–774. doi: 10.1016/j.cell.2014.10.011

Yu, C.-G., Yezierski, R. P., Joshi, A., Raza, K., Li, Y., and Geddes, J. W. (2010). Involvement of ERK2 in traumatic spinal cord injury. J. Neurochem. 113, 131–142. doi: 10.1111/j.1471-4159.2010.06579.x

Zada, D., Tovin, A., Lerer-Goldshtein, T., and Appelbaum, L. (2016). Pharmacological treatment and BBB-targeted genetic therapy for MCT8-dependent hypomyelination in zebrafish. Dis. Model. Mech. 9, 1339–1348. doi: 10.1242/dmm.027227

Zhang, S., Huang, F., Gates, M., and Holmberg, E. G. (2012). Tail nerve electrical stimulation combined with scar ablation and neural transplantation promotes locomotor recovery in rats with chronically contused spinal cord. Brain Res. 1456, 22–35. doi: 10.1016/j.brainres.2012.03.054

Zhao, A., Qin, H., and Fu, X. (2016). What determines the regenerative capacity in animals? Bioscience 66, 735–746. doi: 10.1093/biosci/biw079

Zhou, Y., Shao, A., Xu, W., Wu, H., and Deng, Y. (2019). Advance of stem cell treatment for traumatic brain injury. Front. Cell. Neurosci. 13:301. doi: 10.3389/fncel.2019.00301

Zibara, K., Ballout, N., Mondello, S., Karnib, N., Ramadan, N., Omais, S., et al. (2019). Combination of drug and stem cells neurotherapy: potential interventions in neurotrauma and traumatic brain injury. Neuropharmacology 145, 177–198. doi: 10.1016/j.neuropharm.2018.09.032

Zuchero, J. B., Fu, M., Sloan, S. A., Ibrahim, A., Olson, A., Zaremba, A., et al. (2015). CNS myelin wrapping is driven by actin disassembly. Dev. Cell 34, 152–167. doi: 10.1016/j.devcel.2015.06.011

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 Huntemer-Silveira, Patil, Brickner and Parr. 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/fncel-14-619707-g004.gif
Neural Stem/
Progenitor Cell

Oligodendrocyte
Progenitor Cell

|
MG,
i
Mature
Oligodendrocyte

Notes

Nestin

Pax6

A2B5

Sox10
Oligl
e

CNPase

PLP
NG2
APC

RIP

04

Expressed by Schwann cells
Expressed by neurons

Expressed by motor neurons

Expressed by SVZ neurons





OPS/images/fncel-14-619707-t001.jpg
Trial

Cell source

Target population

Current status

Trial identifier

Yonsei University (Korez)
Geron/Asterias Biotherapeutics
“SCiStar* (USA)

Stem Cells, Inc.

“Pathway” (USA)

Miarni Project (USA)

Novagenesis Foundation
(Russiz)

Neuroregen Scaffold (China)
Neuralstem (USA)

Fetal brain-derived NSCs
ESC-derived OPCs

Fetal brain-derived NSCs

Autologous Schwann cells
(sural nerve)

Autologous NSCs +3D
matrix

NSCs + scaffold

Fetal spinal cord-derived
NSCs

Acute and chronic cervical ASIA A/B
Acute thoracic ASIA A/B

Subacute cervical ASIA A/B
Subacute/chronic thoracic ASIA A-C
Chronic cervical ASIA B/C
Subacute thoracic ASIA A

Chronic cervical/thoracic ASIA A-C
Acute/subacute/chronic, all levels,
ASIAA

Chronic cervical/thoracic ASIA A
Chronic cervical/thoracic ASIA A

Completed Phase I/l 2008
Completed Phase 1 2011
Completed Phase I/l 2017
Completed Phase I/l 2015
Completed Phase Il 2016
Completed Phase 1 2016
Completed Phase 1 2019
Completed Phase 1 2018

Cormpleted Phase 1l 2020
Currently envoling for
Phase Il

NCT0000879

NCT01217008
NCT02302157
NCT01321333
NCT52163876
NCT01739023
NCT02354625
NCT02326662

NCT02688049
NCT01772810






OPS/images/fncel-14-619707-g002.gif
A Neuron y Oligodendrocyte
_.~— Myelin sheath

Remyelination No
remyelination

Functional recovery Progressive decline

B Myelination Demyelination Remyelination
~ - p





OPS/images/fncel-14-619707-g003.gif
Rostral to injury

Injury site

Caudal to injury

(Changes after spinal cord injury

nal atrophy
lretraction

« Primary cell death

« Secondary inflammation

* Inflammatory cell migration

* Astrogliosis.

« Tissue loss and cavity formation

« Expression of growth-inhibitory
molecules

* Wallerian degeneration
* Synaptic loss
« Demyelination

« Expression of growth-inhibitory
ccule

Neurochemical
replacement

Potential benefts of cell transplantation
Spinal cord

Host
descending

Injury

Lost
connectivity

Restructure
 eytoarchitecture.






OPS/xhtml/Nav.xhtml


Contents





		Cover



		Strategies for Oligodendrocyte and Myelin Repair in Traumatic CNS Injury



		Introduction



		Demyelination Following Traumatic Injury



		Oligodendrocytes And Injury Response



		Mechanisms Of Remyelination After Injury











		Translational Approaches In Animal Models



		Small Molecules



		Monoclonal Antibodies



		Rna Interference











		Human Clinical Trials



		Conclusion



		Author Contributions



		Acknowledgments

















OPS/images/crossmark.jpg





OPS/images/fncel-14-619707-g001.gif
Immediate

Seconds-
Minutes

Minutes-
Hours

Hours-Years

PRIMARY INJURY

« Cellular damage
* Vascular damage
« Demyelination

* Axotomy

SECONDARY INJURY

* Hemorrhage & Edema -> Swelling
* Ischemia - Hypoxia

* Inflammation
* Oxidative stress
* Excitotoxicity
* Reactive gliosis

* Scar Formation
* Cavitation

N
Demyelination

- |
Impaired Neurotransmission

P |
Axon Degeneration

— |

) Cell Death

!

Sensory, Motor, Autonomic, and Cognitive Dysfunction





OPS/images/cover.jpg
, frontiers
In Cellular Neuroscience

Strategies for Oligodendrocyte
and Myelin Repair in Traumatic
CNS Injury









OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





