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Abstract

:

Oligodendrocytes are specialized glial cells that myelinate central nervous system (CNS) axons. Historically, it was believed that the primary role of myelin was to compactly ensheath axons, providing the insulation necessary for rapid signal conduction. However, mounting evidence demonstrates the dynamic importance of myelin and oligodendrocytes, including providing metabolic support to neurons and regulating axon protein distribution. As such, the development and maintenance of oligodendrocytes and myelin are integral to preserving CNS homeostasis and supporting proper functioning of widespread neural networks. Environmental signals are critical for proper oligodendrocyte lineage cell progression and their capacity to form functional compact myelin; these signals are markedly disturbed by injury to the CNS, which may compromise endogenous myelin repair capabilities. This review outlines some key environmental factors that drive myelin formation during development and compares that to the primary factors that define a CNS injury milieu. We aim to identify developmental factors disrupted after CNS trauma as well as pathogenic factors that negatively impact oligodendrocyte lineage cells, as these are potential therapeutic targets to promote myelin repair after injury or disease.
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1. Introduction


The central nervous system (CNS) provides an excellent model to study cellular interactions because of the intimate association of its main parenchyma—neurons and glia. Neurons conduct action potentials and communicate to other neurons and cells throughout the body. Glia, representing the majority of the cells in the CNS, were originally referred to as helper cells, but studies have verified their importance in proper CNS functions, including communication between neurons. An essential component for rapid neuron signaling, especially for larger axons, is axon ensheathment by myelin. Oligodendrocytes (OLs) produce CNS myelin, which was first described by van Leeuwenhoek in 1717 [1]. Myelin does not just passively wrap axons, however. Extensive molecular interactions between OLs and axons regulate axon structure, including cytoskeletal maturation and restricting ion channels to nodal regions [2,3]. Evolutionarily, myelin first appeared when animals formed jaws and increased in physical size; myelin allowed increased axon conduction speed, which in turn allowed for faster escape from predators [4]. This huge evolutionary advantage separates vertebrates from invertebrates, who have supporting cells around axons rather than compact myelin [4].



Oligodendrocytes terminally differentiate from distinct cellular domains within the developing neural tube. As cells transition from an embryonic stem cell to oligodendrocyte progenitor cells (OPCs), OL lineage specific markers are upregulated; as cells continue to mature, they differentiate into OLs that engage axons and form compact myelin [5]. Interestingly, the adult CNS maintains a large population of OPCs throughout the white and gray matter whose OL progenitor role is retained (for recent review, see [6]). Indeed, the response of adult OPCs after experimental demyelination is well-documented and includes proliferation, migration into the demyelinated lesions and differentiation into remyelinating OLs [7,8]. However, their role in endogenous myelin repair after other types of CNS damage such as trauma is not fully understood. This is, in part, due to the complex biochemical cascades that are unique to the trauma milieu, which are initiated immediately after injury but then fluctuate over time. This review will begin by outlining some key factors in normal myelin development and then discuss how these and other factors affect the response of OPCs to CNS trauma.




2. Development: OPC Migration, Proliferation, and Differentiation


Gans and Northcutt theorized that vertebrates exist because of the neural crest, a source of diverse cell lineages derived from the embryonic ectoderm [9]. These multipotent neural stem cells give rise to OPCs, the majority of which arise from the motor neural progenitor (pMN) domain of ventral ventricular zone in the spinal cord, although ≈20% originate in the dorsal ventricular zone [10,11,12,13]. Both intraspinal progenitor populations have the same electrophysiological properties, but dorsal progenitors arise later and myelinate dorsal spinal tracts whereas ventral progenitors migrate dorsally and laterally to populate the entire white matter of the spinal cord; a similar wave of ventral to dorsal OPCs populate the brain developmentally [13,14,15,16]. During the first few postnatal weeks, a subset of OPCs extends branches to contact surrounding axons and terminally differentiate into mature OLs. Each developmental step is strictly regulated by a multitude of extracellular and intracellular signaling molecules that cooperate and coordinate to ensure proper CNS assembly (for recent review, see [5]).



2.1. Migration


Successful myelination of the CNS is contingent upon proper OPC migration. In the spinal cord, migration is strongly regulated by sonic hedgehog (Shh) and bone morphogenic protein (BMP). Sonic hedgehog is a ventral inductive signal secreted by the notochord that induces OPC specification in the ventral neural tube, whereas dorsal progenitors are Shh-independent and rely on local stimuli like BMP for induction [12,17,18,19]. Once formed, OPCs migrate in waves from the ventricular zone to distribute equally throughout the grey and white matter, with each cell occupying its own non-overlapping domain with neighboring OPCs [12,20,21]. For this to occur, OPCs need a mechanism to spatially locate neighboring OPCs. Indeed, dynamic filopodia from OPCS continuously surveil their environment to locate adjacent OPCs and guide cell trajectory [21]. In vivo imagining of OPCs in zebrafish shows OPCs exhibit contact-mediated inhibition in which they retract and change direction upon contacting filopodia from neighboring cells [21,22]. While all cellular signals causing retraction are not entirely known, Nogo-A is one factor thought to be involved in OPC spacing [23].



2.1.1. Growth Factors


Platelet-derived growth factor (PDGF) is secreted by astrocytes [24], which first form at embryonic day 16 in mice [25]. Similar to Shh, PDGF is secreted early during OPC migration and functions as a chemoattractant through activating the extracellular-regulated-kinase (ERK) signaling pathway [26]. Initially, PDGF acts a mobilizer to enhance cell mobility, and competes with Netrin-1, a laminin-like guidance molecule expressed in the floor plate [27]. Oligodendrocyte progenitor cells express Platelet-derived growth factor receptor alpha (PDGFRα) and netrin receptors, allowing both ligands to act as migratory cues in which netrin opposes PDGF-induced migration [25,28,29,30,31]. As OPCs migrate to their final target, they encounter various extracellular matrix ligands to which they are responsive [32]. Of particular importance are integrins, cell surface receptors that facilitate bidirectional signaling between the intracellular and extracellular environment. PDGF binds to integrin αvβ3, which stimulates OPC migration and proliferation [33]. Despite its crucial role, however, PDGF does not act as solitary migratory factor but instead cooperates with other environmental cues for proper signaling.



Fibroblast growth factor 2 (FGF-2) is also produced by astrocytes [34] and stimulates OPC migration, although not as strongly as PDGF. For instance, transient exposure to FGF-2 has no effect on OPC migration, whereas OPCs show long-term migration when exposed to PDGF-A under the same conditions [26]. Treating cells with both growth factors leads to faster migration compared to either alone, and also converts progenitors from slowly to rapidly dividing cells [26,35,36,37,38]. Similar to PDGF-A, FGF-2 promotes OPC migration via the ERK1/2 signaling pathway after binding to its receptors FGFR1, which is necessary for FGF-2-induced migration [27,37,39,40]. Overall, FGF-2 is crucial for OPC migration, but the combinatory effects of PDGF and FGF-2 far surpass that of either factor alone, indicating proper OL development is contingent upon signaling from multiple factors.




2.1.2. Chemokines


Chemokines are secreted “chemotactic cytokines” best known for their role in regulating immune cell migration. Interestingly, chemokines in the C–X–C family also promote OPC proliferation and migration.



CXCL1 (also known as Gro-α) is expressed by astrocytes and binds to CXCR2 on OPCs to inhibit PDGF-stimulated migration [41,42,43,44]. CXCL1 signals through CXCR2 and serves as a stop signal for developmental OPC migration [43,45]. The importance of CXCL1 for proper OPC distribution is seen when it is absent, which results in continued OPC migration to the pial surface with extensive OPC migration into the periphery [46]. Most OPC proliferation occurs in the white matter as PDGF and CXCL1 work synergistically to inhibit migration while simultaneously promoting proliferation [41]. Eliminating CXCR2 expression diminishes OPC proliferation and reduces OL numbers, thereby reducing myelination and overall white matter area [43,45]. These studies highlight the importance of CXCL1 in localizing cells to allow for proper patterning of the white matter and efficient myelination.



CXCL12, also known as stromal cell-derived factor 1, binds to its receptor CXCR4, a G-protein coupled receptor highly conserved in evolution. Detection of CXCL12 and its receptor expression begins around E7.5 in the ventral neural tube, and expands to various cell types including OLs and neurons as the CNS matures [46,47,48]. The diverse expression of CXCL12 is crucial for proper CNS development, as the knockout of its receptor is embryonic lethal due to complications in the immune and central nervous systems [49]. For OPCs, CXCL12 acts a chemoattractant that promotes migration, proliferation, and survival in the brain and spinal cord [50,51]. Oligodendrocyte progenitor cells in CXCR4-deficient mice fail to migrate dorsally from the ventral neural tube since they are unresponsive to CXCL12. CXCR4 expression peaks during OPC migration, then decreases as OPCs differentiate in OLs, indicating CXCL12 and its receptor are important during early CNS development [50]. Overall, chemokines regulate the outward migration of OPCs from the neural tube to allow for proper CNS patterning.





2.2. Proliferation


2.2.1. Three Major Mitogens


In addition to promoting OPC migration, PDGF also acts a mitogen and is crucial for glial progenitor cell survival [24,29,52]. However, unlike migration, PDGF proliferation is mediated by the phosphatidylinositol-3-kinase (PI3K)-Akt and Wnt-β-catenin signaling pathways instead of the ERK pathway [53]. Interestingly, a population of proliferating OPCs is maintained into adulthood in the CNS [54,55]. Since OPCs in culture do not mimic this proliferative response, it suggests the balance between OPC self-renewal and differentiation is regulated by intrinsic and extrinsic signaling molecules [56,57,58]. Indeed, OPCs supplemented with astrocytes or PDGF, in traditional and new culture assays, proliferate steadily for weeks [38,59,60,61,62]. Blocking PDGF in the developing optic nerve reduces proliferation by 70% and progenitors immediately differentiate into OLs [60], findings that were later confirmed in vivo [25,29,63,64]. Complete PDGFRα knockout mice die in utero due to complications in patterning and cell survival throughout the body [65]. However, PDGF-deficient mice survive into adulthood but present with fewer OPCs and OLs, with the largest loss in the spinal cord and cerebellum; as would be expected, PDGF over-expression results in hyper-proliferation of OPCs [66,67,68]. Together, these experiments illustrate that PDGF and its receptor are important for controlling the timing and rate of proliferation. However, since inhibiting PDGF in the optic nerve eliminates only 70% of mitogenic activity, other signaling molecules must also play a role.



PDGFRα expression peaks on OPCs, then decreases as cells differentiate. However, adding FGF-2 reverses this effect by increasing PDGFRα expression, amplifying its response and stimulating long-term proliferation [63,69,70]. OPCs exposed to combined PDGF and FGF-2 continuously proliferate and self-renew, whereas if exposed to either PDGF or FGF-2 individually, progenitors exit the cell cycle [35], revealing these factors work synergistically to induce division and inhibit differentiation in a timely manner [71].



When acting alone, FGF-2 is a less potent mitogen than PDGF but still blocks OPC differentiation [38,72,73]. Developmentally, FGF-2 expression increases during proliferation and peaks during OL formation when it functions to regulate the number of mature OLs [74,75]. FGF-2 binds with high affinity to all four FGF receptors, but only fibroblast growth factors receptors 1–3 (FGFR1-3) affect OPC proliferation. In OPCs, FGFR-1 levels continually rise, therefore exposure to FGF-2 increases OPC migration and proliferation [75,76]. As early OPCs transition to late stage OPCs and FGRF-1 levels continue to rise, FGF-2 switches to inhibiting differentiation. Fibroblast growth factor receptor 1 small interfering RNA (siRNA) blocks this inhibition leading to a higher number of differentiated OLs, revealing that FGFR-1 halts OL differentiation [77]. Similar to FGFR-1, FGFR-3 expression also peaks in the late OL progenitor stage to further block OL differentiation. Later in development, FGF-2 severely disrupts myelin production by dysregulating myelin gene expression [78,79,80]. Overall, FGF-2 promotes the proliferation of OPCs by stimulating DNA synthesis and inhibiting OL lineage progression during all stages of development.



Insulin-like growth factor-1 (IGF-1) works in concert with PDGF and FGF-2 to promote OPC proliferation through binding the type 1 IGF receptor (IGFR1) [81,82]. PDGF increases IGFR1 expression, thereby potentiating IGF-1 effects and maximizing OPC proliferation [83]. Adding IGF-1 to OPCs isolated from perinatal rat cerebrum increases OPC proliferation six-fold [84,85]. Moreover, developmental IGF-1 overexpression accelerates the cell cycle and increases neuronal and OPC proliferation, leading to larger brain size and weight [86,87].



The effects of IGF-1 depend on PI3K-Akt signaling, which promotes OPC survival and proliferation by inhibiting apoptosis and preventing the degradation of cyclin-D1 [88]. In addition, IGF-1 works synergistically with FGF-2 to activate the ERK1/2 pathway to stimulate cell growth and proliferation by upregulating nuclear cyclin-D expression [88,89,90,91]. Together, the PI3K/Akt and ERK1/2 pathways enhance G1/S progression, therefore IGF-1 shortens the cell cycle to allow increased cell proliferation [92]. In normal conditions, PDGF and FGF-2 trigger cells to enter G1 from the G0 phase. However, in conjunction with IGF-1, cells rapidly progress through G1 to the S phase due to upregulation of G1 cyclins, positive regulators of the cell cycle [83,87,88,91,92]. IGF-1-regulated PI3K-Akt signaling also functions as a survival signal by both protecting OPCs from tumor necrosis factor (TNF)α-induced cell death and preventing apoptosis [86,93,94,95]. Thus, overall, IGF-1 acts as a progression factor that accelerates the cell cycle, and a survival factor that maintains OPC levels.




2.2.2. Neurotrophic Factors


Neurotrophins are soluble growth factors crucial for nervous system development. These factors, consisting of nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5), are synthesized as precursor proteins, then cleaved into mature molecules. Mature neurotrophins signal through two distinct classes of receptors: the high-affinity receptor tyrosine kinase tropomyosin-related kinase (Trk), and the pan-neurotrophin receptor (p75NTR), a member of the TNFα receptor subfamily [96,97,98]. All neurotrophins bind with similar low affinity to p75NTR, but are selective in activating Trk receptors. Specifically, NGF binds TrkA, BDNF and NT-4/5 binds TrkB, and NT-3 binds TrkC [99,100].



Neurotrophins exhibit mitogenic effects on OPCs, although BDNF effects appear to be region-dependent. For instance, BDNF is a potent mitogen for OPCs in the basal forebrain while having no effect on optic nerve OPCs [94,101]. Once TrkB is bound by BDNF, its cytoplasmic domain becomes phosphorylated, leading to mitogen-activated protein kinase (MAPK) activation and increased DNA synthesis [97,101,102].



Like BDNF, the proliferative effects of NT-3 are mediated through MAPK signaling, after binding to TrkC receptors [33,103]. In the optic nerve, NT-3 is a stronger mitogen than PDGF, although NT-3 requires IGF-1 to induce OPC proliferation, whereas PDGF can act alone [94,104]. Knockout models of NT-3 and TrkC show severe depletion in PDGFRα+ OPCs in both the brain and spinal cord, although the distribution of OPCs in the CNS was similar to wild type, indicating NT-3 does not influence migration or distribution of OPCs [105]. In addition to acting as a mitogen during development, NT-3 is also a potent survival factor, promoting OPC survival in the absence of other trophic support [104].





2.3. Differentiation


The transition from progenitor cell to differentiated OLs involves multiple signals, including intracellular transcription factors and non-coding RNAs and extracellular molecules such as neurotransmitters, growth factors and extracellular matrix components (for an excellent recent review, see [5]). Changes in intracellular redox state may also be involved [57,106]. An additional molecular mechanism believed to underlie the switch in cell fate involves cyclin-dependent kinase-2 (Cdk2), which controls OPC cell cycle progression as it regulates the transition of cells from G1 to S phase [107,108]. To stop cell division, p27 binds to Cdk2 and promotes cell cycle arrest [109]. As OPCs proliferate, p27 slowly accumulates and regulates the timing of differentiation. If p27 is overexpressed, OPCs become unresponsive to mitogens resulting in significantly more mature OLs. Therefore, as time progresses, p27 levels reach a tipping point after which sufficient levels of Cdk2 are inhibited and cell proliferation is halted, in correlation with reduced PDGF and increased thyroid hormone (T3). Collectively, these experiments indicate OPC differentiation is regulated through multiple signaling mechanisms that ensure proper timing of OL maturation. Here, we will mainly focus on developmental factors that have also been examined in the injured CNS.



2.3.1. Hormones


Thyroid hormone is an important regulator of OPC differentiation. In the absence of T3 in culture, OPCs fail to differentiate and instead proliferate continuously [110,111,112,113]. Levels of T3 peak at birth and remain elevated for two weeks, coinciding with post-natal OL differentiation and myelination [114]. Once secreted, T3 binds to two receptors: T3α on OPCs and T3β on mature OLs [115,116]. During myelination, T3 binds to T3β receptors and drives myelin basic protein (MBP) expression through direct interaction with the MBP promoter [117,118,119]. Mature OLs exposed to T3 also have increased branching, a morphology beneficial to myelination [118]. The diverse roles of T3 on OL development are likely due to distinct receptors, as T3 modulates OPC survival and OL differentiation through T3α receptor and promotes myelination after cells upregulate T3β receptor.



In vitro about 80% of OPCs differentiate into OLs in the presence of IGF-1, whereas only 30% differentiate without it [84,85]. Conditional IGF-1 knockout mice show severely reduced brain size due to fewer OLs and axons, leading to an overall reduction in white matter [120,121], whereas excess IGF-1 inhibits OL apoptosis and promotes OL survival [122]. The higher number of mature OLs leads to increased MBP and proteolipid protein (PLP) expression, and a higher percentage of myelinated axons with thicker myelin [122,123,124]. Manipulating IGF-1 expression in vivo in either direction reveals the importance of IGF-1 in later stages, but due to its multiple roles throughout OL development, a model focused on OL maturation is more beneficial. Luzi et al. developed a transgenic mouse that overexpresses IGF-1 through the MBP promoter, thereby driving its overexpression only after myelination begins, around P10 [125]. The result was extensive myelination on axons due to more myelin produced per OL [125].




2.3.2. Neurotrophic Factors


Ciliary neurotrophic factor (CNTF) was originally identified for its role in neuronal support and survival [126], but since then, its importance in regulating OL development has become clear. CNTF is synthesized by astrocytes during the first postnatal week when OL generation peaks, and is continually expressed throughout early stages of oligodendrogenesis [127]. While CNTF does enhance the rate of OPC proliferation [128], it is more extensively involved in differentiation, maturation, and survival of OLs [129,130]. Spinal cord and cortical OPCs cultured in media supplemented with CNTF show increased differentiation, which is amplified when T3 is added [129,131]. Further in vitro studies uncovered a role for CNTF in myelination. When added to cultures, CNTF increased myelin production and the number of myelin internodes by upregulating MBP and myelin oligodendrocyte glycoprotein (MOG) expression [130,132]. Overexpressing CNTF in vivo is also correlated with increased MOG expression, while CNTF-deficient mice have higher rates of OL apoptosis and fewer myelinated axons [133,134]. Despite CNTF being a survival factor, the increased myelin gene expression is not due to increased OLs, but instead to more MBP and MOG expressed per OL [130].



Neurotrophin-3 plays a vital role in OL development. It is widely accepted that NT-3 promotes myelination and acts as a support factor in both the peripheral and central nervous system. It is highly expressed in the late prenatal period, peaks shortly after birth, then remains high 1–2 weeks postnatally before rapidly declining [135]. This expression pattern coincides with OPC differentiation and ultimately promotes axon myelination. Without NT-3, fewer OPCs differentiate, and those that do appear immature with short, stubby processes [105,136]. Overexpression of NT-3 in OPCs co-cultured with hippocampal neurons results in a 10-fold increase in MBP expression with a higher percent of axons becoming myelinated [137]. Thus, NT-3 is one of many influential signaling molecules in proper axon myelination.



Like NT-3, BDNF promotes myelin protein production in the peripheral nervous system (PNS) and CNS. In the PNS, BDNF activates p75NTR, while in the CNS it binds to TrkB, stimulating MAPK to upregulate MBP, PLP, and myelin-associated glycoprotein in OLs [102,138,139,140]. The need for BDNF developmentally is seen in BDNF null and heterozygous mice, which display hypomyelinated white matter due to reduced myelin gene expression [139,141,142,143]. This reduced myelin is not due to fewer myelinated axons, but instead thinner myelin per axon. Moreover, the number of differentiated OLs is comparable to controls, suggesting BDNF does not influence OL-axon contact, but may be necessary for establishing proper myelin thickness [144,145].



Neuregulin-1 (Nrg-1) is an extrinsic growth factor expressed by neurons in the brain and spinal cord that signals through ErbB receptor tyrosine kinases [146]. Initially, Nrg-1 was studied for its role in stimulating OPC proliferation; however, Nrg-1 is secreted throughout development and influences all stages of OL lineage cells, from proliferation through myelination [147,148,149,150]. Similar to PDGF, Nrg-1 stimulates OPC proliferation through the PI3K-Akt pathway [33,151,152]. Neuregulin works cooperatively with integrin signaling as ErbB2 associates with αvβ3 on OPCs to stimulate proliferation via the PI3K-Akt pathway. This co-association is mediated by the Src family kinase (SFK) Lyn, a group of kinases that integrate external signals by regulating integrin and growth factor behaviors. As development progresses, OLs contact laminins which activate an integrin-regulated switch from proliferation to pro-differentiation and myelination. This switch reverses Nrg-1 inhibition of differentiation when Fyn, an SFK, binds integrin α6β1 to change Nrg-1 signaling from PI3K-Akt to the MAPK pathway, thereby promoting myelination [151,152]. Blocking Erb signaling developmentally reduces differentiated OL number, and OLs that do differentiate fail to ensheath axons [153,154,155]. Together, these experiments suggest Nrg-1 signals through ErbB receptors and integrins to enhance OPC proliferation, differentiation, and OL myelination of axons.



CNS development is a sequential process that requires communication between secreted factors and their receptors (Figure 1), input from transcription factors (see reviews [5,156,157]), and cross talk between cell types. Oligodendrocyte progenitors migrate from the pMN domain of the neural tube, proliferate, differentiate into OLs, and then mature OLs myelinate axons. OPCs continue to proliferate and differentiate throughout adulthood, and OLs continuously generate new myelin to either replace myelin lost to aging or to accommodate new myelin in support of learning new tasks [55]. Myelination, a process tightly regulated during development, is disrupted after injury to the brain or spinal cord, altering the tissue milieu and complicating neural–glia interactions.






3. Central Nervous System Trauma


Brain and spinal cord trauma is characterized by a transient primary injury induced by a mechanical impact followed by protracted secondary injury processes. The hemorrhage, hypoxia, and extensive loss of neurons, glia, and axon tracts during the secondary injury phase is a large contributor to the cognitive, motor, and sensory dysfunction observed in human trauma patients and in pre-clinical models of central nervous system (CNS) trauma. In rodent models of spinal cord injury (SCI), there is a significant acute loss of OLs within 15 min at the injury epicenter that continues for at least 3 weeks post-injury (wpi) [158,159,160,161]. Traumatic brain injury (TBI) studies in rodents also show OLs within and proximal to the lesion are most susceptible to caspase-3-mediated apoptosis [162].



Myelinating OLs are terminally differentiated; thus, the primary source of post-injury myelin biogenesis is adult OPCs. Trauma to the CNS induces a robust oligodendrogenic response in which adult NG2+ OPCs proliferate in and around the injury epicenter and regenerate OLs that remyelinate spared axons [161,163,164,165,166,167]. Central canal ependymal cells can also proliferate and regenerate OLs, but this is specific to some models of SCI and has not been reproduced in other models of CNS insult [167,168,169,170]. Ultrastructural observations of axons in the injured cat spinal cord were among the first demonstrations of axon remyelination following CNS trauma [171,172]. Remyelinated axons are typically characterized by thinner myelin and shorter internodes, although myelin as thin as 3% of normal may still allow action potential conduction, revealing that thin myelin is likely preferable to no myelin [173,174]. Despite robust oligodendrogenesis persisting for at least 3 months post-injury (mpi) [164], spared axons experience a chronic increase in conduction block and their myelin displays a concurrent decrease in MBP messenger RNA (mRNA) expression [175], suggesting that endogenous remyelination of spared axons is suboptimal. Indeed, persistent myelin pathology has been detected for at least 10 wpi in a pre-clinical rat SCI model [164,176] and up to a decade after injury in some human SCI patients [177], making efforts to promote spontaneous myelin repair a promising therapeutic endeavor.



While necrosis and apoptosis are widely recognized as significant contributors to acute OL death after CNS injury [158,162,178], the mechanisms behind chronic demyelination remain unknown. As in development, OL lineage cells are exquisitely sensitive to their environment. The factors, mitogens, and signaling cues that drive healthy development of OLs are largely dysregulated after CNS trauma, creating an environment in which functional myelin regeneration is potentially deterred. While the successful response of OL lineage cells to chemically induced focal demyelination has been well characterized, their response to the multiple biochemical cascades that define an injury microenvironment remains largely unknown. The following outlines primary components of the traumatically injured CNS milieu that are permissive or inhibitory for functional myelin repair (Figure 2). To develop effective therapeutics that provide meaningful recovery for CNS trauma patients, it is essential that we understand the impact of the injury microenvironment on spontaneous myelin repair and how the injury milieu changes over time.



3.1. Growth Factors, Neurotrophic Factors, and Hormones Modulate Myelin Regeneration


3.1.1. Growth Factors


The role of BMP proteins in adult myelin regeneration is not fully understood. Spinal cord injury induces BMP expression similar to other models of CNS injury [164,165,179,180]. While both BMP2 and BMP4 inhibit the early stages of OPC differentiation during development, BMP4 is the primary BMP member to inhibit OL lineage cell differentiation after CNS trauma [181,182,183]. Indeed, inhibiting BMP4 signaling promotes OL regeneration and axon remyelination and decreases glial scarring in models of CNS trauma and chemically induced demyelination [179,182,184].



During development, exposure to PDGF promotes OPC proliferation by activating Wnt-β-catenin signaling [53]. The pattern of expression of Wnt signaling is modulated by SCI [53,185,186]. Moreover, genetic deletion of β-catenin from PDGFRα-expressing cells suppressed OPC proliferation and accumulation around the SCI epicenter [187]. Thus, increased exposure to PDGFA could potentially stimulate Wnt/β-catenin activation and promote OPC proliferation following SCI.



OPC differentiation and remyelination of spared axons are also modulated post-injury by PDGF-A, which primarily upregulates Olig2 [61,188]. Evidence suggests that PDGF-A positively modulates OL lineage cells via synergistic effects with components of the extracellular matrix and other pro-proliferation growth factors, such as FGF-2 and IGF-1, which are upregulated for weeks after SCI [68,164,189,190,191]. After experimental rat SCI, intraspinal transplantation of Schwann cells promotes host OPC proliferation and recruitment to the lesion via secretion of FGF-2 and PDGF-A, a treatment that promoted remyelination of spared axons and enhanced recovery of function [188]. Further studies evaluating the synergistic effects of these protective, pro-OL lineage growth factors could provide novel therapeutic avenues that robustly promote OPC proliferation and differentiation.




3.1.2. Neurotrophic Factors


Ciliary neurotrophic factor is a pro-reparative protein that protects OPCs from TNFα-induced apoptosis and promotes proliferation during development and after CNS injury [94,192]. Following TBI and SCI in adult rat models, both CNTF and FGF-2 are upregulated acutely and remain elevated chronically, particularly within the glial scar and in regions of increased OPC proliferation [164,191,193,194] suggesting that CNTF is a somewhat “permanent” component of a microenvironment permissive to OL lineage cells. Indeed, transplanting OPCs overexpressing CNTF into the injured adult rat cord not only promotes OPC survival and axon remyelination, but also significantly restores signal conduction of demyelinated axons and improves recovery of hindlimb motor function [195]. Thus, CNTF’s pro-proliferative and pro-survival role in development is maintained after CNS injury, making it a promising therapeutic factor in promoting myelin regeneration.



The developmental role of NT-3 in promoting OPC survival and maturation is potentiated after injury. Neurotrophin-3 can promote the in vitro survival of OLs at a higher rate than CNTF, and stimulates OPC proliferation and axon remyelination in vivo [94,196]. The effect of NT-3 on OL lineage cells becomes increasingly neuroprotective in synergy with other intrinsic and extrinsic factors both during development and after trauma. For example, the effect of NT-3 on developmental OL survival is potentiated in the presence of PDGF [94]. Similarly, co-expression of NT-3 and BDNF in the injured adult rat spinal cord not only promotes regeneration of propriospinal axons but also stimulates OL lineage cell proliferation and axon remyelination [104,196,197]. Moreover, co-expression of NT-3 and Shh increases Olig2+ cell number and enhances remyelination after injury to the adult mouse spinal cord [198]. Transplanting fibrin scaffolds loaded with purified neural progenitor cells, NT-3, and PDGF-AA into the acutely injured mouse spinal cord establishes a pro-reparative microenvironment in which tissue sparing is promoted and OL differentiation and axon remyelination is increased [199].



After rat spinal contusion, neurons and glia upregulate BDNF acutely, suggesting it is in position to play a neuroprotective role during the secondary injury processes [200,201,202]. BDNF treatment increases MBP expression in spared white matter of the spinal cord, promotes long-term OL survival and axon remyelination, and increases functional recovery [196,203,204]. Brain-derived neurotrophic factor and IGF-1 synergistically attenuate expression of nitric oxide synthase, a mediator of OL death in several demyelinating conditions, including SCI [205,206,207]. Moreover, intrathecal administration of BDNF promotes OL survival by preventing downregulation of Cu/Zn superoxide dismutase (CuZnSOD), an antioxidant that limits cell death by attenuating the formation of reactive oxygen species (ROS). Brain-derived neurotrophic factor also promotes myelin regeneration after CNS injury by positively modulating pro-myelinating transcription factors, such as Olig2, as well as promoting expression of PLP, a major myelin protein [208,209,210]. While the primary developmental role of BDNF is to modulate myelin thickness, BDNF becomes a potent extrinsic regulator of OPC differentiation and OL survival after CNS injury and may have significant potential in translational clinical applications.



The developmental role of Nrg-1 in stimulating OPC proliferation, survival, and differentiation is conserved after adult CNS injury. Intrathecal administration of Nrg-1 enhances OPC differentiation, promotes survival of existing OPCs, and stimulates remyelination by newly generated OLs and infiltrating Schwann cells [148,211,212]. Additionally, selectively ablating Nrg-1 prevents CNS OL lineage cells from differentiating into peripheral-like Schwann cells that remyelinate spared axons [212]. As Nrg-1 levels significantly drop acutely after injury and remain profoundly low chronically [148], perhaps Nrg-1 deregulation, which impacts signaling cascades integral for proliferation and cell survival, contributes to impaired OPC proliferation and maturation. Dysregulated levels of Nrg-1 in the spinal cord have recently been suggested to underlie myelin thinning on remyelinated axons [211]. Neuregulin-1 is also suggested to modulate the reparative and pro-inflammatory response of glial cells to CNS trauma. The immediate administration of Nrg-1 after rat-compressive SCI deceases pro-inflammatory components (e.g., interleukin (lL)-1β, TNFα, nitric oxide) and harmful matrix metalloproteinases. It also increases factors characteristic of a pro-reparative permissive environment, such as IL-10 and arginase-1 [148,213]. The effects of Nrg-1 on OL lineage cells, as well as its ability to modulate the inflammatory response to trauma, make Nrg-1 therapy a promising direction in CNS injury research.




3.1.3. Hormones


Thyroid hormone, a potent regulator of the timing of developmental OL differentiation, is also modulated by CNS trauma. Thyroid hormone levels are significantly lower in SCI patients, both acutely and chronically, compared to non-injured individuals [214,215]. In vitro studies demonstrate that compared to BDNF and NT-3, T3 is more potent in stimulating OL differentiation [216]. Moreover, local delivery of T3 directly to the spinal cord significantly accelerates oligodendrogenesis and axon myelination following cervical contusion injury [216]. While the beneficial effects of T3 have been extensively studied in multiple sclerosis (MS) and other demyelinating conditions, further work is needed in models of CNS trauma to fully elucidate its potential in myelin repair.



A key player in both CNS and PNS reparative processes, IGF-1 is secreted by astrocytes, microglia, and macrophages after CNS injury [217,218,219]. It stimulates OPC proliferation and differentiation, increases myelin related gene expression, and decreases astrogliosis after CNS injury [220,221,222,223]. Moreover, IGF-1 robustly promotes OPC survival and OL maturation via synergistic effects with other growth factors, including BDNF, PDGF, and NT-3 [205,224]. Systemic administration of IGF-1 reverses TBI-induced reductions in NT-3 and BDNF, inhibits OL apoptosis, and improves injury outcome [224]. Neurological outcome after traumatic brain and spinal cord injury in humans has been linked to IGF-1 levels in peripheral blood serum. Patients with elevated serum IGF-1 levels demonstrate greater neurological improvement chronically compared to those with lower serum IGF-1 [225,226]. Levels of IGF-1 may be elevated in response to prolonged injury-associated inflammation, and exogenous IGF-1 treatment could potentially supplement the neuroprotective role of IGF-1 and serve as a potent therapeutic target.



Progesterone (P4) is an endogenous hormone and steroid from the progestogens family and has emerged as a neuroprotective strategy to promote endogenous repair. Daily progesterone treatments between three to five days following SCI in rats reduces the lesion size, stimulates OPC proliferation, and increases mRNA expression of Olig2 and Nkx2.2, a major OPC specification protein [227,228,229]. Continued administration of P4 for 21 days in a complete SCI rat model increases newly differentiated OLs and stimulates Olig1 expression, a transcription factor that promotes myelin regeneration [228,230]. Systemic progesterone treatment following TBI in rats also significantly attenuates secondary pathology and improves behavioral function, but its ability to restore white matter integrity has yet to be evaluated in these models [231,232].





3.2. Components of the Injury-Induced Glial Scar Affect OL Lineage Cells


Central nervous system trauma promotes the formation of a glial scar whose primary astrocytic component secretes chondroitin sulfate proteoglycans (CSPGs) [233]. These CSPGs negatively regulate OL lineage cells both in vitro and in vivo [234,235]. Macrophage-secreted transforming growth factor (TGF)β can also induce CSPG upregulation via PI3K–Akt–mTOR signaling [236,237,238]. Evidence suggests there is a relationship between the concentrations of CSPG and the degree of remyelination of spared axons [233,239]. Not only do CSPGs deter axon regeneration, but they also signal through PTPσ receptors to inhibit OL process outgrowth and axon myelination [235]. Several studies have targeted CSPGs and while these have proven effective in reducing tissue damage and promoting axon growth, only CSPG degradation using chondroitinase ABC (ChABC) treatment, or ChABC combined with a cocktail of growth factors (FGF, PDGF) has successfully promoted OL differentiation after SCI [169,235,240,241].



Macrophage and glial-scar-derived Endothelin-1, LRR and Ig domain-containing, Nogo Receptor-interacting protein (LINGO-1), TNFα, and IL-1β also suppress OPC differentiation and OL maturation [242,243,244]. It is important to note, however, that both TNFα and IL-1β also positively modulate OL lineage cells. Mice lacking TNFα and its associated receptor, TNFR2, have a significant delay in remyelination after toxin-induced demyelination [245]. Interleukin-1β can also induce OPC differentiation and promote OL survival; however, in the presence of PDGF and FGF in vitro, it arrests OPC proliferation [246]. These lines of evidence suggest that further research is needed to elucidate the interactions of astrocyte- and macrophage-derived cytokines with OL lineage cells and the ways in which their response to demyelination and trauma may change over time.



Astrocytes can positively modulate remyelination by their ability to produce CNTF and take up significant amounts of iron, maintaining the homeostasis that is necessary for the proliferation, maturation, and survival of OL lineage cells [164,247,248]. Notably, prior work from our lab demonstrated the SCI-induced glial scar is an area of robust OPC proliferation and accumulation as well as OL differentiation and myelination [164,249]. This area contains high levels of pro-oligogenic factors CNTF, FGF-2, and peroxisome proliferator-activated receptor delta (PPAR-δ), an intracellular nuclear receptor that promotes OL differentiation [164,191,250]. Notably, when proliferating NG2+ OPCs (and pericytes) were ablated after SCI, the astrocytic glial scar was significantly less dense and more axons spontaneously grew into the lesions, revealing OPCs not only respond to their environment but also affect the response of other post-injury parenchymal elements [251]. Astrocyte–oligodendrocyte crosstalk drives developmental myelin formation, trauma-induced myelin damage, and spontaneous axon remyelination. Thus, clarifying the complex mechanisms behind astrocyte–OL lineage crosstalk could potentially lead to novel therapeutics in which the beneficial effects of astrocytes and OPCs are harnessed and the detrimental effects are attenuated.




3.3. The Neuroimmune Axis


In the homeostatic CNS, the balance of genes expressed by adult OPCs are similar to OLs [252]. However, in response to toxin-induced demyelination, OPCs revert to a neonatal transcriptome and increase expression of IL-1β and CCL2, immune cues that promote progenitor cell migration [252,253]. On the other hand, several chemokines and cytokines can inhibit OPC differentiation and axon remyelination [213,246,254] suggesting that a neuroimmune axis exists that may dynamically modulate OL lineage cells and myelin repair after CNS trauma [255].



3.3.1. Cytokines and Microglia/Macrophage Signaling


Activated macrophages, a population composed of resident microglia and infiltrating monocytes, play divergent pro-inflammatory and pro-reparative roles in response to CNS trauma. Pro-inflammatory M1 polarized macrophages secrete toxic cytokines, chemokines, reactive oxygen species, and promote excitotoxicity—all of which engender a microenvironment inhibitory for OL regeneration [253].



Pro-reparative M2 macrophages not only facilitate the clearance of myelin debris that can inhibit OL differentiation but also secrete factors that stimulate OL differentiation and remyelination, such as IL-10, leukemia inhibitory factor (LIF), CNTF, and, TGFβ [256,257,258]. Experimental strategies in SCI models where LIF is administered arrests OL death, enhances OL differentiation, and promotes OL survival by activating the Janus kinase—signal transducers and activators of transcription (JAK-STAT) and Akt pathways [259,260,261]. However, evidence from a mouse model of MS suggests that while LIF administration promotes axon remyelination, it fails to increase the thickness of regenerated myelin [262]. Transforming growth factor-β is suggested to potently regulate the initiation and resolution of inflammation [263]. Indeed, following spinal contusion, TGFβ mRNA levels are significantly elevated, particularly in regions of dense microglia and macrophages [264]. Attenuation of TGFβ following SCI decreases fibrotic scar formation, and promotes axon regeneration through lesion [265,266]; remyelination, however, was not evaluated in that study.



The mechanism of microglia and macrophage activation also has consequences for OL lineage cells (for a recent review, see [267]). For instance, in vivo activation of the Toll-like receptor 2 (TLR2) on microglia and macrophages results in death of all OPCs and OLs (and astrocytes) in the region [268]. However, intraspinal activation of the receptor TLR4 causes initial demyelination and loss of OPCs and OLs, followed by subsequent and robust OPC proliferation and migration into the area of activated macrophages, after which a significant portion of OPCs differentiate into new OLs [268,269]. Notably, this oligodendrogenic response depended on sufficient iron levels and we showed that macrophages can transfer iron-containing ferritin to OPCs in vivo [270,271]. This may be an intriguing mechanism of OL genesis after SCI since TLR4 is activated on microglia and macrophages after SCI and this signaling pathway induces iron uptake by macrophages [272,273]. The SCI site is rich in iron due to intraspinal hemorrhage and cell death, and iron-laden macrophages accumulate acutely and are sustained chronically in the injured spinal cord [274,275,276]. Notably, in the absence of TLR4 signaling after SCI, OPC accumulation and OL production are significantly reduced [273]. Microglia play a central role in CNS development and myelin biogenesis; thus, the ways in which activated microglia and macrophages influence OL lineage cells after CNS trauma needs further study as it could provide important insight into how the neuroimmune axis can be harnessed to promote myelin repair.




3.3.2. Cytokine Signaling Regulators


Suppressors of cytokine signaling (SOCS) proteins are key components of the innate and adaptive immune system (extensively reviewed in [277]). Cytokines and interleukins induce SOCS expression via JAK/STAT signaling. SOCS, in turn, inhibits the JAK/STAT pathway and negatively regulates cytokine signaling [278,279,280]. Of the SOCS protein family, SOCS1 and SOCS3 have been best characterized in their response to CNS trauma and their differential influence on endogenous myelin repair. SOCS1 proteins positively modulate pro-reparative M2 macrophage polarization and attenuate pro-inflammatory M1 macrophages [281]. Enhanced expression of SOCS1 in a mouse model of contusive SCI is linked to improved sensory and locomotor function, decreased demyelination, and reduced pro-inflammatory cytokine expression [282]. On the other hand, SOCS3 expression is upregulated by M1 polarized macrophages within pro-inflammatory environments [283]. Inhibition of SOCS3 activity in rodents attenuates demyelination, enhances NG2+ cell proliferation, and promotes OL survival after SCI [279,284,285]. Understanding the expression and function of SOCS proteins in CNS trauma may hold promise for immunomodulatory therapeutics that suppress a hostile trauma microenvironment and promote myelin repair.




3.3.3. Chemokines


Several chemokines and cytokines in the C-X-C family have been implicated in the response of OL lineage cells to CNS trauma.



Following mid-thoracic SCI in adult mice, there is a significant and persistent upregulation of CX3CR1 expression, a microglia-specific receptor for fractalkine [286]. Genetic deletion of CX3CR1 modulates macrophages towards a pro-reparative phenotype, enhances NG2 responses to injury, and increases myelin and axon sparing at the lesion epicenter [286,287].



CXCL12 and its receptor, CXCR4, are expressed by PDGFRα+ OPCs and positively modulate OPC proliferation, survival, migration, and differentiation after CNS trauma [50,51,288,289]. Reactive astrocytes in regions of demyelination upregulate CXCL12, which has been proposed to serve as a potent chemoattractant to guide migrating oligodendrocyte precursor cells to the injury site and promote their differentiation [290].



Both CXCL1 and its receptor, CXCR2, are upregulated after CNS injury [289]. During development, CXCL1 primarily promotes OPC proliferation; however, after injury, CXCL1 signaling promotes OPC survival by restricting interferon (IFN)-γ- and CXCL10-induced apoptosis [44,291]. Evidence from the experimental allergic encephalomyelitis (EAE) model demonstrates that CXCL1 overexpression can rescue OPCs from apoptosis and significantly reduce the severity of myelin pathology [292], though this has yet to be shown in SCI. The CXCR2 receptor is expressed on human OLs [293], and CXCL1 ligand has been detected on human-activated microglia and reactive astrocytes [294,295] making this chemokine and its modulation of OL lineage cells a potentially translatable focus of study that should be explored further within the pathology of brain and spinal cord injury.






4. Summary and Conclusions


Myelination is an evolutionarily advantageous specialization that enables rapid communication between neurons in the CNS. Oligodendrocyte lineage cells are incredibly sensitive to their environment. A healthy microenvironment is integral for myelin biogenesis during development as well myelin maintenance in adults and repair following CNS trauma. Mechanisms regulating OL progression during development are well studied; however, the individual and synergistic roles of these regulatory factors after CNS trauma are not fully understood. Overwhelming evidence demonstrates the ways in which downregulating beneficial factors combined with the poor resolution of pro-inflammatory factors hinders endogenous axon remyelination. Thus, manipulating various components of the injury milieu is a promising strategy to promote spontaneous myelin repair. For instance, understanding the synergistic effects of pro-myelination growth factors and hormones could inform the development of treatments that harness their synergistic neuroprotective effects. Importantly, future work aimed at promoting myelin repair should also focus on elucidating the effects of glial cross talk on endogenous remyelination. While the physiology and pathophysiology of individual glial cells in a trauma microenvironment is incompletely understood [243], clarifying how OL lineage cells are influenced by astrocytes and microglia/macrophages could not only provide insight into the importance of glial cross talk during development but also provide novel avenues through which those signaling pathways can be harnessed to promote myelin repair.



With the rising field of tissue engineering and the significant strides made in stem cell biology, several of the beneficial and toxic factors that comprise post-injury milieu can be manipulated to promote CNS injury repair [296]. Additionally, the prevalent and validated use of transgenic mice with inducible gene expression has allowed for the evaluation of pro-myelination developmental factors within the post-injury microenvironment. For instance, myelin regulatory factor (MYRF), a factor critical for myelination during development, is expressed by newly generated OLs in response to induced focal demyelination and is required for new OL genesis [297]. The recent use of mice in which OPC-specific MYRF can be deleted or inducibly expressed is promising for research aimed towards promoting myelin repair after CNS trauma. To develop novel therapeutics geared to promote myelin regeneration after CNS injury, it is vital that the factors driving healthy myelin development are manipulated after injury to support OL lineage progression. Harnessing these pathways to improve myelin repair may promote meaningful functional recovery for patients.
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Figure 1. Environmental stimuli that influence the various stages of oligodendrocyte (OL) development. Oligodendrocyte progenitor cells (OPCs) originate in the neural tube, migrate dorsally and ventrally throughout the brain and spinal cord, proliferate, then differentiate into myelinating OLs. Environmental cues are grouped based category: growth factors (purple), chemokines (blue), hormones (pink), neurotrophic factors (orange). PDGF: platelet-derived growth factor; FGF-2: fibroblast growth factor-2; IGF-1: insulin-like growth factor-1; BDNF: brain-derived neurotrophic factor; NT-3: neurotrophin-3; T3: thyroid hormone; NRG-1: Neuregulin-1; CNTF: ciliary neurotrophic factor. 
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Figure 2. Primary factors that define a central nervous system (CNS) injury milieu. The injury microenvironment impacts the ability for OL lineage cells to effectively remyelinate all spared axons. Hormones (pink), growth factors (purple) and neurotrophic factors (orange) that promote myelination during development are dysregulated after spinal cord injury. Reactive astrocytes and immune cells (macrophages and microglia) secrete pro-reparative and pro-inflammatory cytokines and chemokines that differentially affect OL lineage cells. 
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